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Abstract 
Nephrotic syndrome (NS) is a glomerular disease that is characterized by heavy 
proteinuria that is associated with edema, hyperlipidemia, and hypertension. 
Understanding of the pathogenesis of nephrotic syndrome has proved difficult 
to date and although there have been significant advances, the underlying 
mechanism is still unknown. One theory to explain the pathogenesis of 
idiopathic nephrotic syndrome is immune system dysregulation. It is thought 
that a deleterious circulating factor or factors produced by immune cells act on 
the glomerular podocyte causing disease. 

The aim of this work is following up on the immune dysregulation theory to 
explore potential factor(s) behind nephrotic syndrome. There is growing 
evidence that the circulating factor that signals deleteriously to the podocyte 
does so via protease activated receptor 1 (PAR-1) to cause glomerular damage. 
Complement system involvement in idiopathic nephrotic syndrome has already 
been demonstrate and interestingly a recent study has shown that the 
complement factor C4a can increase endothelial cell permeability via PAR-1 
which thus made it a target for this study. Adaptive immune system 
involvement in the syndrome has been demonstrated too, with a study proving 
supernatant from Th17 cells can modify the actin cytoskeleton of the podocyte 
and increase its motility making this cell a target for this study too. 

This thesis consists of two parts: 

1 – Determine the effect on glomerular cells of two proteins, neuromedin U 
and chemokine ligand 20, which were identified during this work as being 
produced by a steroid resistant Th17 population (adaptive immune system). 
These proteins are shown to affect podocyte motility and detachment ability 
that are indicative of changes to the podocyte actin cytoskeleton.  

2 – Study the effect of C3a and C4a, two proteins that are part of the innate 
immune system and known to be linked to kidney disease, on podocytes and 
glomerular endothelial cells. We show that both C3a and C4a change the 
phosphorylation of VASP, ERK1/2 and Jnk pathways in both podocytes and 
glomerular endothelial cells suggesting that these proteins have direct effects 
on the glomerular cells. Thus, this thesis work has identified four novel 
proteins that act directly on the podocyte cells of the kidney and which may be 
involved in the pathogenesis of nephrotic syndrome. 
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Chapter 1: Introduction to Kidney and Nephrotic 
Syndrome 
1.1 Introduction 

1.1.1 Kidney overview 

Kidneys have critical role in maintaining the normal homeostatic condition of 
the body through excretion of the waste products of metabolism, blood 
pressure regulation and the release of hormones. The overall description of 
the kidney is an outer layer named the cortex (Figure 1A) surrounding the 
medulla (inner layer) which is known for its pyramid shape. The tip of the 
pyramid (papilla) points to the pelvis. 

In humans there are between 8 - 18 pyramids (Figure 1B). A pyramid and its 
corresponding cortex are together called the renal lobus. In addition to 
forming the base for the renal pyramids, the cortex extends between the 
pyramids forming columns of Bertin. The papilla (tip of the pyramids) is 
enclosed by a cup-like structure named the pelvis. The lower section of the 
pelvis is the part that the ureters originate from. 

 

 

Figure 1: Overview of kidney. A) (Reproduced from Johnson, Feehally et al. 2018) An image 
of coronal section of the kidney. B) (Reproduced from Johnson, Feehally et al. 2018) an 
image of surface section of the kidney.  
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1.1.2 Nephron 

The functional unit of the kidneys is the nephron. On average, the number of 
nephrons in each kidney in humans is estimated to be about one million. 
However, in a comparison between individual kidneys, the range differs 
between 200,000 to 2.5 million. (Hughson et al., 2003).  

A nephron consists of the renal corpuscle (glomerulus) which is connected to a 
convoluted tubule. This convoluted tubule consists of several different parts 
such as the proximal, distal and connecting tubule. In the end, it drains into a 
collecting duct (Figure 2). Collecting ducts are not part of the nephron. 
However, they are functionally related. The glomerulus is the beginning point 
for the formation of urine. This process will be followed up in the Bowman 
capsule. Then the urine will flow into the proximal tubule where is a place for 
massive reabsorption. The process of reabsorption-secretion continues as the 
urine goes through the different parts of the nephrons (Figure 2) which is 
necessary to maintain the optimal homeostatic condition of the body.  

 

 
Figure 2: An overview of nephrons and collecting ducts. (Reproduced from Johnson, 
Feehally et al. 2018). Some parts have not been drawn to scale like the collecting duct. 
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1.1.2.1 Renal Corpuscle 

The first part of nephron is the renal corpuscle which consists of two parts: the 
glomerulus and the Bowman capsule. The glomerulus is a complex capillary 
network, also known as glomerular tuft, linked to the mesangium (Figure 3). 
This is the most crucial part of the nephron, as it is responsible for the filtration 
and consequently has become the target of studies regarding kidney diseases. 
Two specific cells from renal corpuscle, podocytes and glomerular endothelial 
cells, plus the proximal tubular epithelial cells that are extensions of nephron 
into the Henle loop, will be the primary subjects in this thesis.   

The network of capillaries and mesangium are enclosed by the Bowman 
capsule which is responsible for selective ultrafiltration of plasma. The 
capillaries are between one afferent and one efferent arteriole (just like most 
mammals). Entering into the corpuscle, the afferent arteriole, which itself is a 
branch from renal artery supplying kidney with blood, branches into small 
primary capillaries which will form an anastomosing capillary network known 
as the glomerular lobule. The blood is delivered through this system. The blood 
emerges from the network of peritubular capillaries risen from the efferent 
arterioles which will take the blood away through renal vein. 

The glomerular basement membrane (GBM) acts as a skeleton for the capillary 
network. The GBM is synthesized by the glomerular endothelial cells and 
podocytes, and it is the extracellular part of the glomerular filtration barrier 
(GFB) composed of four major macromolecules: laminin, type IV collagen, 
nidogen and heparan sulfate proteoglycan (Miner, 2012). 

Together with two highly specialized cells, podocytes and glomerular 
endothelial cells, the GBM forms a three - layered structure that is core 
segment of a blood filtration interface also known as GFB.  

This filtration barrier is highly permeable and the interwoven podocytes, 
endothelial cells and GBM create a negative charge for the filtration barrier to 
fulfill its main role which is to restrict the loss of key proteins into the urine and 
thus retain them in the blood.  

This negatively charged barrier will prevent negatively charged proteins from 
passing through and smooth the flow of plasma water and small solutes. 
Normally, only small proteins and a tiny amount of albumin are filtered which 
will be reabsorbed by the proximal tubular cells. The presence of high 
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concentration of albumin in urine is a symptom of damage in at least one of 
the GFB’s three layers. 

Therefore, the GFB is of interest in the pathogenesis of many kidney diseases, 
requiring further and in-depth studies.  

 
Figure 3: Overview of renal corpuscle. (Reproduced from Gilbert and Weiner, 2017) AA, 
afferent arteriole; DCT, distal convoluted tubule; EA, efferent arteriole; GBM, glomerular 
basement membrane; PT, proximal tubule; PO, epithelial podocyte; UP, urinary pole; US, 
urinary space. 

 

1.1.2.2 Glomerular Endothelial Cell (GEnC) 

GEnCs are flattened cells with fenestrations. Fenestrations, circular cellular 
pore 60 – 80 nm in diameter, are the essential characteristic of GEnCs which 
are necessary for water permeability (Gnudi and Long, 2020). Due to the huge 
size of fenestration compared to circulating proteins such as albumin (with 
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diameter of 3.6 nm), and the significant cell surface that fenestrated area 
covers (between 20% - 50%), the initial opinion was that GEnCs do not play a 
role in the filtration of macromolecules. However, recent studies have proven 
otherwise. 

The luminal side of the GEnC is in constant contact with plasma and is covered 
with a negatively charged glycocalyx that is a crucial permeability barrier to 
water and small solutes (Haraldsson, Nyström and Deen, 2008). The glycocalyx 
is a dense, gel-like meshwork that surrounds the cell membrane which 
contains proteoglycans (PGs) and their glycosaminoglycan (GAGs) side chains. 
GAGs are the reason for the negative charge of glycocalyx giving the GEnCs 
charge selective permeability holding back cellular blood components.  

Maintaining GEnCs in culture, due to change in phenotype, is a difficult task. 
However, it is known that damage to glycocalyx changes the permeability of 
GEnCs (Salmon and Satchell, 2011). Further studies showed that glycocalyx is 
not just a general barrier, but more of a protein barrier (Punyaratabandhu et 
al., 2017). The permeability of this protein barrier is negatively affected in 
diabetic condition (diabetic milieu patients). Hyperglycemia reduces the 
volume of glycocalyx (Nieuwdorp et al., 2006) which results in fenestration 
loss. These damages to endothelial cells contribute to albuminuria (Oltean et 
al., 2014) (Onions et al., 2018). 

  

1.1.2.3 Podocyte 

Glomerular visceral epithelial cells or podocytes are terminally differentiated 
epithelial cells which look like pericytes, with a cellular organization that 
consists of a cell body, major processes, and foot processes (FPs) (Mundel and 
Kriz, 1995).  

Like GEnC, the podocyte has a glycocalyx coated surface on its luminal side 
contributing to the negative charge of the filtration barrier. The foot processes, 
containing actin cytoskeleton, are the result of cellular processes that are 
extended from microtubule rich major processes that extend from the 
podocyte cell body (Figure 4).  

FPs have three membrane domains that functionally define them: the apical 
membrane domain, the slit diaphragm, and the basal membrane domain which 
are linked directly to actin cytoskeleton of FPs (Greka and Mundel, 2012).  
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The foot process of a podocyte will attach to the GBM that is beneath it (Figure 
4), as well as interdigitate with the foot processes of neighboring podocytes 
which wrap around the glomerular capillaries and help with maintaining the 
integrity of them all of which is possible due to presence of the actin 
cytoskeleton (Welsh and Saleem, 2011).  

Interdigitation of the foot processes of neighboring podocytes results in the 
formation of a very tight junction named the slit diaphragm which operates as 
a size, shape, and charge barrier, in which filtration takes place.  

The proper formation of FP junctions requires integration with the actin 
cytoskeleton (Vasioukhin and Fuchs, 2001). This means that the dynamics of 
actin cytoskeleton needs to be tightly regulated. Accurate regulation of the 
actin polymerization machinery is essential for formation of the FP junctions 
(Vasioukhin, Bauer, Yin and Fuchs, 2000).  

As a result of the podocyte’s ability to reorganize their cytoskeleton, their 
structure is not static, and this allows podocytes to adapt rapidly to changes in 
their environment (Reiser et al., 2005). Podocytes rely heavily on their cell 
architecture and loss or damage to this ability to tightly control the actin 
cytoskeleton results in podocytes effacement which is fundamental feature of 
podocyte injury and results in proteinuria a key feature of nephrotic syndrome 
(discussed in 1.2).  

Podocytes are also active in developing and maintaining the GBM by producing 
a laminin and collagen network and maintaining GEnCs by producing survival 
factors such as vascular endothelial growth factor (VEGF) and angiopoietin – 1 
(Sison et al., 2010). In case of limited or total absence of any of these 
functionalities, there will be manifestation of nephrotic syndrome. 

Podocyte motility has been observed in both in vivo and in vitro studies (Peti-
Peterdi and Sipos, 2010) (NI, Saleem and Matheison, 2012). It has been shown 
that the motility of the podocyte correlates with proteinuria (major symptom 
of nephrotic syndrome, to be discussed later). One comprehensive study 
suggests that the activation of several actin cytoskeleton regulators causes 
hypermotility in podocyte (Mundel and Reiser, 2010). Further studies linked 
motility caused by activation of actin cytoskeleton regulators (Ye et al., 2022) 
which establishes a connection between motility, actin cytoskeleton and 
proteinuria that indicate a new way of understanding nephrotic syndrome 
through motility of the podocytes. 
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1.1.2.4 Proximal Tubular Epithelial Cell (PTEC)  

For a long time, the GFB was considered as the only place where filtration of 
the blood takes place. However, with an increase the in volume of extra 
cellular fluid, the GFB fails to properly filter the blood and some solutes get 
through this structure. This problem becomes more obvious in organisms with 
higher metabolic rates (more extra cellular fluid). Therefore, reabsorption is 
required to prevent the loss of valuable solutes and water into the urine. 

