:#7 Newcastle
University

Heparan Sulfate 3-O-sulfation
In renal fibrosis

Laura Ferreras

A thesis submitted in fulfilment of the requirements for the
degree of Doctor of Philosophy

Institute of Cellular Medicine
Newcastle University
November 2018






Abstract

Chronic kidney disease globally affects 10% of the population with fibrosis being one of the
hallmarks of disease progression. Renal fibrosis is characterised by a change in the extracellular
matrix (ECM) that can lead to tissue remodelling and organ loss. Throughout this process the
kidney is exposed to damaging cytokines and growth factors. Heparan Sulfate (HS) proteoglycans
present on the ECM and cell membranes play a crucial role in protecting, storing and presenting
these cytokines and growth factors to the surrounding cells. This study focuses on HS sulfation and
the enzymes modulating it, particularly HS 3-O-sulfotransferases (HS3ST), in the context of renal

fibrosis.

Initially, this work used an in vivo murine model of renal fibrosis to assess changes in HS sulfation
during disease progression. The amount of HS total O-sulfation and particularly 2-O-sulfation were
increased. HS 3-O-sulfation was localised on the basal membrane of tubules and more intensively
on blood vessels and the glomerulus. In this model, the level of mMRNA encoding HS3ST1,
Sulfatase 1 and HS2ST1 was increased, whilst HS3ST3A was decreased. Amongst all enzymes
studied, HS3ST1 displayed the strongest correlation with collagen deposition during fibrosis. The
generation of renal epithelial cells overexpressing HS3ST1 enabled the identification of a
differential signalling pattern of Heparin Binding Epidermal Growth Factor like growth factor (HB-
EGF) in cells with higher HS 3-O-sulfation. Additionally, this project found that pro-fibrotic
factors downregulated HS3ST1 expression in human renal epithelial cells and rat renal fibroblasts.

Finally, this project attempted to generate competing peptides and peptoids for Fibroblast Growth
Factor 2 (FGF2) binding to renal epithelial cells. Although peptides and peptoids were found to
bind to heparin by isothermal titration calorimetry, no binding competition was observed in vitro.
However, the peptides and peptoids studied did emphasise the importance of secondary structure

in the binding of HS to protein.

Overall this highlights the complexity of HS modification during fibrosis. This work emphasises

the need to study HS3ST in inflammation as it seems to be a potential marker of fibrosis.
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General introduction

1 General introduction

1.1  Rationale for this study

Healing processes allow the body to repair and regenerate itself in a well-orchestrated and
coordinated manner involving actions of pro- and anti-inflammatory molecules. The extracellular
matrix which surrounds and supports the cells within a tissue is in a dynamic equilibrium between
synthesis and degradation. This balance is challenged during inflammation which can lead to the
uncontrolled accumulation of extracellular matrix within an organ if unresolved. This process,

called fibrosis, can develop in most organs and drive organ failure. To date, it is irreversible.

Renal fibrosis is one of the main features in chronic kidney diseases (CKD) and chronic graft
rejection. Understanding and targeting it has therefore become one of the biggest challenges in
modern medicine. Glycosaminoglycans (GAGs) which are carbohydrate molecules that are found
on all cells membranes and matrices are important in cell to cell and cell-matrix interaction.
Heparan Sulfate (HS) is a GAG that plays a pivotal role in the initiation of inflammation and
fibrosis with the ability to trigger leukocyte attraction, chemokine and growth factor binding and
signalling. The science of studying GAGs is complex and still emerging with the development of
new analytical tools. This study was designed to improve understanding of the changes in HS in
fibrosis and their potential use in therapy. The following introduction highlights first the basics
about kidney structure/function and the development and management of CKD. Second, GAG

synthesis and involvement in renal homeostasis is described with a focus on HS.

1.2 Renal homeostasis
1.2.1 Kidney: origin and structure

In human development, the urogenital system originates from the intermediate mesoderm. Kidney
formation starts with two primitive forms, the pronephros and the mesonephros that develop in
early stages, around day 22 and day 25 of gestation but regress later on (Gilbert, 2000). While the
mesonephros degenerates completely in female, some parts of the male reproductive system are
derived from mesonephric tubules (Michos, 2009). The metanephros represents the third and
final stage of kidney development. It requires the interaction between the epithelial ureteric bud
and the metanephric mesenchyme. Together they induce cell survival, specification and spatial
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organisation. The metanephric mesenchyme will become the nephron while the ureteric bud will
become the collecting duct (Lechner and Dressler, 1997). In utero, fetal kidneys become
functional at about 14 weeks and produce 90% of the amniotic fluid after 20 weeks (Vanderheyden
et al., 2003).