Most of the solutes that mange to get through the GFB will be reabsorbed in 
the proximal tubule including complete reabsorption of glucose, amino acids, 
and important anions such as phosphate and citrate and majority of NaCl and 
NaHCO3 (Curthoys and Moe, 2013).  

Since the proximal tubule makes up a significant portion of the kidney, PTECs 
make up the largest percentage of the kidney’s cell types, and the reabsorptive 
and secretory functions of the proximal tubule are carried out by them. 
Disruption in these functions causes a wide range of kidney diseases (discussed 
later in this chapter). 

 

 
Figure 4: A scanning electron microgram of podocyte cells. (Reproduced from Welsh and 
Saleem, 2011) From the cell body (CB), arise major processes (MP), from which arise 
secondary processes (SP), culminating in foot processes (FP). 
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1.2 Nephrotic Syndrome  

Nephrotic syndrome is a glomerular disease defined as a tetrad of 
manifestations: 

1) Excess proteinuria, the hallmark of the Nephrotic syndrome. A level of 
3.5 grams or greater in 24 hours urine is necessary to consider it 
nephrotic syndrome. 

2) Hypoproteinemia (more specifically hypoalbuminemia), patients with 
Nephrotic syndrome have excess amounts of proteins in their urines. 
These proteins include albumin, protein C, S, antithrombin III and 
antibodies.  

3) Edema, according to the classic theory (underfill theory); this is due to 
the low level of albumin. A low level of albumin decreases plasma 
oncotic pressure leading to a decreased ability to reabsorb interstitial 
fluid causing peripheral edema.  

4) Hyperlipidemia, elevated concentrations of lipids or fats within the 
blood, is due to the lack of proteins in plasma of the patients with 
nephrotic syndrome which forces the liver to compensate but this also 
produces cholesterol as a by-product which leads to increased levels of 
LDL cholesterol. 

In nephrotic syndrome for many reasons (to be discussed later), there is 
serious damage found to the glomerulus, specifically to the podocytes which 
normally restrict protein loss into the urine. The damage to the podocytes 
allows proteins to go through the nephron tubule. This protein loss is not 
highly but relatively selective in childhood with albumin as its main 
constituent.  

The loss of protein in a healthy person is less than 150 mg/day. Any amount 
higher than this is considered pathological, but it is not nephrotic syndrome 
(3.5 grams >=). About 60% of urinary proteins (in a healthy person) are plasma 
proteins and the main one is albumin. Therefore, the loss of albumin in healthy 
person is less than 20 mg/day (Orth and Ritz, 1998). 

The loss of protein results in mass proteinuria with or without hematuria. In 
case of no hematuria, it is called nephrotic syndrome. Otherwise, it is nephritic 
syndrome. The presence of hematuria depends on how much damage the 
podocytes have received (Figure 5), mainly from inflammation, that tends to 
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be severe enough in nephritic syndrome to damage blood vessels in the 
glomerulai. 

 

 
Figure 5: Comparison between Nephrotic and Nephritic syndromes. Nephrotic syndrome 
can be defined on a spectrum. On one side of this spectrum, there is high proteinuria (with 
little hematuria). This is called Nephrotic syndrome. The opposite side, with high level of 
hematuria (and little proteinuria) is called Nephritic syndrome. It should be noted that, 
different diseases exist on this spectrum.  

 

The proteins lost into the urine include antibodies meaning that the patient 
lacks their optimal defense mechanism which will increase the risk of infection. 
Even though after the antibiotic era this is not a serious problem in advanced 
countries, it is still a major one in developing countries (Gulati et al., 1997). 

The hypoproteinemia condition forces the liver to compensate. The liver not 
only produces proteins (more specifically albumin (van Bezooijen, Grell and 
Knook, 1976)), but also produces cholesterol as a by-product which is not 
necessary for the body (as there is no shortage of cholesterol) and results in 
hyperlipidemia (Hossain, 2016). The extra lipid produced by the liver will be 
excreted from the body through the urine and this is called lipiduria.  

Hypoproteinemia causes reduced oncotic pressure meaning water and 
electrolytes will move to the interstitial. This results in peripheral edema. The 
movement of water and electrolytes reduces the volume in the vascular 
compartment. Therefore, there will be a significant volume reduction in the 
circulation meaning a significant decrease in the venous volume returning to 
the heart. As a result, the heart will pump less blood to the body 
(hypoperfusion).  

It was thought that the chronic condition of hypoproteinemia affects the renal 
flow and decreases the glomerular filtration rate (Manning, 1987). A decrease 
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in filtration rate will stimulate juxtaglomerular cells to convert precursor 
proteins to renin. Renin converts angiotensinogen to angiotensin I which is 
then converted to angiotensin II. Angiotensin II stimulates the release of 
aldosterone by acting on the adrenal cortex which increases the reabsorption 
of sodium into the blood. The essential purpose of this system is to increase 
blood pressure (Sparks et al., 2014). Nevertheless, this results in more edema. 
Due to hypoproteinemia occurring at the same time. This is called the underfill 
hypothesis. In summary, due to proteinuria, the intravascular oncotic pressure 
is very low which results in plasma water leaking into the interstitium which 
generates edema. Low intravascular volume leads to increased hormonal 
markers, such as aldosterone, that are also found with high concentrations in 
urine with low level of sodium.   

However, new clinical findings do not support this theory (Deschenes, 2003). 
Because there is no significant rise in renin-angiotensin-aldosterone (RAA) 
system hormones production and no decrease in plasma volume in nephrotic 
syndrome patients with exception of children with minimal change disease 
nephrotic syndrome (explained in 1.4.1). Moreover, patients with 
analbuminemia (idiopathic hypoalbuminemia) do not tend to suffer from 
edema (Lecomte and Juchmès, 1978). The major study that debunked the 
underfill hypothesis and laid the foundation for the alternative hypothesis, the 
overfill hypothesis, belongs to Ichikawa et al. 

In this study, one of the kidneys in rats were treated with puromycin 
aminoglycoside to induce proteinuria and histological changes similar to 
minimal change disease (to be explained in 1.2.1.1 section). Sodium 
conservation was only observed in the nephrotic kidney. The other important 
result was that sodium delivery to the collection ducts of both kidneys, normal 
and nephrotic, was almost the same. However, sodium excretion was three 
times higher in normal kidney. It was concluded that collection duct could be 
the main site for sodium reabsorption in the nephrotic kidney. 

Overfill and underfill hypotheses only differ in sodium retention mediation. 
According to overfill theory, sodium is reabsorbed in collecting ducts with 
epithelial sodium channel, ENaC, as the primary molecule (Kleta and 
Bockenhauer, 2006). In nephrotic syndrome, the expression of ENaC and Na-K 
ATPase activity in collecting ducts increase (de Seigneux et al., 2006) 
(Deschênes and Doucet, 2000). In summary, in nephrotic syndrome, it is the 
ENaC in collecting ducts that are active in sodium reabsorption. The biggest 
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problem with this theory is that the empirical results do not support it. While 
using ENaC blockers show improvement in patients, these blockers do not stop 
the disease totally (Deschênes, Guigonis and Doucet, 2004). 

On the genetic side of nephrotic syndrome, based on the literature review 
from 1946 to 2014 (Chanchlani and Parekh, 2016), children with south Asian 
ancestry have the highest incidence compared to children with European 
ancestry (Figure 6). However, despite their low incidence, children with 
European ancestry have more complicate clinical outcome than children with 
south Asian ancestor (Banh et al., 2016). 

 
Figure 6 Incidence of Nephrotic Syndrome according to literature review from 1946 till 
2014. (Reproduced from Chanchlani and Parekh, 2016) 

 

1.2.1 Primary Causes 

One way to classify Nephrotic syndrome is on the basis of how the kidney 
received the damage. Damage to the kidney cells can be either from a direct 
kidney disorder or somehow from an unrelated disorder. If the damage from a 
direct kidney disorder eventually causes the NS, it is considered a primary 
cause of the NS. However, if the damage is from an unrelated disorder that 
somehow led to NS, it is considered a secondary cause of the NS. Primary and 
secondary causes are mainly used to explain the nephrotic syndrome’s 
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classification in adults. Primary causes explained below are characterized by 
their histology.  

 

1.2.1.1 Minimal Change Disease (MCD) 

The reason it is called minimal change is that under light microscopy, no 
changes can be found in a kidney biopsy (Figure 7A), even though the patients 
show symptoms. NS patients have a high prevalence of immunoglobulin M 
(IgM) deposition in their mesangial cells that are visible by 
immunofluorescence. However, immunofluorescence staining results are 
usually negative in MCD (Bertelli et al., 2018) which makes diagnosis difficult. 
The injuries that are present in the foot processes (flattening and 
simplification) were not observed until the 1950s when the first study with 
electron microscopy was conducted (Farquhar, 1957) (Figure 7B). 

MCD approximately accounts for 70-90% of NS in children between 1 to 10 
years old, 50% of children between 10 – 17 years old and 10-15% of adults for 
NS (Cameron, 1996). Therefore, age is a crucial factor (Figure 8A).  

The majority of MCD cases are idiopathic but there are numerous 
extraglomerular diseases causing it (Table 1). Even though the underlying 
pathological process in MCD is still unclear, there are two theories providing 
possible explanations (theories for NS pathogenesis are explained in more 
details in section 1.8): 1 – T cell mediated podocyte injury: Historically, the 
studies are divided into two parts. The first part, the older studies, revolves 
around Th0s cells (to be explained in chapter 3). These studies began when 
Sellier-Leclerc et al established a mouse model by injecting CD34+ peripheral 
stem cells from MCD patients. Injection of CD34+, which is needed for T cells to 
enter lymph nodes, managed to induce proteinuria (albuminuria). However, 
the mouse (model) did not have any CD3+ mature T cells (Cd3+ mature T cell 
knockout), it was inferred that the immature T cells could be behind the NS 
(MCD) rather than mature T cells. Thus, naïve T cell (Th0) became the subject 
of studies. 

The second part, the new studies, concerns Th17 cells (to be explained in 
chapter 3). Th17 is the most recent subset of Th0 discovered that has pro 
inflammatory bias (Weaver et al., 2006). The important part of these studies is 
defined with Th17 relationship with regulatory T cells (Treg cells). Treg cells 
display anti-inflammatory behavior by releasing cytokines such as IL-10 and 
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foot process that are visible on the left, but you can not see it in the right. C) An image of FSGS from 
light microscopy. D) Membranous nephropathy; The arrow is pointing to the thick capillary wall. 

 

 

Table 1: Secondary causes for Minimal change disease. (Reproduced from Vivarelli et al., 
2016). There are five major causes for secondary MCD. Even though every single specific 
cause does not necessarily lead to MCD, they have the potential to contribute to the 
damage to the kidney that will eventually lead to MCD. 
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Figure 8: Percentage of incidence of each primary cause of NS by age. (Reproduced from 
Vivarelli et al., 2016). (A) Minimal change disease. (B) Focal segmental glomerulosclerosis. (C) 
Membranous nephropathy. 
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Due to its subtle variation, it is difficult to estimate the absolute incidence of 
FSGS. However, a literature review report (McGrogan, Franssen and de Vries, 
2010) gives a range from 0.2 to 1.8/100,000 per year, with Australia having the 
highest incidence (Briganti et al., 2001).  

 

 
Table 2: Relevant clinical data for secondary FSGS diagnosis. (Reproduced from Rosenberg 
and Kopp, 2017).  

 

1.2.1.3 Membranous nephropathy (MN) 

Unlike FSGS and MCD, in MN, there is no loss of podocyte foot processes. 
What is observed is the thickening of the glomerular capillary walls (Figure 7D) 
which is due to deposition of IgG (Immunoglobulin G) and sometimes 
complement protein C3 (Couser, 2017) and C4d (Takano, Elimam and Cybulsky, 
2013). Deposition of IgG and complement proteins in renal injuries are not just 
passive accumulation of these proteins in renal scar tissues. This is because of 
activation of complement cascade (Lenderink et al., 2007) (complement 
system will be explained in more details in chapter 6). 

In the early stages of the MN, the glomeruli look normal. However, gradually, 
subepithelial ‘spikes’ of basement membrane are formed which thicken the 
capillary walls. 
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Pathogenetic mechanisms in MN have been discovered using the Hemann 
nephritis (HN) rat model. This model has been able to reproduce both the 
clinical and histological results of MN, and it has been the main model for 
study for the past 50 years (Heymann et al., 1959).  

This model mainly looks for circulating complexes having characteristics that 
allow them to deposit beneath podocyte. Although there have been a few 
interesting discoveries, the recent one, PLA2R, is the most promising one, as 
anti-PLA2R autoantibodies are found in 70% of patients with idiopathic MN 
(not in a patient with secondary MN or normal controls).  

PLA2R is a 180 kDa transmembrane glycoprotein which is a target for PLA2R 
antibodies more often when PLA2R is expressed in glomerular podocytes 
(Borza, 2016). The hypothesis is that the autoantibodies of PLA2R target the 
PLA2R receptor on podocytes. This will lead to the subepithelial deposit, 
mainly IgG but sometimes accompanied by complements such as C3 and C5-
b9, which during time gets bigger in size and results in podocyte effacement 
through activation of the complement system classical pathways. If 
complement system is activated, the complement component C5b-9, a major 
mediator of proteinuria, enters the podocyte submembrane causing injury 
(Glassock, 2010). 

In biopsy results from MN patients, co localization of PLA2R with IgG (mainly 
IgG4), a subclass of anti PLA2R, have been detected (Beck et al., 2009). These 
results only come from patients with primary, and not secondary, MN. 
However, complement proteins are not always found in the subepithelial 
deposits, because the requirement is the activation of complement system via 
the classical pathway that does not occur all the time. It is assumed that it is 
due to failure of IgG4 to activate this specific pathway. 

MN patients show all the characteristics of nephrotic syndrome with only two 
differences: 1 – in cases of heavy proteinuria, microscopic hematuria has been 
found in the samples. The hematuria is more common in pediatric cases (Chen 
et al., 2007). 2- The edema tends to be more gradual compared to MCD and 
FSGS. 

The etiology of approximately 80% of cases of MN is unknown (idiopathic). 
Secondary MN accounts for 20% of MN cases shown in Table 3. MN, unlike MC, 
is not common among children (1-3%). However, it is the most common cause 
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1.2.2.2 Membranoproliferative Glomerulonephritis (MPGN) 

The characterization of MPGN has improved due to the features, such as 
thickening of capillary walls, first observed by light microscopy and then 
electron microscopy with immunofluorescence staining for monoclonal 
immunoglobulins. MPGN is known for its very slow progression (Masani, 
Jhaveri and Fishbane, 2014) and its wide range of glomerular injuries starting 
with thickening of capillary walls and then later mesangial interposition into 
the capillary walls. MPGN shows the symptoms of both nephrotic syndrome 
and nephritic syndrome. Therefore, the underlying processes of MPGN are 
mixture of processes observed in other diseases (nephrotic and nephritic 
syndromes) (Alchi and Jayne, 2009).  

In MPGN, just like MN, the thickening of capillary walls is observed due to 
dense deposit of immune complexes which will give MPGN three distinct 
morphological types, all of which are associated with complement system 
activation (to be explained later in this chapter) (Figure 9). 

If in the subendothelial deposits, immune complexes associated with activation 
of complement system via classical pathway are detected (IgG), it is type I. If 
extra intra membranous deposits are present and immune complexes 
associated with activation of complement system via classical pathway are 
absent, then it is type II (Sethi, Nester and Smith, 2012). Type III is mainly 
considered as a variation from type I. 

MPGN rarely leads to NS. Among the patients approximately 4% of children 
and 7% of adults will end up with NS as a direct result of MPGN (Alchi and 
Jayne, 2009).  
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Figure 9: Complement pathways and components causing MPGN. (Reproduced from Alchi 
and Jayne, 2009). The main characteristic of type I MPGN is the presence of immune 
deposits that are only associated with classical activation of complement system. In type II, 
deposits are only associated with alternative activation of the complement system such as 
C3 nephritic factor (C3NeF) and Factor B, H and I that are regulators of alternative pathway. 
In type III, nephritic factor of terminal pathway (NeFt) and C5b are also found in deposits. 

 

1.2.2.3 Diabetic nephropathy (DN) 

Diabetes mellitus is one of the main causes of mortality worldwide due to its 
complications. It is estimated that by 2035 roughly about 8% – 10% of the 
global population will have either type I or II diabetes (6th edition | IDF 
Diabetes Atlas, 2013). Among its several complications, DN is the leading cause 
of end stage renal disease (ESRD) around the world (National Diabetes Fact 
Sheet, 2011) as it happens with 33% of type I patients and 25% of type II 
patients (Sanchez and Sharma, 2009) (Lei et al., 2013). 

There are unique phases of development in DN. The first phase is functional 
change in the nephron that includes glomerular hyperfiltration and 
hyperperfusion. In the second phase, thickening of glomerular basement 
membrane, glomerular hypertrophy and expansion of mesangial occur 
(Dronavalli, Duka and Bakris, 2008). Albuminuria could be present from the 
first phase or can happen later. If albuminuria is in the range of 30 – 299 
mg/day it is microalbuminuria and more than 300 mg/day it is 
macroalbuminuria.  
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Approximately 80% of patients with type I diabetes, if they experience 
continued microalbuminuria, increase their albumin excretion every year by 
10% – 20%. Over the course of 10 -15 years, these patients develop overt 
nephropathy (Nephropathy in Diabetes, 2004). After developing nephropathy, 
50% of them develop ESRD in 10 and 75% of them in 20 years. However, only 
20% - 40% patients with type II diabetes will develop overt nephropathy and 
about 20% of them will develop ESRD (Bruno et al., 2003).   

 

1.3 Genetic Forms of Nephrotic Syndrome 

Another way to classify nephrotic syndrome, is to categorize it in children. 
However, NS in children is tied to genetic studies. There are three groups of NS 
in children:  

1 – Secondary: when NS is associated with inflammatory diseases such as IgG 
nephropathy and lupus nephritis. 

2 – Congenital and infantile: if NS symptoms appears within 3 first months 
(whether at birth or after birth), it is called congenital NS (CNS). If they appear 
between 3 months and 1 year after birth, it is called infantile NS (INS).  

3 – Idiopathic: The most common form of NS among children. 

Advancements in genetic techniques have increased our understanding of the 
processes underlying the pathogenesis of NS. Observations among these 
children and reports of familial cases and the different incidences among 
different ethnic groups (mentioned before) pointed towards the presence of 
genetic susceptibility. 

So far, over 80 genes have been identified that are affiliated with SRNS (Table 
4), although these discoveries only explain 20-30% of the NS. 

Genetic mutations affect different proteins in the podocyte with functional or 
structural roles such as proteins in the slit diaphragm (SD), actin regulatory 
proteins (Gbadegesin et al., 2014) and nuclear transportation proteins (Braun 
et al., 2018) (Braun et al., 2016). A podocyte with genetic defects loses its 
permselectivity.  

Mutations in two genes nephrin and podocin are the ones behind the most 
severe cases of CNS. The first gene identified in idiopathic NS was NPHS1 
encoding nephrin, a transmembrane protein in the slit diaphragm (Niaudet, 
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Table 4: List of identified genes involved in NS. (Reproduced from Ha, 2017). The SRNS is 
abbreviation for steroid resistant Nephrotic syndrome. This is discussed in Treatment 
section. 

 

1.4 Treatment 

Another way to categorize NS is on the basis of treatment. From a clinical 
perspective, dealing with any sign, symptom and underlying condition causing 
NS is treatment. In this section, treatment based on immune system 
suppression is discussed because it is the most important and the most 
effective one. NS is categorized by the response to immune system 
suppressors. Since the main medications are corticosteroids, if patients 
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respond well to the therapy, it is called steroid sensitive nephrotic syndrome 
(SSNS) and if they do not, it is called steroid resistant nephrotic syndrome 
(SRNS) (Figure 10).  

The most common forms of corticosteroids are Prednisone in USA or 
Prednisolone in other countries which were introduced in 1950s. Depending on 
the condition of the patient, the dose of the corticosteroid and treatment 
duration can vary.  

Roughly 80% percent of patients with MCD are SSNS. That is the reason MCD is 
also called SSNS. Table 6 sums up the changes in the history of treatment for 
SSNS. The initial treatment, from the International Study for kidney Disease in 
Children (ISKDC), for MCD was 60 mg/m2 for 4 weeks followed by 40 mg/m2 for 
3 days of the week for 4 more weeks (Bargman, 1999). However, another study 
suggested 40 mg/m2 for alternate days which reduced the time for reaching 
the remission phase for 75% of the patients. Nevertheless, most of them would 
still experience relapse (Alternate-day versus intermittent prednisone in 
frequently relapsing nephrotic syndrome. A report of "Arbetsgemeinschaft für 
Pädiatrische Nephrologie"., 1979). 

Thus, in order to avoid frequent relapses, based on the result of another study 
(Ehrich and Brodehl, 1993) the 8 weeks treatment was prolonged to 12 weeks 
with initial higher dose (60 mg/m2 for 6 weeks followed by 40 mg/m2 for 6 
weeks). 
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Table 5: Summary of different treatment for idiopathic NS. (Reproduced from Noone et al., 
2014).  

 
Figure 10: Summary of the result of the treatment in NS patients. (Reproduced from Saleem, 
2019).  
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However, extending the treatment up to 6 months did not bring any change in 
the risk of relapse or becoming a frequent relapser (Teeninga et al., 2012). A 
separate study with SSNS patients also showed that even extending the 
treatment up to 4 months will not change the risk of relapse or becoming a 
frequent relapse either (Webb et al., 2019). 

The relapsing patients either become frequent relapsers (frequently relapsing 
nephrotic syndrome (FRNS)) or steroid dependent (steroid dependent 
nephrotic syndrome (SDNS)). For this group of patients, a daily dose of steroid 
or alternate dose of steroid is prescribed (Table 6) a (Figure 10).  

The long-term use of steroid is associated with many side effects such as 
obesity, avascular necrosis, osteoporosis, myopathy and oedema. Therefore, 
FRNS, SDNS and SRNS patients need immunosuppressive steroid sparing 
agents for their treatment. Treatment for SRNS patients is slightly more 
difficult and complicated due to its unremitting nature (Trautmann et al., 
2017).  

Overall, steroid treatment is only effective in about 8-10% of the NS patients. 
So, it is required to find a medication that is steroid free. From the alternative 
(non-steroid) medicines, tacrtolimus (TAC) and rituximab could be mentioned.  

TAC is a calcineurin inhibitor that was first extracted back in 1987 from 
Streptomyces tsukubaenis (Kino et al., 1987) and quickly was introduced to the 
field of transplantation, for NS, in early 90s for adults (Mccauley et al., 1990) 
and early 2000s for children (Pennesi, Gagliardo and Minisini, 2003). One of 
the first studies with children with NS who were resistant to traditional 
(steroid) therapy showed that treatment with TAC resulted in higher 
remissions among patients in time span of 5 months (Loeffler, Gowrishankar 
and Yiu, 2004). This study was followed by another study, with the children 
suffering from NS, that managed to display the same results with slightly lower 
remission rate (Westhoff et al., 2006).  