Each kidney is surrounded by a fibrous capsule and adipose tissue for protection. Blood supply
comes into the kidney via the abdominal aorta and leaves it via the inferior vena cava. The kidney
is composed of 3 regions, the renal cortex which is the outer and darker area (due to increased
perfusion representing 90% of renal blood flow), the renal medulla, composed of striated pyramids,
and finally the renal pelvis where urine is collected and directed to the ureter. The renal structure

is displayed Figure 1-1.
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Figure 1-1: Kidney structure
Figure created using Servier Medical art.

1.2.2 Kidney function

Kidneys are responsible for urine production, fluid and electrolyte homeostasis. The functional
unit of the kidney is called nephron. It is composed of the glomerulus and Bowman’s capsule which

plays a role in filtration and a renal tubule to collect and concentrate urine (see Figure 1-2). On
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average, there are approximately 1 million nephrons per kidney but this number can vary up to 10
times between individuals (Bertram et al., 2011). Blood reaches the nephron via the afferent
arteriole. The arteriole subdivides into small capillaries where a permeable fenestrated endothelium
initiates the filtration process. The glomerular epithelial cells are specialised cells named podocytes
because of their elongated foot look like cytoplasm. The endothelial cells and podocytes share a
basement membrane rich in fibers and proteoglycans (Haraldsson et al., 2008). The glycocalyx on
both cell types has been suggested to play a role in the filtration process. The efferent arteriole
leaves the glomerulus but stays close to the nephron to reabsorb ions and water from the filtrate
(vasa recta).

Afferent arteriole Podocytes Bowman’s space

X':. /. ( = A
i s _Hiz-;nzs;.;:;_. /) (."\ Endothelium e
A (1t l"(:a f N | h
A \ { pillary 5 .
0 ‘ 2 }
[ N T >N .4, ’ -' = ‘.‘ .1‘\ X 3 '/ L
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tubule tubule
g e
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715 R N
. ) 4
Efferent arteriole \ Glomerular

basement membrane o

Figure 1-2: Glomerular structure

The glomerulus is the filtration unit of the kidney. Blood is reaching the glomerulus’ capillaries
via the afferent arteriole and leaves via efferent arterioles. Blood is filtered through a fenestred
endothelium, reaches the Bowman’s space and is further processed through the tubules. The
endothelium and the glomerular epithelial cells, the podocytes, share the same basemement
membrane enriched in proteoglycans and fibers.

Additionally, kidneys are in control of blood pressure, acid-base balance and vitamin D
metabolism. They are responsible for the production and release of renin and erythropoietin which
impact blood pressure and haematocrit respectively (Lote, 2013). The blood flow is important for
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the glomerular filtration rate and is detected by specialised cells named juxtaglomerular cells.
These cells secrete renin when blood flow is too low which leads to the activation of the Renin-

Angiotensin system to regulate blood pressure.

1.2.3 Renal diseases

Kidney diseases can be acute or chronic depending on their duration. Even though Acute Kidney
Injuries (AKI) can sometimes lead to the development of chronic diseases, AKI can be reversible
if the cause of the damage is identified and treated. As seen Figure 1-3 it can start from diseases

that are not initially related to the kidney.

AKI origins Causes Examples
hemorrhage

vomiting

diarrhea

hypovolemia oral intake

burns
Prerenal injury

sweating

Prerenal injury

diuresis

Alterationin
renal flow impaired cardiac function [z Feiluree
decreased cardiac output
renal vasodilatation
renal vasoconstriction
vascular damages
artery stenosis
embolism
Intrarenalinjury glomerulonephritis idiopathic glomerulonephri
systemic diseases

. ischemia
tubular necrosis >80%

nephrotoxicity

drugs allergies

intrarenal injury ) . .
interstitial nephritis bacterial infection

viral infection

hypertension
vascular damages embolism

blood disorder

benign prostatic hyperplasia

cancer related prostate cancer

Postrenalinjury cervical cancer

Obstruction of the blockage stones

urinary tract intratubular obstruction

bladder dysfunction

others ) .
retroperitoneal dysfunction

Figure 1-3: Acute kidney injury causes and examples

Acute kidney injuries can be due to prerenal injuries as a consequence of a change in renal blood
flow, due to postrenal injury with an obstructed urinary tract or due to intrarenal injury. Figure
created using Servier Medical art.