Rituximab is an anti – CD20 monoclonal antibody whose anti proteinuria effect 
was found in 2005 (Nozu et al., 2005) and was first used in children with 
idiopathic NS in 2007 showing positive effects (Smith, 2007). Rituximab is 
mainly prescribed with 375 mg/m2 dose and while there are increasing number 
of successful treatments, it is important to note that the response could be 
unpredictable. Its effectiveness could be observed in 4 weeks (Ruggenenti et 
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al., 2003) or there could be no effect as long as 6 months (Fervenza et al., 
2008). 

 

1.5 Pathogenesis  

The majority of NS cases are idiopathic. In this section the theories that 
potentially could explain those cases are discussed. There are two theories that 
have been proposed to explain the underlying reasons of INS. Each theory is 
explained separately. 

Immunological dysfunction: T cell dysregulation in  NS was proposed in 1974 
(Shalhoub, 1974). Based on clinical observations in this study, it was suggested 
that through systematic dysfunction of T cells, a circulating factor is secreted 
which is toxic to the glomerular basement membrane.  

The initial observations included the lack of immunosuppressive agents in NS 
(as a sign for upregulation of immune cells), spontaneous measles-induced 
remission and presence of NS in Hodgkin’s disease. Other observations carried 
out later to test this hypothesis are also supportive of it. One example is that T 
cells isolated from NS patients cause proteinuria in rats (Koyama et al., 1991).  

The molecular mechanism of T cell dysregulation in NS is unclear. However, a 
role CD80 (a transmembrane protein from immunoglobulin superfamily 
expressed by CD8+ T cells and antigen presenting cells (APC)). CD80 regulates 
the activity of T cells. By acting as ligand for two other proteins: CD28 and 
CTLA-4, both of which are expressed on the surface of T cells. If CD80 interacts 
with CD28, it results in the activation of T cells, but if it interacts with CTLA-4 it 
results in inhibition of certain activities of T cells for example response to 
antigen stimulation (Chen et al., 2020). 

Compared to cells from healthy controls, clonal expansion is observed in CD8+ 
T cells taken from patients with NS (Frank et al., 2000). The urinary level of 
CD80 has been shown to increase in different glomerular diseases, especially in 
MCD suggesting that a high level of CD80 is common in proteinuria (Navarro-
Muñoz et al., 2011). However, the origin of the urinary CD80 is still uncertain. A 
separate study, (Garin et al., 2010) suggested that podocytes are the origin of 
the urinary CD80, due to the molecular weight of the CD80 observed. Soluble 
CD80 was shown to have molecular weight of 23 kDa on western blots while 
the molecular size of membrane associated CD80 was 53 kDa. The CD80 found 
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in urine of the patients was shown to have a molecular weight 53 kDa 
consistent with the size of cell membrane associated CD80. Furthermore, the 
expression of the 53kDa CD80 in podocytes was only confirmed in MCD 
relapsing patients.   

CD80 is not expressed in normal (healthy) podocytes, but its expression can be 
induced under specific circumstances such as lupus nephritis. This induction in 
podocytes alters the cytoskeleton organization and causes podocyte process 
effacement (Navarro-Muñoz et al., 2011). Importantly, podocyte foot process 
effacement was not observed in CD80 deficient podocytes.    

Moreover, there is a suggestion that there could be a link between NS and 
expression of CD80 stimulated by IL-13 (Abdel-Hafez et al., 2009). Previously, it 
had been demonstrated that in NS patients, when serum IgG4 and IgE were 
increased, T cells started producing IL-13 and B cells expressed IL-13 receptors 
(Kimata, Fujimoto and Furusho, 1995). A possible role has been reported for IL-
13 in NS from a study in rat models (D'Agati et al., 2004). According to this 
study, IL-13 promotes proteinuria and glomerular gene expression for CD80 
and IL-13 receptor, IL-13R, while downregulating gene expression for podocin 
and nephrin without histological change in glomeruli. Following observation 
with electron microscopy revealed foot process fusion in up to 80% of 
podocyte. 

However, studies published later have offered a different role for CD80. These 
studies suggest that urinary level of CD80 is a biomarker in NS, mostly in MCD, 
which can be used to measure the effect of steroid treatment (Ling et al., 
2014) (Cara-Fuentes et al., 2018). As mentioned above, the urinary CD80 is the 
result of CD80 expression in unhealthy podocytes (in MCD condition), but a 
recent study shows that CD80 is also expressed in unhealthy glomerular (also 
in MCD condition) endothelial cells too (Cara-Fuentes et al., 2020). Therefore, 
CD80 can be used to study the condition of both podocytes and glomerular 
endothelial cells in NS as a biomarker. 

Although CD80 is not considered a therapeutic target for the treatment of NS, 
it is still as a urinary biomarker. The main method for the certain diagnosis of 
NS is renal biopsy and histology. It is an invasive method and in certain cases 
(mainly FSGS), it is difficult to make an accurate diagnosis due to the 
complicated pattern of glomerular damage (FSGS complex patterns were 
briefly discussed before). Thus, biomarkers are important for accurate and 
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However, to date there has not been an evaluation of suPAR levels in another 
large independent cohort of patients and confirmation as to how suPAR is 
mediated by immunosuppressive therapy. While suPAR still remains a putative 
circulating factor, it is important to note the more recent findings suggest it is 
more of a biomarker for inflammation rather than a deleterious factor (Hamie 
et al., 2022) (Backes et al., 2012). 

Another putative factor for FSGS is cardiotrophin-like-cytokine-1 (CLC-1) which 
is a member of the IL-6 family. The concentration of CLC-1 in NS patients can 
be up to 100 times more than in normal people. CLC-1 also suppresses the 
expression of nephrin in podocytes (Savin et al., 2008). The results from rat 
models show that CLC-1 induces proteinuria (albuminuria). These effects can 
be prevented by adding anti CLC-1 antibodies (Savin et al., 2015). 

The last suggested factor that is discussed here is hemopexin (Hpx). Hpx is one 
of the most abundant plasma proteins and it is believed to be a protective 
molecule that by binding to heme (Smith, n.d.) and nitric oxide (Shipulina, 
Hunt, Shaklai and Smith, 1998) prevents oxidative injuries.  

Even though as a circulating factor, Hpx is shown to be inactive, it can be 
activated as a serine protease (Bakker et al., 2005). This activated form can 
induce proteinuria, because of serious damage to the filtration barrier (Lennon 
et al., 2008). The concentration of the activated form of Hpx increases in 
relapsing children with MCD. The circumstances that cause the Hpx to be 
activated are still unclear. However, recent studies suggest that Hpx is a 
biomarker and it is used to measure the responsiveness of a patient to therapy 
(Agrawal et al., 2020). 

Biomarkers are measurable indicators to understand a certain biological state, 
not the reason behind the pathogenic processes. So, it is not possible to 
consider some of the proteins mentioned here as a reason for the 
pathogenesis of NS. However, the search for finding the deleterious factors in 
NS never stopped. One part of the immune system that was briefly introduced 
in MN section is the complement system. Recent studies suggest that certain 
proteins from the complement system may a have a major role in NS 
pathogenesis. In the following, the complement system is more broadly 
introduced and the studies that suggest that the complement proteins can be 
the potential deleterious factors are discussed.   
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The complement system is an important part of the innate immune response 
and plays a major role in the killing and clearance of invading pathogens 
including bacteria, viruses, fungi, and parasites (Ricklin, Hajishengallis, Yang 
and Lambris, 2010). This system is composed of over thirty proteins, most of 
which are found in the serum and are mainly produced by the liver, while the 
remaining proteins are membrane-bound proteins and receptors. These 
proteins operate in plasma, tissues or inside cells by inducing inflammatory 
responses to help immune cells fight the pathogen or the infected host cell 
(Kolev, Friec and Kemper, 2014).  

These pathogens and infected cells are detected by the molecules from the 
classic, alternative and lectin pathways (Figure 11). Each of these pathways can 
initiate activation of the complement system. Through activation, complement 
proteins get cleaved. The aim of cleavage is to create anaphylatoxins that 
initiate stimulating phagocytes and cell killing membrane attack complex to 
clear pathogens and damaged cells in the body.  

Therefore, the activation step is tightly regulated, because unrestricted forms 
of complement activation can damage the healthy host cells and tissues. 
Chronic unrestricted activation of complement results in more vulnerability to 
other diseases such as autoimmunity, cancer, and chronic inflammation 
(Markiewski and Lambris, 2007). 

 

 
Figure 11: The three activation pathways in the complement system. (Reproduced form 
Kolev, Friec and Kemper, 2014).  
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Due to the importance of the activation step, the three activation pathways of 
the complement system are discussed below. 

 

1.5.1 Classical Pathway 

An antibody-antigen complex triggers the classical pathway. C1 (complement 
1) is a protein complex in the complement system consisting of 6 molecules of 
C1q, 2 molecules of C1s and 2 molecules of C1r (Figure 12). For C1 to be 
activated, the constant region of the antibody bound to complementary 
antigen binds to the C1q part of C1. Among five different Immunoglobulins, 
only IgM and IgG can bind to the collagen-like tail of C1q which through 
conformational changes, activates the C1r portion of the complex and then 
activates the C1s portion of the complex. 

 

  

Figure 12: C1 and its different domains. (Reproduced from Arlaud et al., 2002).  

 
C1s is a serine protease. In other words, it can activate other proteins in the 
classical pathway by cleaving them, in this case C2 and C4. The active forms of 
C2 and C4 are C2a, C2b and C4a, C4b respectively. C2a and C4b, through a non 
– covalent binding, form the C4b-C2a complex which will activate two other 
proteins. One of these is C3, and that is the reason that the C4b-C2a complex is 
sometimes called C3 convertase. C3 is at the center of all three complement 
activation pathways (Figure 11). Each pathway, eventually, results in the 
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cleavage of C3 which is inactive, into two active proteins C3a and C3b 
(Arumugam et al., 2006) that are inflammation mediator and opsonin 
respectively.  

C3a binds to either mast cells or basophiles stimulating production of histamin 
which dilates the blood vessels leading to the point of infection allowing 
immune cells to reach the infected area quickly. C3b binds to the glycoprotein 
of the pathogen cell encouraging phagocytic cells to identify the pathogen. The 
other function of C3b is to bind to the C4a-C2b complex forming C4b-C2a-C3b 
which is a C5 convertase. 

C5 is cleaved into C5a and C5b. One function of C5a is similar to that of C3a: 
stimulating the production of histamin. The other function is involvement in 
chemotaxis. C5b acts as the foundation to produce the membrane attack 
complex (MAC) with the help of C6, C7 and C8. This complex binds to the cell 
membrane of the pathogen forming a channel that leads to lysis of the cell. 

 

1.5.2 Alternative Pathway 

Unlike the presence of antibody-antigen that is essential for the activation of 
the classical pathway, the alternative pathway can be triggered even in the 
absence of antibody-antigen complex by C3. Under normal circumstances, C3, 
due to its unstable internal thioester bond, undergoes spontaneous hydrolysis, 
the result of which is C3(H2O) which resembles C3b. In healthy cells, there are 
sufficient complement regulators, such as factors B and D, to keep C3 
hydrolysis in check. However, if C3b attaches to factor B on bacterial cells, 
together they form C3b-Bb complex which is a major agent involved in the 
amplification of the alternative pathway (Thurman and Holers, 2006). 