Pre-renal injuries are caused by the obstruction or alteration of renal blood flow by hypovolemia
(loss of fluid), impaired cardiac output and vascular damages. Post-renal injuries originates from

the obstruction of the urinary tract by benign prostate hyperplasia, renal stones and intra-abdominal
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tumors (Thadhani et al., 1996; Basile et al., 2012). Pre and post renal injuries can all lead to the
development of intra kidney inflammation. Intrarenal injuries including glomerulonephritis,
tubular necrosis, interstitial nephritis represent 35-70% of AKI and can be due to direct damage,

inflammation, infection, drugs and auto immune diseases (Basile et al., 2012).

On a cellular level, kidney injuries trigger cell stress and differentiation. Pathologies related to
podocyte dysfunction can be observed by podocyte deficiency, foot process effacement, or
podocyte dysfunction (Wiggins, 2007). Additionally, renal function correlates best to tubular
integrity and the extent of tubulointerstitial fibrosis (Hewitson and Becker, 1995). Following an
injury, tubular cells can undergo necrosis, apoptosis or an epithelial to mesenchymal transition-like
process. The tubular epithelial cells proliferate migrate and contribute to disease progression (Liu,
2004). Furthermore, resident fibroblasts can transform into myofibroblasts and secrete pro fibrotic
ECM components. Activated myofibroblast are a marker of disease progression (Lopez-Novoa et
al., 2011).

1.2.4 Diagnosis and factors of risk

Early stage renal diseases are asymptomatic which makes them difficult to detect before late stages.
The clinical signs only emerge when nephron function is lost, the glomerular filtration rate has
dropped and urine outpout decreased. The body retains waste with an increase of urea in the blood

(uremia) and there is protein loss in the urine (proteinuria).

A marker of reduced filtration is the presence of waste molecules in the blood such as creatinine,
a molecule made during muscle activity. Additionally a good indicator of kidney function is the
presence of essential molecules in the urine such as albumin, a protein found in the serum and
essential for blood osmotic pressure (Baker, 1998). A screening programme would include a
metabolic profile assessment, calculating glomerular filtration rate, and urinalysis (Woodhouse et
al., 2006). Kidney diseases can be classified by glomerular filtration rate (see Table 1-1) and

urinary albumin to creatinine ratio.
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Stage Assessments
Acute kidney
injury Serum Creatinine Concentration Urine Output

1 1.5-1.9x baseline or 20.3 mg/dl  <0.5 ml/kg/hr for 6-12 hr
above baseline

2 2.0-2.9x baseline <0.5 ml/kg/hr for >12 hr

3 =3.0x baseline, =4.0 mg/d|, <0.3 ml/kg/hr for =24 hr
or initiation of renal- or anuria for 212 hr

replacement therapy

Chronic kidney
disease Definition GFR
ml/min/1.73 m?

1 Kidney damage with normal GFR =90

2 Kidney damage with mild decrease 60-89
in GFR

3A Mild-to-moderate decrease 45-59
in GFR

3B Moderate-to-severe decrease 30-44
in GFR

4 Severe decrease in GFR 15-29

5 End-stage renal disease <15

Table 1-1: Classification of AKI and CKD
From (Chawla et al., 2014). A more accurate classification would include the urinary albumin to
creatinine ratio. GFR: glomerular filtration rate.

Diabetes and hypertension are leading causes of end stage renal disease (Ghaderian et al., 2015).
Patients with hypertension have thicker vessels with a decreased luminal volume that diminish
kidney blood flow. A reduced blood flow to the kidney leads to the activation of the renin
angiotensin system which further increases hypertension. The resulting deprivation of blood supply
to the kidney leads to a decrease in nutrients and oxygen and can generate ischemic injuries. As
seen previously, ischemia is one of the main cause of intrarenal injuries. During renal injury, pro
fibrotic growth factors such as Transforming Growth Factor B1 (TGFB1) are secreted (Bobik, 2004)
and stimulate production of extracellular matrix which generates scar tissue and causes

tubulointerstitial fibrosis and glomerulosclerosis that diminish nephron function.

In diabetic patients, hyperglycemia and oxidative stress induce vascular remodelling and podocyte
apoptosis (Susztak et al., 2006). Furthermore, hyperglycemia generates advanced glycation end

products which can alter the diabetic vessel wall composition and cause endothelial dysfunction.
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These structural and cellular change can induce kidneys hypoperfusion and altered renal recovery
from ischemia and can cause intrarenal damage (Spinetti et al., 2008). Additionally, in the late
1990s smoking was found associated with high risks of early stage renal disease (ESRD) (Klag et
al., 1996).