The C3b-Bb complex is a C3 convertase that activates C3 in two different ways: 
First, it reacts with another C3 cleaving it into C3a and C3b. This then reacts 
with another C3b to form a C3b-BbC3b complex which activates C5 protein 
(forming the membrane attack complex described in the classical pathway 
above).   

Second, the C3b-Bb complex can have positive feedback on C3. This complex 
activates more C3 and as a result creates more C3a and C3b. The extra C3b 
forms more C3b-Bb complex with Factor B which will amplify the feedback 
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loop. The excessive C3b-Bb complex can follow the previous path (first path) to 
activate more C5 (Ehrnthaller et al., 2010). 

 

1.5.3 Lectin Pathway 

The Lectin pathway only gets activated if Mannose - binding protein (MBL) and 
ficolins, both of which are multimeric lectin complexes, recognize certain 
patterns of carbohydrates (or acetylates) which are uncommon among host 
cells, on the pathogens. MBL and ficolin bind to homodimer MBL – associated 
serine proteases (MASPs) to form complexes that are initially proenzymes 
(Kjaer, Thiel and Andersen, 2013). MASPs become activated after MBL or 
ficolin bind to their targets (carbohydrate or acetylate on pathogens). 
Activation of each MASP (of four types) have different consequences. 

Among the four different types of MASPs in humans, MASP2, as soon as it 
attaches to a pathogen, will be autoactivated through a conformational 
change. The activated MASP2 will cleave (activate) C4 into C4a and C4b 
following the classical pathway (Figure 11) which lead to cleavage of C3 into 
C3a and C3b. Unlike MASP2, MASP1 can not cleave C4, but it generates the 
majority of C2a required in C3 convertase. MASP1 also can activate MASP2. 
Thus, MASP1 participates directly and indirectly in C3 cleavage (Degn et al., 
2012) (Héja et al., 2012). The role of MASP3 remains elusive. It does not cleave 
any complement factor. It is assumed that MASP3 may have a regulatory role 
by reducing lectin pathway activation, due to MAPS3 competing to bind to the 
recognition sites of MASP2 (Beltrame et al., 2015). Map44 (the fourth type of 
MASPs) is involved mainly in cardioprotective effects. No link between Map44 
and complement system activation has been identified. 

 

1.5.4 The Complement System and Nephrotic Syndrome 

Even though the complement system is involved in clearing the body of 
pathogens, over activation or mis-activation of this system can result in 
damage to the kidneys (discussed below). The perspective of the relationship 
between complement activation and kidney diseases has changed recently in 
several major ways.  

Firstly, it was originally thought that the liver was the only organ that produces 
complement proteins. Therefore, the kidney was considered more as a target 
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for the complement system coming from another organ of the body. However, 
there is now a significant body of research demonstrating that complement 
components are produced by podocytes, glomerular endothelial cells, 
mesangial cells and proximal tubular cells in the kidney too (Sacks & Zhou, 
2003) (ref 1: Sacks et al., 1993) (ref 2:Sacks et al., 1993) (Zhou et al., 1993). 
These studies changed the kidney’s position from a target organ into a 
participant organ.  

Secondly, the complement components produced by the kidney cells 
participate in inflicting damage to the kidney. A study using C3 knockout mice 
(adriamycin induced proteinuria) showed that there is less proteinuria 
associated kidney injuries in C3 knockout mice compared to wild type mice 
(Sheerm et al., 2007). This study revealed that the wild type group had worse 
renal function compared to the C3 knockout group. The poor renal function of 
the wild type group was associated with complement activation through C3 
(proved by C3 staining in the kidney), as the C3 knockout group preserved the 
normal renal function. Moreover, transplanting a kidney from either the C3 
knockout or wild type Adriamycin treated group into wild type recipients 
showed that the kidneys coming from wild type donors show significantly 
worse function compared to the kidneys from C3 knockout donors which 
proves that renal injuries depend on local production of C3a. 

Furthermore, it was discovered the human podocytes actually produce 
functionally active C3 complement themselves, despite the presence of 
circulating C3, which can inflict injuries on podocytes (Li et al., 2016) (Mühlig et 
al., 2020). Therefore, the kidney will add to the circulating complement factors 
in the body. In other words, whether C3 produced by other organs is present in 
the body or not, the C3 produced by the podocytes can inflict damage on 
podocytes. 

Thirdly, as was briefly mentioned previously in the MN section, for a long time, 
the only kidney diseases associated with complement system activation were 
different forms of glomerulonephritis such as IgA nephropathy and 
membranous nephropathy (MN). These diseases usually were linked to the 
activation of the lectin pathway and dysregulated alternative pathway 
activation (Thurman, 2015). It is important to note that even in these 
conditions, complement system was not at the center of these diseases, but 
was downstream of immune complex deposition.  
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However, a new study may give the complement system a more prominent 
role in MN. This study with 37 MN patients showed that MN patients have 
higher C3a plasma level compared to healthy controls (1142.9 ng/ml in 
patients compared to 111.7 ng/ml in healthy controls). Granular staining of the 
C3a receptor (C3aR) in glomerular capillary walls of MN patients showed that 
there are more C3aR in MN patients than in patients with diabetic 
nephropathy and FSGS patients, while healthy controls showed nothing.  

Further in vitro investigation with rat podocyte (Heyman nephritis model) in 
the same study showed that complement system is activated through the 
classical and alternative pathways in this model and exposure to the plasma 
from the rats that received treatment (containing C3aR inhibitors) reduces 
podocyte injuries significantly (Gao, Cui and Zhao, 2022). 

Another study also demonstrates the role of complement system in diabetic 
nephropathy (DN) too (Zhang et al., 2022). C3a in high glucose conditions (33 
mM) promotes autophagy of podocytes (mouse podocyte, MPC-5 cell line), 
while suppression of C3aR expression inhibits the C3a induced autophagy.  

Interestingly there is evidence for a role of the complement system in NS. 
Thurman et al (Thurman, 2015) reported that the concentration of C4a which 
is marker of classical pathway activation is higher in plasma of patients with 
FSGS in comparison with healthy people. A separate study also found 
deposition of C4d and C1q in FSGS biopsies of glomeruli (van de Lest et al., 
2019). There is no significant difference between the level of C4a in MCD and 
FSGS patients (both are elevated) (Trachtman et al., 2021). In healthy people 
and NS patients in remission, the level of C4a goes back down to normal range. 

Considering all the evidence so far, complement system, more accurately C3 
and C4 proteins are considered as sources for deleterious factors in this thesis 
along with T cells. 

 

1.6  Signaling pathways 

A disease as complicated as NS would be the result of changes from the variety 
of biochemical pathways in body. Below is an overview of the pathways 
specifically studied in this thesis. The method of choice is western blotting 
where phosphorylation under a specific condition was investigated. 
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5 – Protein kinase B (Akt): The three isoforms of Akt identified in humans can 
be activated by numerous cytokines and hormones and even 
neurotransmitters. Akt is mainly involved in regulating signaling from the 
insulin receptor (Whiteman, Cho and Birnbaum, 2002). That is why activation 
of Akt is substantially reduced in type II diabetes patients.  

Zhang et al (Zhang et al., 2018) showed that when Akt is activated by 
phosphoinositide 3 – kinase (PI3K), then it will play an important role in 
podocyte resistance to apoptosis and less activation of Akt, by PI3K, will 
accelerated the apoptosis process in podocyte. This finding is supported by 
another study that found the correlation between lower activation of Akt by 
PI3K and increase in podocyte apoptosis (Wang et al., 2014). A separate study 
reported that this form of activation (by PI3K) also prevents the formation of 
interstitial fibrosis (Lin, Jiang, Luo and Qu, 2013).  

5 – Focal adhesion kinase (FAK): It is a tyrosine kinase that is activated 
(phosphorylated) by integrins (and sometimes growth factors). Focal adhesion 
is a term to describe integrins cluster. Integrins cluster is a place where FAK is 
recruited by integrins transmembrane receptors. These receptors engage with 
extracellular matrix (ECM). A high level of FAK mRNA has been observed in 
ovarian tumors (Integrated genomic analyses of ovarian carcinoma, 2011) and 
invasive breast cancer (Comprehensive molecular portraits of human breast 
tumours, 2012). Further studies with tumor tissue arrays showed that FAK 
activation will increase tumor progression (Zhao and Guan, 2009). 

FAK is expressed in podocytes. In a study with animal models (FAK knockout 
mouse models), FAK became activated in proteinuria inducing injuries. While 
FAK is phosphorylated during proteinuria, in FAK knockout mouse models, 
there is a significant reduction in podocyte effacement, but it does not change 
the baseline proteinuria (Ma et al., 2010). 

Two separate studies with Alport mice (Alport syndrome is characterized by 
progressive loss of kidney function with eye abnormalities) demonstrated that 
inhibition of FAK will lead to significant reduction in albuminuria and 
improvement of GBM architecture (Delimont et al., 2014) (Cosgrove et al., 
2018). 
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3) Characterize the effect on podocyte biology of two factors (C3a and C4a) 
from the complement system that are known to have a role in kidney 
disease. 

4) If any of these factors alter podocyte biology then determine whether 
they act through the PAR1 receptor and thus maybe involved in the 
pathogenesis of NS. 

 

 
Figure 13: Summary of the concept in the thesis. A) Current data suggests that a so far 
unidentified circulating factor produced by the immune cells binds to PAR-1 on the kidney 
that initiates series of biochemical changes that result in changes in podocyte which 
manifest themselves as NS symptoms. B) Because it is hypothesized that PAR-1 is the main 
mediator; then blocking it should prevent the activation of biochemical pathways and 
subsequently the NS symptoms. 
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Chapter 2: Methods and Materials 
2.1 Cell culture 

Three different cell types, podocyte (Saleem et al., 2002), glomerular 
endothelial (Satchell et al., 2006) and proximal tubular (Wilmer et al., 2009) 
cells, were used in this study. All these cells were conditionally immortalized 
that they proliferate at 330 C and then can be differentiated at 370 C to model 
cell found in vivo. Cells were grown and expanded in either t75 or t175 in 330 C 
centigrade incubator (Appendix 1). Each cell type requires its own specific 
media for growing which are detailed in tables 6 -8. The media was changed 
three times a week. 

 

 
Table 6: Media and serum required for growing podocytes. The mix of serum is needed for 
proper growth of the cells. 

 

 
Table 7: Media and serum required for growing proximal tubular cells. The mix of serum is 
needed for proper growth of the cells. 
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Table 8: Media and serum required for growing glomerular endothelial cells. The mix of 
serum is needed for proper growth of the cells. 

 

Subculturing podocytes and proximal tubular cells was carried out by 0.25x 
trypsin-EDTA (Appendix 19) and for glomerular endothelia cells using 1x 
trypsin-EDTA (Appendix 20). After trypsinization, the cells were centrifuged 
(Appendix 21) at 1200 rpm for podocytes and proximal tubular cells and 1500 
rpm for glomerular endothelial cells. Then cells are resuspended and used for 
plating. 

For cell counting, 15ul of the cells in media were mixed with 15ul of Trypan 
blue stain 0.4% (part of the kit of automatic cell counter). This resulting mix 
was analysed by cell counter (Appendix 22) under specific instruction issued by 
the company (Apendix2 3). 

If thermo switch was required (for the purpose of differentiation), the cells 
were transferred to 370 C incubator (Appendix 24). Podocytes were used 
between 8th-12th days, proximal tubular cells between 5th-7th and glomerular 
endothelial cells between 8th-10th days of thermo switch. If freezing the cells 
was required, after aspirating the supernatant, the cell pellet was resuspended 
in freezing mix (Table 9) instead of serum with media.  

 

 

Table 9: Components and their proportions of freezing mix. 
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2.4 Electric Cell-substrate Impedance Sensing (ECIS) 

ECIS is a method based on the measurement of impedance (ohm) in real time 
to investigate the biology of cells grown in tissue culture including activities 
affiliated with the cell cytoskeleton. Since the cultureware is a sterile array 
containing gold electrodes and not plastic, it could be a suitable alternative for 
scratch assays and plastics plates.  