Complications of CKD involve cardiovascular disorder mainly due to the development of
hypertension and electrolytes abnormalities such as hyperkalemia which can cause cardiac
arrhythmias. Furthermore, patients can develop hypocalcemia and have weak bones due to less
activation of vitamin D (Nigwekar et al., 2014). Toxin accumulation and anemia as CKD reduces

erythropoietin synthesis can also be observed (Bello et al., 2017).

1.3 Management of chronic kidney diseases
1.3.1 Early stages of chronic kidney diseases

For patients with hypertension, blood pressure and proteinuria can be controlled by anti-
hypertensive drugs such as angiotensin-converting enzyme inhibitors, angiotensin receptors
blockers or a change in diet. Overall, a change in patients life style can be recommended with a
low protein diet, less salt, smoking cessation, more exercise and a moderate consumption of alcohol
(Saweirs and Goddard, 2007). Furthermore, the control of glycaemia levels in diabetic patients and
lipid-lowering therapy for patients that have not started dialysis are potential therapies (Kaysen,
2017). For patients with anemia, erythropoiesis-stimulating agents can be used. Unbalanced
electrolytes such as phosphate can be overcome with the use of phosphate binders or a controlled
diet.

1.3.2 Renal failure: dialysis and transplantation

Treatments of end stage renal disease, also called renal failure, are limited. Patients can undergo
dialysis or kidney transplant. It was in 1944 that the first machine capable of blood filtration was
created by Willem J. Kolff. There are now two types of dialysis, Hemodialysis and peritoneal
dialysis (Queeley and Campbell, 2018). Even though patients’ survival is increased with dialysis,
there are lots of side effects and limitations to it. It is time consuming, tiring, associated with

infections and cardiovascular disease.
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The second option, renal transplantation, is generally accepted as the best option for better life
quality with early graft survival improving over the last decades. The first successful kidney
transplantation in animals were performed by Emerich Ullmann in 1902, Vienna with a dog
autotransplant and a dog-to-goat xenograft (Ullman, 1914). It was 4 years later that the first
transplantation in human was performed by Mathieu Jaboulay in Lyon with a pig and a goat kidney
being grafted into the patients’ fold of elbow (Jenkins, 1906). However, the grafts survived for only
hours or few days and patients died quickly after. The development of our knowledge of
immunology and rejection, with the first successful transplant performed in the mid-20™ century,
between twins and the introduction of immunosuppressive drug therapy were major advances and

improved patients survival (Murray et al., 1955, 1984).

In the UK, renal graft survival is 85-95% at one year, falling to 70-80% after 5 years. Improving
long term graft survival is now the major challenge with survival only 50-60% after 15 years. In
fact, ten years after transplantation, more than 50% of patients have progressive chronic renal graft
dysfunction (Nankivell et al., 2003). Due to graft rejection, it is not unusual for patients to need
more than one transplant during their life. Despite the decrease in waiting time for patients in need
of a transplant, there are still hundreds of patients dying while waiting (NHS Blood and
transplantation data 2017). Preserving the donor kidney’s integrity and limiting damage during
transplantation would increase the patients’ quality of life and help decrease the shortage in organs.
New techniques to better assess kidney function and increase organ quality prior to transplant are
being developed such as normothermic perfusion, a technique being explored at Newcastle
University. This could allow more organs to be transplanted with potentially less complications

(Hosgood et al., 2018).

1.3.3 Origins of graft injury after transplantation

Integrity of the transplant organ depends firstly on the donor’s health status and age. Additionally,
surgical procedures can generate cellular stress. Damage from the time of retrieval, time outside
the body, temperature, ischemia reperfusion injury and surgical complications are factors
contributing to graft dysfunction. After transplantation, the kidney is still subject to injury from
hemodynamic changes that lead to glomerular hypertension, urinary infection and drug toxicity all
of which could impair kidney function. For example, the use of calcineurin inhibitors is pro-

fibrotic. The recipient immune system is also a source of organ damage. Vascular insufficiency
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can be caused by immune mediated injury due to reactivity against human leukocyte antigen (HLA)
and non-HLA antigens on endothelial cells. Patients with anti-HLA antibodies are more likely to
develop chronic rejection compared to renal transplant recipients without these antibodies

(McKenna et al., 2000; Siisal and Opelz, 2002).