Experiment:  

1 – Coating: Treatment with 10mM cysteine (Appendix 31) (in water) at room 
temperature for 15 minutes and then coating with 1% gelatin (PBS) for 30 
minutes at 37oC. 

2 – Experiment: Growing optimal number of cells in ECIS plate (40000/well) 
(Appendix 32) which should be followed by incubation at 33o C for two days. 
The early reading (at 4000 Hz current) with ECIS station (Appendix 33) is 
required (without protein of interest, just media) for a few hours for the 
purpose of stabilization. After the stabilization phase, the scratch was made by 
subjecting the cells to 1600 uA, 64 kHz for 30 seconds. 

Removing the arrays from station is needed for washing and adding the 
proteins of interest which causes a slight drop in the reading for the wells that 
are not scratched. Thus, even unscratched wells will have a slight drop in their 
readings. Then the reading is recorded for up to 20 hours. 

 

Analysis: 

The reads are first normalized by dividing each impedance value by the first 
value (the value recorder at time zero) giving each series of reads the initiation 
point of zero then graphed against time. 

The most important period of ECIS reading is the phase right after the scratch 
where it can be observed whether the protein of interest has significant 
positive effect on motility of the cells. The readings after scratch display how 
quickly the cells heal the scratch. The lines with higher slope than control are 
the ones that are considered as positive result (protein of interest has positive 
effect on cell motility). The analysis and visualization were done with ECIS 
software (2014 update).   
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For the set of results, (one way) ANOVA is performed to determine if the 
difference between the means of each group is significant. If the p value is less 
than the threshold (0.05), then the Tukey’s test is performed to identify the 
experimental group (against the control group). 

 

2.5 Adhesion & Detachment Assays 

Experiment: 

Although they are different experiments, they share a similar procedure. For 
this reason, they are explained together. For adhesion, treatment starts right 
after seeding the optimal number of cells into the plate (9000/well). For 
detachment, however, the plate should be incubated at 370 C for two days, 
before treatment starts. 

After treatment, for detachment, each well is treated with trypsin (50 ul/well) 
and then, in order to nullify its effect, fetal bovine serum is added (100 
ul/well). For adhesion, however, this step is not required. 

Then all wells are fixed with 4% paraformaldehyde (PFA) in PBS (Appendix 34). 
Therefore, it is necessary to have controls for PFA treatment too (wells treated 
with only PFA but not the protein of interest). 

All wells are then stained with 0.1% crystal violet (Appendix 35) diluted with 
methanol (Appendix 36). Later, they are solubilized with 10% acetic acid 
(Appendix 37) on orbital shaker (Appendix 38). The absorbance of the cells 
(stained with crystal violet) left in each well is measured at 570nm with plate 
reader (Appendix 39) (the greater the number of the cells the greater the 
absorbance). 

 

Analysis: 

The averages of (the six) replicates are graphed with standard error as the 
error bar. One way ANOVA is performed to see if the difference between 
means is significant. If the answer is positive i.e. there is a significant difference 
between the means of each group, Tukey’s test performed to find out the 
pairwise comparison between the groups i.e. which group is significant 
compared to any other group. 
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Table 10: Reagents required for making SDS (sodium dodecyl sulfate) lysis buffer. 

 

Analysis: 

1 - Identifying significantly expressed genes (up/down regulated proteins) by 
volcano plot: This is a common visualization method, a subtype of scatter plot, 
to display proteins/genes with large log fold change across different omics 
experiments. The y axis is the p value (statistical significance) and x axis is the 
log fold change (biological significance). 

In this thesis, the volcano plots are displayed with negative log 10 of Welch’s T 
test on y axis and log 2 of adjusted abundance (adjusted by dividing the value 
of the condition to the control). There are three arbitrary lines on the plot to 
divide the result: Two vertical lines dividing the samples into three parts. Two 
parts that are representative of extreme change (high or low) (biologically 
significance) and the middle part that are considered not extreme log change. 
One horizontal line dividing the samples by p value significance. The samples 
above the line are statistically significant and the ones below it, are not.  

2 - Over Representation Analysis (ORA): ORA is referred to a statistical analysis 
of a set of pre-defined genes, annotated genes which belong to pathways in 
some database, that are present (over-represented) in the data (Huang, 
Sherman and Lempicki, 2008). Through this analysis, it is possible to detect 
sub-set of genes that are part of different pathways. The assumption behind 
this analysis is that any biological process consists of a group of genes and not 
just one. Thus, the analysis is based on evaluation of a group of genes rather 
than a single one. 

For a gene set, an enrichment p value should be calculated first. There are 
different methods to employ for this task such as: Binomial distribution, Chi 
square test and Hypergeometric (Huang, Sherman and Lempicki, 2008).  
Suppose there is a list of 6000 genes. From this list, 500 are members of a 
specific cluster (cluster A) and 200 are members of another specific cluster 
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(cluster B). 50 members of cluster B are also present in cluster A. Then the 
probability of these 50 genes from cluster B are present in cluster A by chance 
is calculated. If the probability is low, then it is concluded that it can be due to 
random chance. 

For this analysis, the set of statistically significant genes in the volcano plot, 
from previous analysis, was selected. The gene sets for submitted to 
WebGestalt (Zhang, Kirov and Snoddy, 2005) entry for analysis and cross 
referenced to three databases Kyoto Encyclopedia of Genes and Genome 
(KEGG) (Kanehisa, 2000) which is a database for systematic analysis of gene 
function , Panther (Thomas et al., 2003) which is database for characterizing 
the function of proteins on a large scale and Reactome (Joshi-Tope, 2004) that 
is a peer reviewed database of human biological processes. The reason for 
selecting these databases is that each single database has its own set of 
annotated genes in a specific way. Therefore, together they can provide a 
comprehensive understanding of pathways involved in ORA.  

The result is in the form of 2D graph with name of the pathways on y axis and 
normalized enrichment score on the x axis. 

3 - Clustering: A) Principal Component Analysis (Ringnér, 2008) (PCA) calculates 
Principal Components (plotted on the x and y axes) which represent 
uncorrelated linear functions which successively maximise the variance in the 
data. By applying PCA to protein abundances which is the biggest source of 
variability between samples, it will calculate a numerical value for how the 
different samples are separated by looking at that pattern (PC1). Then it will 
attempt to look for a different pattern, created independently and 
intentionally different from the first one, and tries to explain the variability 
using that pattern (PC2). 

What this does in practice is looking for a pattern in the protein abundances 
which represents the largest sources of variability between the samples and 
calculates a numerical value for how the different samples are separated by 
looking at that pattern (PC1). It then looks for a different pattern, created 
independently and intentionally different from the first one, and tries to 
explain the variability using that pattern (PC2).  

By plotting the two against each other, it is possible to see if the difference 
that is assumed to be the major difference between samples is actually the 
major one or there are other factors at work. 
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B) Hierarchical clustering: This algorithm (Murtagh and Contreras, 2011) 
groups data points based on some measure of similarity and builds hierarchy 
of clusters. It is another algorithm employed for clustering besides PCA. The 
specific hierarchical algorithm used here is hierarchical agglomerative 
clustering (HAC) algorithm also known as the bottom-up approach algorithm. 

HAC treats each data point as single data cluster. It then finds nearest data 
point that cluster to make a bigger cluster and this process continues until 
there is one single cluster with hierarchy (sub clusters). The method used to 
find the nearest cluster to each other is calculating Euclidean distance method 
(Danielsson, 1980).   

The result of hierarchical clustering is usually displayed by dendrogram. In this 
thesis, an extra heatmap part is added for each sample to the dendrogram too. 
For both clustering methods, log 2 normalized abundance of each data (not 
adjusted abundance) was used for computation. 

4 - Correlation: The correlation of each sample was measured by Euclidean 
distance to other samples. Just like clustering methods, log 2 normalized 
abundance of each data (not adjusted abundance) was used for computation. 
Simple for of Euclidean distance (between two points) is calculated by this 
formula: 

 

The extended for of the formula for higher order calculation would be: 

 

 

2.8 Western Blotting   

It consists of two phases: SDS - ployacrylamide gel electrophoresis and protein 
blotting. The electrophoresis phase separates a mixture of proteins based on 
their molecular weight under the influence of an electric field. Then the second 
phase begins with its 5 different steps: result of electrophoresis separation will 
be transferred (transfer step) to a membrane giving each protein a band. Then 
the nonspecific sites should be blocked (blocking step). After nonspecific sites, 
the specific sites are targeted with primary antibodies (primary antibodies 
incubation). 
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Incubation with secondary antibody is required (secondary antibody 
incubation) for the last step that is protein detection. 

Experiment: 

Following the exact instruction for phosphoproteomics sample preparation, 
after centrifugation of the samples, first concentration of each sample is 
measured using Bradford assay. For western blotting experiment, 50 ng of 
proteins is concentrated each tube. Then the samples are mixed with 4x 
loading buffer (Table 11). Then they are boiled at 95oC for 10 minutes 
(Appendix 53). 

 

 
Table 11: Reagents required for making 4x loading buffer. 

 

Samples are run using Bio Rad pre-cast protein gels (Appendix 54) and 
transferred using Bio Rad transfer system (Appendix 55) by Bio Rad trans – blot 
turbo PVDF (Appendix 56). 

The blots are treated with 5% bovine serum albumin (BSA) (Appendix 57) after 
transfer. Then, they are treated with dilution of preferred primary antibodies 
(Appendix 58) (all are rabbit antibodies) in 3% BSA. Glyceraldehyde 3 – 
phosphate dehydrogenase (GAPDH) is used to measure the level of expression 
for housekeeping proteins (control). Later, they are treated with proper 
secondary antibody (Appendix 59). At last, blots are imaged with Amerham 
Digital Imaging System (Appendix 60) after being treated with ClarityTM 

Western ECL substrate (Appendix 61) and ClarityTM Western ECL substrate 
(Appendix 62).  

Analysis: 
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If analysis is required, densitometry is performed on the blots. One way 
ANOVA or T Test (depending on how many groups are analyzed) is performed 
to see if the difference between means is significant. If the answer is positive 
i.e. there is a significant difference between the means of each group, Tukey’s 
test performed to find out the pairwise comparison between the groups i.e. 
which group is significant compared to any other group. 

 

2.9 Polymerase Chain Reaction (PCR) & Quantitative Polymerase Chain 
Reaction (qPCR) 

Experiment: 

mRNA collection: After growing optimal number (full confluency) of cells in the 
flask, mRNA is collected following the instruction provided by QIAGEN 
company (Appendix 63). The mRNA is either stored at -80oC or used to produce 
cDNA. 

cDNA production: Following the instruction from RNA to cDNA kit from Applied 
Biosystems (Appendix 64) and by using the mRNA from previous step, cDNA is 
produced. The mix of RNA and other buffers from the kit, are incubated on PCR 
machine (Appendix 65) under specific conditions (Table 12). Samples are either 
kept at -20oC or used for PCR experiment. 

 

 
Table 12: Incubation conditions for cDNA production. 

 

Polymerase Chain Reaction (primer testing): Following the instruction of cDNA 
synthesis kit from PCRBIOSYSTEMS (Appendix 66) and by using the cDNA from 
the previous step, the samples are made with primers of interest. The samples 
are incubated on PCR machine under specific conditions (Table 13).  
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Table 13: Incubation conditions for cDNA synthesis. 

 

The samples were either stored at -20oC or mixed with gel loading dye 
(Appendix 67) and run on 3% agarose (Appendix 68) gel. The gel was imaged 
with Amerham Digital Imaging System. The ladder used for PCR in the gel is 
marked like this: 

 

   

 

 

 

 

 

The difference between each line is 100 base pairs for most 
parts, except for very high pieces. Some of the line may look 
blurry or a little unclear on the gels. However, the distance 

between them is almost equal too. So, there should not be a problem to 
distinguish each segment from one another. 