1.3.4 Early events in transplantation

Organ retrieval triggers different types of stress in the kidney. First the kidney is subjected to
ischemia as soon as the surgeon clamps the arterial blood supply. The decrease in oxygen and
nutrients induces a decrease in the energy supplied to the cells and an increase in Reactive Oxygen
Species (ROS). The activation of hypoxia induced factor mediates endothelial damages which can
lead to cell death (Situmorang and Sheerin, 2018). Second, the organ is subjected to mechanical
injuries during manipulation. These injuries generate an inflammatory response. Additionally,
when the organ is transplanted, reperfusion which allows blood flow to go through the kidney
generates an increase in Reactive Nitrogen Species (RNS) and ROS and opening of mitochondrial

pore leading to cell death.

Therefore, when the graft is in place, the organ has been through a lot of physiological stresses and
cytokines and growth factors that trigger inflammation have been released. They create a
chemotactic environment and induce cell recruitment (Sherwood and Toliver-Kinsky, 2004). The
first leukocytes to be recruited to the graft are neutrophils (de Oliveira ef al., 2016). They are the
most abundant leukocytes in the blood and infiltrate injured area very quickly, followed by
monocytes, which differentiate to become macrophages that start wound repair (Koh and DiPietro,

2011).

Multiple tissue remodeling factors (proteases, growth factors, matrix metalloproteinases), vascular
mediators (prostaglandins) and cytokines are secreted by macrophages and contribute to wound
repair by triggering cell infiltration, remodeling, and extracellular matrix (ECM) accumulation
(Koh and DiPietro, 2011). Numerous cells, such as T cells, macrophages and mast cells, secrete
pro-fibrotic factors (Meng et al., 2014). Increased cell division can be observed in renal healing
(Hewitson and Becker, 1995) that can be explained by the proliferation of fibroblasts inside the
tissue to provide ECM proteins. This is called fibrogenesis and it takes place as long as the

fibroblasts are present. If the inflammation is not stopped tissue destruction and scar tissue
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accumulation will continue, leading to organ dysfunction and loss. The presence of inflammatory
stimuli, pro-fibrotic factors, the continuous infiltration and/or the persistence of inflammatory cells
prevent the termination of inflammation. What was an attempt from the body to heal transforms

into an uncontrolled process leading to disruption of structure and function.

1.35 Acute and Chronic Rejection

The follow up after a transplantation needs to assess kidney function by analysing glomerular
filtration rate (Kasiske ef al., 2002). Following transplantation, a biopsy of the organ provides
histological information about vascular, tubular and glomerular inflammation, tubular atrophy and
lymphocyte infiltration. The Banff classification can help determine the state of the organ. It is an
international classification for renal transplant histology that looks at the evolution of graft

inflammation. Since 2007 there are 5 categories (Table 1-2).

The new organ is seen as foreign material by the body and to prevent acute rejection, patients
receive immunosuppressive treatment that target cytokine-mediated T cell and antigen presenting
cell activation and proliferation; First, corticosteroids down-regulate IL2 and IL2 receptor
expression in T cells (Daynes and Araneo, 1989; Paliogianni et al., 1993) and IL1f, IL6 and TNFa
expression in monocytes and macrophages (Breuninger ef al., 1993; Linden and Brattsand, 1994;
Steer et al., 1997). Calcineurin inhibitor and antiproliferative drugs are responsible for T cell

inhibition.
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1 normal No rejection detected

2 | Antibody mediated rejection | Antibody mediated graft injury with C4d staining in the
glomerulus and peri-tubular capillaries. Associated with
capillary vascular or glomerular inflammation, acute

tubular necrosis or chronic injury (including IFTA).

3 | Borderline changes Interstitial lymphocyte infiltrates with minor tubulitis

and no intimal arteritis

4 | T cell mediated rejection Significant interstitial, tubular inflammation and/or
intimal  inflammation. Chronic arteriopathy also
included.

5 | Interstitial ~ fibrosis and | In the absence of another pathology. Grade | mild 25%
tubular atrophy of cortical area, Grade Il 26 to 50% cortical area and

grade 111 when more of 50% of cortical area is affected.

6 | Other Changes that are not caused by rejection

Table 1-2: Classification of renal allograft rejection
From (Ferreras et al., 2015) and (Solez et al., 2008).