Quantitative Polymerase Chain Reaction: After choosing the right primers from 
previous step, it is possible to monitor the amplification of the cDNA in real 
time. The method of choice for this experiment is the Sybr Green (Appendix 
69). Following the instruction provided by Applied Biosystems, the samples are 
prepared in PCR plate (Appendix 70) and the result is recorded by Applied 
Biosystems real time PCR system (Appendix 71). 

 

Analysis: 
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Software v1.1.1. All data analysis was performed using GeneSpring GX 11.0 
(Agilent Technologies)). 

 

 
Figure 14: Cell lines and treatment from Uveitis patients. Displays how samples were taken 
from each patient and how they were treated. Affymetrix Microarray was done for each cell 
line shown at the bottom of the figure. So, there are twenty columns for all the genes that 
were measured in the dataset. 

 

PCA of all the significantly differentially expressed genes (in this study defined 
as a two-fold change with a P value < 0.05) in the Affymetrix dataset 
demonstrated that dexamethasone treatment induced genome wide 
expression restriction in Th0 cells to a greater extent than in Th17 cells 
suggesting that steroid treatment has more effect on Th0 cells than Th17 cells. 
In other words, Th17 cells, genome wide, are refractory to treatment. This 
behaviour is observed in both SS and SR Th17 cells. Therefore, it confirms the 
fact that human Th17 cells are more resistant to treatment than human Th0 
cells. 

Since the effect of glucocorticoid treatment is regulated through the 
glucocorticoid receptor (GR), the expression of GR in Th17 and Th0 cells was 
also investigated. The finding indicated that there is no difference in GR 
expression between the Th17 and Th0 cells. Therefore, the decreased response 
of Th17 cells to glucocorticoid treatment was shown to be independent of the 
level of GR. 



64 

These results led to this hypothesis that activation of Th17 cells is involved in 
the pathogenesis of NS and that these cells are also key to resistance in this 
disease. It was hypothesized that the activation of immune system in NS 
patients results in an elevated level of Th17 cells. Steroid treatment will then 
eliminate the sensitive Th17 cells but will select a subset that is resistant to the 
therapy which continues to produce a factor or factors that damage the 
podocyte via the activation of PAR-1.  

Therefore, the gene expression dataset from the above study (Figure 14) was 
used for further investigation to identify genes that are differentially expressed 
in Th17 cells in steroid resistance patients that may be related to the 
circulating factor. The aim of the investigation was to see if the permeability 
factor(s) that is produced by Th17 could be detected. The following steps are 
taken to preprocess and analyze the dataset and the results. 

 

3.2 Results 

3.2.1 Identifying Differentially Expressed Genes 

The preprocessing methods were selected from Whitehead Institute from 
Massachusetts Institute of Technology blueprint (Microarray Analysis: 2004). 
The goal of this analysis is to detect the genes that make Th17 cells steroid 
resistant i.e. the genes that are not affected by the treatment in steroid 
resistant patients. One important step of this preprocessing blueprint is 
reduction of number of columns to get a better look at data. As explained 
previously, the dataset consists of Affymetrix readings for 5 patients. Each 
patient has two cell types (Th0 and Th17) and each cell type under two 
different conditions (treatment with Dex or not). Therefore, there are twenty 
columns of readings in dataset (Figure 14).  

After the first step of normalization (global median), instead of working with all 
the columns, it is possible to separate the columns for steroid resistant and 
sensitive patients and calculate the average of readings for each cell type for 
both conditions which will reduce the number from twenty to eight columns. 
Four columns of: Th0, Th0 Dex, Th17 and Th17 Dex for steroid sensitive and 
same columns (but separate) for steroid resistant (Figure 15). This method of 
elimination is used in other microarray analysis techniques such as DESeq 
(Anders and Huber, 2012).  
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Figure 15: Microarray dataset after calculating averages for each group of patients. 

 

From this new dataset, a heatmap was created to visualize the level of 
expressions of certain proteins whose expressions are characteristics of Th17 
cells (Figure 16). As mentioned previously, IL-17, 21, 22, 23 are the ones mainly 
expressed in Th17. IL-23 could not be found in the dataset and there were two 
isoforms of IL-17: B and F. There is not much difference between the 
expressions of F isoform in different cell types, but there is an obvious 
difference in the B isoform. As expected, IL-17, 21 and 22 are expressed more 
in Th17 cells. Expression of CCR6 is visualized too. As explained previously, 
CCR6+ Th17 cells produce MDR1 that make them more resistant to steroid 
therapy. However, MDR1 could not be found in the dataset. The expression of 
CCR6 is also higher in the Th17 cells (both SR and SS). 

 

 
Figure 16: Heatmap comparing the expressions of important cytokines and chemokines 
expressed by Th17 with log2 normalized data. The comparison is better understood next to 
Th0 cells where we do not expect to see high expression of these cytokines. 
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For the rest of the analysis, the data for Th0 are not required meaning that for 
calculating the final result, only four columns are needed (not eight): SS Th17, 
SS Th17 Dex, SR Th17, SR Th17 Dex. Using SR Th17 column readings as 
baseline, the readings in SR Th17 Dex column that are equal or higher than the 
readings in SR Th17 column are separated (selecting genes that were not 
affected by the treatment in steroid resistant patients) and then using SS Th17 
column readings as the baseline, the readings in SS Th17 Dex column that are 
lower than the readings in SS Th17 column are separated (selecting the genes 
that are affected by the treatments in steroid sensitive patients). Then a list 
consisting of the intersection of these genes is created for further analysis (list 
of genes that are affected in steroid sensitive and not affected in steroid 
resistant by the treatment).  

As shown in figure 12, there are three steroid resistant donors for this study, 
and since there are two readings from each cell line (with or without Dex 
treatment), in the end the T Test was performed on the group of three (three 
readings for steroid resistant and three readings for steroid resistant with Dex). 
It should be acknowledged that the number of samples is low, and this fact can 
contribute to the accuracy of the test (higher type II error). It would have been 
better if there were more random volunteers tested in this study (Schewitz-
Bowers et al., 2015) that affects this thesis too.  

Since the point of this section is just to identify the genes that were expressed 
highly in steroid resistant subjects (resistant to treatment), the T Test 
(independent T Test, p value < 0.01) was performed between SR Th17 and SR 
Th17 Dex columns. 

The p value was set on 0.01, but this value returns more than 900 samples. 
Due to high number of samples, three more extra criteria for filtering out 
samples were applied: 

1 – If any value in any column is negative, this sample is eliminated from the 
list. The negative numbers are the result of Log2 transformation (one of the 
normalization steps prior to T Test from the MIT blueprint). Numbers between 
0 and 1 transform into negative number by Log. This step removes the samples 
with very low expressions.  

2– Sample can not be a housekeeping gene and must be soluble factor. 
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3 – Sample should be a novel gene. For example, Interleukins are known 
factors in NS. Therefore, if they are present in the final list, they will not be 
selected. 

After applying the first filter (number 1) above, a list of 17 samples is returned 
from which two genes, NmU and CCL20, were selected considering the other 
two (number 2 and 3 above) filtering criteria (Figure 17).  

 

 
Figure 17: The final result from the gene analysis. The selected genes are outlined by 
orange. The other genes do not meet the rule number 2 and 3 of the extra criteria. 

 

A closer look at the comparison of the numbers of SR Th17 and SR Th17 Dex 
for NmU and CCL20 is displayed in figure 18A.  

One of the genes selected is chemokine (C-C motif) ligan 20 (CCL20). In the 
previous section (in this chapter), it was briefly discussed that Th17 cells that 
express CCR6 (the only receptor for CCL20) are more resistant treatment and 
express IL-17 more than other Th17 cells. A study on human Th17 cells showed 
that the expression of CCL20 is upregulated by IL-17 in the CCR6+ Th17 cells. 
This could be part of potential loop to attract other Th17 cells (Acosta-
Rodriguez et al., 2007). Due to the strong role of CCR6 in Th17 resistant cells, 
its main agonist, CCL20, was selected as one of the potential circulating factors 
excreted by Th17 in NS. 
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The other selected candidate is Neuromedin U. There is currently no published 
direct link between NmU and Th17. However, it is known that NmU is secreted 
in response to parasitic infections. The secreted NmU stimulates group 2 
innate lymphoid cells (ILC2s) which will promote expression of IL-5 and 13 
(Klose et al., 2017). ILC2s are associated with Th2 cells. 

Both CCL20 and NmU are discussed in more details in the following chapters 
with the results of experiments on kidney cells mainly podocytes. 

 

 
Figure 18: Comparison of gene expressions in different cell types. A) According to the 
result from independent T test, the difference between expressions of CCL20 and NmU in SR 
Th17 and SR Th17 Dex are significant (p value = 0.01) hence the asterisk. For simplicity of 
visualization, only one column for SR Th17 and SR Th17 Dex is displayed in figure which is 
the average of the three values (from the three patients). B) Heatmap comparing the 
expressions of NmU and its receptors and CCL20 expressed in Th17 and Th0 with log2 
normalized data. In figure 16, the expression of CCR6 was displayed next to the interleukins 
that are characteristics of Th17 cells. In this figure, the expression of the two findings and 
the two receptors of one of them (NmU) is compared across the cell types. 

 

The expressions of NmU and CCL20 are different in Th0 and Th17 cells. In Th17 
cells, the expressions of CCL20 and NmU are much higher compared to their 
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expressions in Th0 cells. Therefore, the likelihood of NmU and CCL20 causing 
any damage on kidney by being excreted from Th0 is extremely low.  

 

3.3 Conclusion 

Two candidate factors were identified using: NmU and CCL20. Both are novel 
genes and soluble factors that are produced from Th17 cells from treatment 
unresponsive patients. As mentioned before, CCL20 and its receptor CCR6 
were known previously for their links to Th17 cells. However, the effect of 
CCL20 on podocytes has not been evaluated. NmU has not been implicated in 
NS studies and there is not much known about its role in Th17 cells. 

As mentioned in previous section, only 3 SR patients were used in the Schewitz 
– Bowers et al study and so the numbers used in this study are low. Another 
part of the Schewitz – Bowers et al study that could have been improved was 
taking samples in both remission and relapsing states which would have given 
a better understanding of the gene expression in each cell line under different 
conditions. 

Nevertheless, the published papers provide convincing evidence linking both 
CCL20 and NmU to immune cells (Acosta-Rodriguez et al., 2007) (Klose et al., 
2017). A few of them have already been mentioned and more are discussed in 
chapters 4 and 5. 

It should be noted that a similar analysis was conducted between SR Th17 and 
SS Th17 to detect any significant soluble factor(s) between them in order to 
map out a better understanding of difference in gene expression between 
these two groups. However, after the initial analysis (independent T Test, p 
value < 0.01) and applying the first step of extra filter, the end result contains 
680 samples. Due to the high number of potential genes, further analysis was 
not conducted. It should also be mentioned that NmU and CCL20 were not 
detected in these results, and they were also not detected in analysis 
(independent T Test, p value < 0.01) between SS Th17 and SS Th17 Dex either. 
Thus, these two soluble factors are only statistically significant between SR 
Th17 and SR Th17 Dex. Therefore, they were selected for further examination 
to investigate their potential effects on podocyte biology. 
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In cancer studies, a high concentration of NmU in breast cancer cells correlates 
with more resistance to therapy and higher cell migration and invasion (Rani et 
al., 2014), whereas NmU knockdown cells show the opposite behaviour. 
Overexpression of NmU causes the increased secretion of IL-6 in breast cancer 
cells, one way which is hypothesized to increase the cell migration (Martinez, 
Crown, Porter and O'Driscoll, 2017). 
In renal cancer, Harten et al (Harten et al., 2011) demonstrated that 
inactivation of VHL (von Hippel-Lindau) a protein which is a crucial tumor 
suppressor, using siRNA knockdown in renal cancer cells, results in significantly 
higher expression of NmU compared to cells with functional VHL proteins.    

A study using Drosophila, suggested an insulin inhibition role in mammals for 
NmU. Alfa et al (Alfa et al., 2015) reported that CG9918, an ortholog for NmU 
receptors in Drosophila, could be a Limostatin, a peptide hormone suppressing 
insulin secretion. Results from batch culture assay showed that NmU – 25 can 
suppress glucose stimulated insulin secretion in human islets. However, a 
recent study reported that NmU does not have the same effect in rats (Kuhre 
et al., 2019). 

As mentioned in the previous chapter, NmU’s role in the immune system is 
mainly linked to Th2 cells. However, the result from the previous chapter 
shows that NmU could be linked to Th17 and its resistance to the steroid 
treatment. Therefore, considering the evidence discussed in this chapter so far, 
a direct effect from NmU on kidney cells could be possible.  

 

4.2 Aim and Objective 

The aim of this chapter is to determine whether NmU, as a secreted factor 
from Th17 cells, has any deleterious effect on kidney cells (mainly podocytes). 
NmU was detected as a factor whose expression was not affected by steroid 
treatment in chapter 3. Therefore, NmU could be considered as one of the 
factors associated with steroid resistant Th17 cells. It was previously shown 
that supernatants from Th17 cells activate VASP signaling pathway and 
increase the motility of the podocytes (May et al., 2019). Thus, the hypothesis 
of this chapter is that (highly upregulated) NmU could be a factor produced by 
steroid resistant Th17 cells that would affect kidney cells.  
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4.3 Methods and Materials 

Throughout this chapter, NmU – 25 (the most active form of NmU) (Appendix 
26) was used. The concentrations used came from cross referencing multiple 
articles conducting similar experiments (Inooka et al., 2017) (Klose et al., 2017) 
(Cardoso et al., 2017). ). All methods and materials used are as described in 
chapter 2. 

 

4.4 Results 

4.4.1 Manual Scratch Assay: 

As discussed in the introduction of this chapter, Bristol Renal has previously 
demonstrated that treatment of human podocytes with relapse Nephrotic 
Syndrome plasma but not remission plasma from the same patient causes an 
increase in cell motility. To determine whether treatment with NmU has a 
similar effect a manual scratch assay was conducted only for podocytes.  

The optimal cell number for podocytes in 6 well plate is 70000 / well. 
Treatment with 100nM of NmU was shown to result in a statistically significant 
increase in podocyte cell motility (Figure 19) (n = 2, one way ANOVA, p value = 
0.05; post – hoc, Tukey’s test, p value = 0.05). The gap was measured as 
explained in chapter 2 section 2 (Entropy method).  An example set is 
displayed in figure 20.  

It should be acknowledged that the number of samples is low, and this fact can 
contribute to the accuracy of the test (ANOVA test) (higher type I& II errors). 
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Figure 19: Manual scratch assay analysis with NmU treatment. Each column is an average 
of differences between gaps in time 0 and time 12 from two sets. The only column found 
significant is 100nM treatment compared to the control. The value of the y axis is in µm2. 
Error bars are SE and threshold for p value is 0.05. The values are 16611, 25971, 20405, 
32841, 39793, 43425 µm2 from left to right respectively. 

 

 
Figure 20: Representative images of the scratch in the different stimulating conditions, at 
different times from one set. The images have been enhanced to look slightly brighter. 
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4.4.2 Automated Scratch Assay: 

After getting the positive result from manual scratch assay, it was decided to 
further investigate the effect of NmU on podocytes. Thus, an automated 
scratch assay, a more accurate method producing more information, was 
chosen (details in chapter 2 section 3). The scratch is applied to all the wells by 
a scratching device and the microscope captures an image from all the wells 
every hour. 

To begin with, cells were grown in IncuCyte 96 well plates. However, after a 
few attempts, it was obvious that podocytes do not grow properly in the plate  
and the cells did not reach the optimal confluency (Figure 21).   

 

 

Figure 21: Microscopic images of podocytes grown in IncuCyte 96 well plate. The left 
image is one of the wells before scratch. Right image is the same well after scratch. The cells 
in the images do not look healthy. It is obvious in the left image that cells have not reached 
full confluency. 

 

Therefore, the next stage was to coat the IncuCyte plate with either poly-
Lysine or fibronectin. Based on the result (Figure 22), fibronectin was found to 
be the most suitable for coating. The optimal cell number for this experiment is 
7500 – 8000 / well.  
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For analysis, 6 replicates (wells) from each column were selected (There were 
two wells in some columns left unscratched). 6 replicates, 6 experimental wells 
(1 control + 5 different concentrations) for duration of 10 hours (6 * 6 * 10) 
result in the analysis of 360 images (Figure 23).    

The final result (Figure 24) is a graph displaying the rate of gap closure in time 
(explained in chapter 2 section 2.3). The expectation is to see the lines for 
NmU treated samples showing a higher speed in gap closure by being above 
the control line. However, the results using the IncuCyte did not show a 
consistent rate of gap closure. It is speculated that the fibronectin coating on 
the plates in the beginning may have negatively affected this result. 

 

 
Figure 22: Result of cell coating in Incucyte 96 well plate. It looks like Poly L Lysine kills 
more podocytes than plastic. The only coating method that looks suitable is fibronectin. As 
mentioned in chapter 2 (section 3), fibronectin coating is done on top of gelatin coating. 
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Table 14. List of slopes for each specific timing used for visualization of figure 24. 

 

4.4.3 ECIS: 

Due to previous experiments in the lab using ECIS, it was known as a reliable 
method to study the cell biology of both GE and podocytes (Bevan et al., 2011) 
(Slater et al., 2012). Since there was no obstacle in growing GE cells in ECIS 
arrays, and GE cells have already been tested by ECIS, it was decided to test 
the effect of NmU on GE cells too. The optimal number for GE cells is 
40000/well (from the previous studies) which was applied in this case for 
podocytes too. Each experiment for GE and podocyte was repeated twice (n = 
2, due to lack positive result, there is no statistical analysis) (Figure 25). 

For this experiment, there are two controls: one without scratch and one with 
scratch. The early readings (readings before the drop) are for the purpose of 
stabilization. These readings should go on for a few hours without adding any 
protein (just media), until the lines become steady (all moving in the horizontal 
direction). This phase is followed by the scratch (the drop in all the lines except 
the control without scratch). At this point, the readings are paused. The wells 
are washed with media and then protein is added to the wells. The readings 
are resumed. The line with higher slope (compared to the scratched control) is 
the one with higher rate of gap closure. 

In either graph (Figure 25A, B) no experimental line has a higher slope 
compared to the scratched control line meaning that any potential effect of 
NmU on podocytes and GE cells can not be detected by ECIS. 
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Figure 25: Result of ECIS 
with NmU treatment. For 
each experiment there are 
two controls, one scratched 
and one without scratch to 
see the result of ECIS shock 
scratch. Y axis in normalized 
readings (original readings 
in ohm, normalization 
through the first value 
recorded for reading). X axis 
is the length of time that 
experiment went on. A) 
Result of treatment with 
NmU on podocytes. Since 
after scratch, the scratched 
control reaches normal 
state faster than other 
wells, it is concluded that 
NmU has no effect on 
motility. B) Result of NmU 
on glomerular endothelial 
cells. 

 

 

 

 

 

4.4.4 Adhesion and Detachment Assays: 

Further investigation of the effect of NmU on podocytes motility was carried 
out by adhesion and detachment assays. For these assays, the optimal cell 
number was the maximum capacity of each well (9000). There are 6 technical 
replicates used for the analysis (Figure 26, Figure 27) (n = 3, one way ANOVA, p 
value = 0.001; post – hoc, Tukey’s test, p value = 0.01). 

C1 is the control column treated with PFA. C2 is control column without PFA 
treatment (to see if PFA treatment has any significant effect on the cells). For 
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these experiments, it was important that there was not a significant 
discrepancy detected between C1 and C2 column (by post hoc test). 

 

Figure 26: Result for adhesion 
assay treated with NmU. C1 is 
the control column treated 
with PFA. C2 is control column 
without PFA treatment (to see 
if PFA treatment has any 
significant effect on the cells). 
A) An example of the raw 
numbers of absorbance 
readings. B) Bar graph drawn 
from numbers of absorbance 
readings. Error bars are SE with 
p value set on 0.001. Y axis is 
the measure of absorbance at 
570 nM wavelength. The 
columns marked with * are 
considered significant     
compared to both control 
columns. n = 3 

 

 

 

The result from adhesion (Figure 26) assay suggests that treatment of 
podocytes with 10, 20, 50 and 100nM of NmU, result in significantly decreased 
adhesion. In the detachment assay (Figure 27B) only 50nM is significant. The 
common concentration in both assays is 50nM. Therefore, it could be 
concluded that 50nM is one of the most important concentrations to work on. 
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Figure 27: Result for detachment 
assay treated with NmU. C1 is the 
control column treated with PFA. C2 
is control column without PFA 
treatment (to see if PFA treatment 
has any significant effect on the 
cells). A) An example of the raw 
numbers of absorbance readings. B) 
Bar graph drawn from numbers of 
absorbance readings. Error bars are 
SE with p value set on 0.001. Y axis 
is the measure of absorbance at 570 
nM wavelength. The columns 
marked with * are considered 
significant compared to both 
control columns. n = 3 

 

 

 

 

4.4.5 Confocal Microscopy: 

The results above suggest that NmU can increase podocyte motility and 
decrease both podocyte attachment and adhesion. Therefore, the next step is 
to determine whether NmU has any effect on the podocyte actin cytoskeleton. 
GE cells were also tested in this experiment. Two different (10nM and 50nM) 
concentrations of NmU were used in these experiments. 

Two different dyes were used in this experiment. DAPI for detecting and 
counting the gross number of nuclei and phalloidin for staining F actin which is 
crucial in cell motility. For the experiment, the two different NmU 
concentrations (10nM, 50nM) were used at different timings (15, 30, 60, 90 
and 120 minutes) to detect the potential effect of NmU on the shape of the 
actin. However, no obvious changes to the actin cytoskeleton of the podocytes 
were observed upon NmU treatment at either concentration (Figure 28 - 29). 
The positive results can manifest as remodeling of F actin shape to circular 
shape or spear like shape (stress responses). These changes, or any 
unconventional, can be detected by comparison between control image and 
experimental ones. Examples of both in podocytes are provided here: (Welsh 
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et al., 2010), (Lay et al., 2017). Results for GE cells are not different from the 
results from podocytes (Figure 30 - 31). 

 

 
Figure 28: Confocal microscopy images of podocytes treated with 10nM NmU. Images 
show f – actin (red) and nuclear DNA (blue). Changes can be detected by comparing the 
actin shape to the actin shape of control samples. These changes can turn the sharp edges 
into a circular shape or cause spiky stress responses. 


















































































































































































































































































































































	The first protein on the list (appearing on the left side of plot, less phosphorylated) is neural Wiskott–Aldrich syndrome protein (nWASP) whose main function is mediating polymerisation of actin through interaction with Arp2/3 complex (Frugtniet, Mar...
	Protein mono-ADP-ribosyltransferase (PARP4) catalyses poly(ADP ribosyl)ation reaction. PARP4 entry in UniProt (PARP4_HUMAN) states kidney as the organ with highest PARP4 expression. Leucine-rich repeat containing protein 47 is a protein whose main rol...
	Overall, these results suggest that C3a could be active in regulating podocyte actin cytoskeleton rearrangement and affect its motility.
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