1.4 The Extracellular Matrix

The extracellular matrix (ECM) is acellular and functions as a mechanical support to all tissues.
The composition and proportion of fibrous proteins and proteoglycans in the ECM determine its
structure and is unique to every tissue (Frantz et al., 2010). The body has to maintain a healthy
balance between degradation and synthesis of the ECM components mediated by the activity of
matrix metalloproteinases and their inhibitors. An abnormal overproduction of ECM leads to a stiff
tissue that can lose its function (Figure 1-4). As mentioned previously, this process is called fibrosis
and can affect almost all organs. In western countries, chronic fibro-proliferative diseases are
responsible for about 45% of all deaths (Wynn, 2007). The main components that will be described

in this section are collagens, elastin, glycoproteins and proteoglycans.
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Normal kidney Fibrotic kidney
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Figure 1-4: Matrix Remodelling during fibrosis

The process of fibrosis leads to the overproduction of ECM components such as fibrous proteins
and HSPG generating a stiff environment within the organ. Dilated and/or atrophic tubules can be
observed. Fibroblasts play an important role by becoming activated into myofibroblasts and
secreting pro-fibrotic growth factors such as FGF2. Figure created using Servier Medical art.

1.4.1 Collagens and elastin

Collagens are the major fibrous glycoproteins with a characteristic triple helix representing 10 to
96% of their structure (Ricard-Blum, 2011). So far 28 types have been discovered. They can be
classified as fibril-forming collagens (1, 11, 11, V, X1, XXIV, XXVII), fibril-associated collagens
with interrupted triple helices (IX, XII, XIV, XVI, XIX, XX, XXI, XXII), network-forming
collagens (1V, VI, X) membrane collagens (X111, XVII, XXII1, XXV), multiplexins (XV, XVIII)
and collagen VI, VII, XXVI, XXVIII. In tissues the predominant collagen is fibrillary. Collagen is
not only important for tissue structure but also for cell migration, differentiation and receptors
activation (Hynes, 2009). Type IV collagen is the main component of the GBM (Miner, 1999).
Urinary concentration of collagen 1V is associated with kidney function in type 1 and type 2
diabetes (Okonogi et al., 2001; Morita et al., 2011). Furthermore collagen IV immunostaining is
increased in chronic transplant nephropathy (Kawase et al., 2001). The kidney interstitial ECM is
mainly composed of collagen I, 111, V, VI, VIl and XV and the abnormal accumulation of collagen
in the interstitium is one characteristic of renal fibrosis (Farris and Colvin, 2012) which will be

further described later.
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The ECM elasticity is mainly regulated by the presence of elastin, a protein synthesised and
secreted as protoelastin and later cross-linked by lysyl oxidase to forms elastic fibers. In a uremic
mouse model of CKD, elastin degradation was implicated in vascular calcification (Pai et al., 2011)

but these observations were not found in human patients (Schlieper et al., 2010).

1.4.2 Glycoproteins and Proteoglycans

Glycoproteins are proteins bound to oligosaccharides. One important glycoprotein located in the
ECM is fibronectin. It binds to collagen, heparin and cells receptors and is therefore important for
cell migration (Yue, 2014). Fibronectin is secreted during the development of renal fibrosis and
contributes to disease progression (Liu, 2015). Inhibiting fibronectin deposition has been shown to
improve liver function in a murine model of liver fibrosis (Altrock et al., 2015). Hence, fibronectin
is a promising target for fibrosis treatment.

Proteoglycans (PG) are composed of a core protein covalently bound to glycosaminoglycans
(GAGs). GAGs are linear polysaccharides made of repeating blocks (Esko et al., 2009). PGs are
considered as the reservoir of the ECM due to their ability to bind growth factors. They can create
gradients and act as coreceptors which make them ideal targets for drug development. PGs can be

divided into three groups: membrane bound, secreted and intracellular PGs.

Membrane-bound PGs include syndecans, Cluster of Differentiation CD44v3, CD47, betaglycan,
neuropillinl, glypicans, Protein Tyrosine Phosphatasel, thrombomodulin, neuron-glial antigen 2
and synaptic Vesicle protein 2. Secreted PGs include the aggrecan family, Small Leucine-Rich
Proteoglycan family, collagen type IX, a2 chain, perlecan, agrin, collagen XVIII. Finally,
intracellular PGs include serglycin which are found in granules of hematopoietic cells and can be
secreted (Lindahl etal., 2015). PGs generated from the binding of a core protein to Heparan Sulfate
and their functions is shown Table 1-3.

PGs have multiple functions. They can facilitate the binding of FGF family members to receptors,
bind to chemokines, enable cell adhesion and cell spreading (lozzo, 2001; Ferreras et al., 2015;
lozzo and Schaefer, 2015). They are also involved in the clearance of lipoproteins. Additionally,
Proteoglycans can be internalised by endocytosis and degraded in the lysosome. This degradation
is essential to maintain homeostasis. A lack of degrading enzymes can lead to diseases such as
mucopolysaccharidosis.
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PGs turnover happens by cleavage of the core protein through the activity of metalloproteases, by
cleavage of HS by heparanase or membrane endosulfatases and by endocytosis. Most of the
resulting glycans will be further degraded in lysosomes. It is hypothesised that heparanase and

metalloprotease activities are implicated in ECM remodelling (Lindahl et al., 2015).

The GAGs composing PGs are essential for their activities as they provide negative charges that

are essential for protein binding. It is noteworthy that not all GAGs are bound to a protein.

HSPG type | localisation function

Perlecan S basement membranes, other ECM, | ECM assembly, cell migration, binds growth factors
cartilage

Agrin S basement membranes, brain, | neuromuscular junction, ligand
neuromuscular junctions

Collagen S basement membrane basement membrane function

XVIII

Syndecan (1- | M most cells cell adhesion, migration cytoskeletal organisation,

4) ligand clearance

Betaglycan M fibroblasts coreceptor, TGFR1 signalling

Glypican (1-6) | M epithelial, mesenchymal cells, brain coreceptor

CD44 M most cells hyaluronan and growth factor receptor

Serglycin | mast cells, leukocytes, endothelial cells | coagulation, wound repair, granule formation, support

protease activity

Table 1-3: HSPGs localisation and function
Adapted from (Esko et al., 2009) S: secreted, M: membrane, I: intracellular
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1.5  Glycosaminoglycans

There are 6 different groups of GAGs, which are mostly linear and negatively charged. They are
classified according to the monosaccharides composing their repeating disaccharides (Figure 1-5).
It was in the early 20th century that Karl Meyer discovered hyaluronan (previously called
hyaluronic acid) (Meyer and Palmer, 1934), dermatan sulfate (Meyer and Chaffee, 1941), keratan
sulfate (Meyer et al., 1953) and some forms of chondroitin sulfate (Meyer et al., 1956) while Jorpes
and Gardell identified heparin and heparan sulfate structures (Jorpes and Gardell, 1948). In the
middle of the 20™ century, isolation and analysis methods for proteoglycans allowed scientists to
discover that proteoglycans are found in the ECM, inside the cell and on cell surfaces. GAGS are
synthesised in the ER-Golgi system, except hyaluronan which is made at the plasma membrane.
Even though the protein core of PG regulates localisation, quantity and time of expression, the
presence of GAGs bearing negative charges is important for ligand interaction.

R OOR

roPR OH
HOQ o E HO,C %H 0o D HOC oo E "
\O/ﬁ o N NHAc ~0 O
" OR T O/QOR/ HEﬁ@OH/O NHAC
GlcA  GalNAc IdoA GalNAc GIcA GIcNAc
Chondroitin Sulfate Dermatan Sulfate Hyaluronic Acid
HO C
/ﬂ HO.C OH /&& HoPR
/Q]/ HN o” \ o o
NHAC MHAC
GlcA  GilcN I[doA GlcN GIcNAc Gal
Chondroitin Sulfate Heparan Sulfate Keratan Sulfate

R=-Hor -SO3H; R1 =-Ac, -SOSH or-H

Figure 1-5: GAGs structure and features
From (Prestegard et al., 2015) Iduronic acid (IdoA), N-acetylglucosamine (GICNAc), N-
acetylgalactosamine (GalNAc), Galactose (Gal), Glucuronic acid (GIcA).

151 Hyaluronan

Hyaluronan (previously named hyaluronic acid) was originally isolated from bovine vitreous
(hualos glass in greek). Hyaluronan (HA) can be present in two forms, hyaluronic acid or as sodium
hyaluronate in physiological conditions hence the new termination (Balazs et al., 1986).

Remarkably, amongst all GAGs, HA is the simplest of all with no sulfation, no core protein
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attached and not being synthesised in the Golgi apparatus (Fraser et al., 1997; Stern, 2004). HA
binds to other components of the ECM or to cell surface receptor such as CD44. HA is mainly

found in skin, synovial fluid, vitreous body, and muscles.

Three different hyaluronan synthase enzymes (HAS1, 2, 3) can independently synthesise
hyaluronan at the plasma membrane and excrete it in the extracellular space, with HAS2 generating
the largest hyaluronan molecules (Itano and Kimata, 2002). HA is composed of 250 to 25,000
repeating units of N-acetylglucosamine and D-glucuronic acid linked together with alternating
glycosidic bonds GIcNAc-B-(1—4)-GIcA-B-(1—3). HA has a quick turnover with a half-life
ranging from hours to several days (Fraser et al., 1997). Its degradation occurs by endocytosis and
lysosomal degradation via the activity of hyaluronidases (Stern, 2004). Because of its lengths and
structure, hyaluronan is highly hydrophilic and lubricious and confers tissue hydration.
Interestingly, when cells are exposed to stress they can secrete an unusual ECM structure with thick
chains of HA (de La Motte et al., 2003; Selbi et al., 2006). This phenomenon is hypothesized to
mediate leukocyte binding (Majors et al., 2003; Petrey and de la Motte, 2014). Despite its
simplicity, HA is involved in many physiological processes such as maintaining tissue
hydration/integrity, wound healing (Monslow et al., 2009), leukocyte trafficking and inflammation
(Mack et al., 2012). HA function depends on the polymer’s length. High molecular weight HA has
anti-inflammatory properties (Nakamura et al., 2004) while during inflammation, HA
fragmentation generates debris which have pro-inflammatory activity (Petrey and de la Motte,
2014).

HA is widely used in dermatology as a soft tissue-filler (Cohen et al., 2013). In general, the use of
HA in the clinic has many benefits. HA is non-immunogenic as it does not contain a core protein
and it can be degraded by hyaluronidase (Hirsch et al., 2007). HA injections to patients suffering
from osteoarthritis provides pain relief and improved walking (Petrella and Wakeford, 2015).
Regarding HA in kidney disease, hyaluronan was found in rejected human kidneys (Wells et al.,
1990), with an increased staining within the cortex and sclerotic vessels. In diabetic nephropathy,
HA is increased at all stages of disease but not correlated with progression (Lewis et al., 2008).
HA can act as a sink for cells and proteins within a tissue and be both pro- and anti-inflammatory.

Therefore, it is difficult to know if the increase in HA is detrimental or beneficial in these patients.
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15.2 Chondroitin sulfate

Chondroitin Sulfate (CS) is a GAG mainly present within cartilage, bone, ligaments, tendons, blood
vessels, brain and skin. CS provides strength and elasticity, hence providing resistance to
mechanical stress (Henrotin et al., 2010). CS is made of repeating disaccharides of a glucuronic
acid and N-acetyl galactosamine GIcA-B-(1—3)-GalNAc-B-(1—4) and is synthesised in the
endoplasmic reticulum/Golgi apparatus. The polymer bound to a core protein during synthesis and

can be found in extracellular matrix, basement membrane where it can act as a cellular receptor.

Like other GAGs attached to a core protein, CS synthesis starts with the initiation step (Figure 1-6),
a serine residue covalently linked to a linkage tetrasaccharide structure GICA-B-(1—3)-Gal-pB-
(1—-3)-Gal-B-(1—4)-Xyl-B-1—0-Ser. Xylose is added to serine residues located in the sequence
“Glutamic acid/Aspartic Acid-X-Serine-Glycine” by xylosyltransferase (xylosyltransferases 1 and
2, XyIT-1 and XylT2, XYLT1 and XYLT2). Gal residues are added by two different
galactosyltransferases,  p-1,4-galactosyltransferase 7  (B4GalT7, B4GALT7), p-1,3-
galactosyltransferase 6 (3GalT6, B3GALT6) and finally GIcA is added by a glucuronyltransferase
B-1,3-glucuronyltransferase 1 (GICAT-1, B3GAT3). The enzymes responsible for CS elongation
are complex and have been studied in vitro. Three chondroitin synthase with two
glycosyltransferase activities (GICA and GalNAc) were identified (ChSy-1-3) with a chondroitin
polymerising factor (ChPF) and two chondroitin GalNAc transferases (ChGn-2-2) (Silbert and
Sugumaran, 2002; Mikami and Kitagawa, 2013).

For most GAGs, the synthesis is followed by the addition of sulfate groups by sulfotransferases.
Their activity is essential for the overall final negative charge. They catalyse the addition of a
sulfate group from the donor 3’-phosphoadenosine 5’-phosphosulfate (PAPS) to a GalNAc, GIcA
and IdoA. CS is classified by its sulfation patterns; chondroitin sulfate unit A is sulfated at position
C4, chondroitin sulfate unit C is sulfated at position C6. Additionally, the generation of disulfated
units by the action of a 6-sulfotransferase and a uronyl 2-O-sulfotransferase generates the
chondroitin sulfate D unit. Finally, a GaINAc4S-6S sulfotransferase generates the chondroitin
sulfate E unit (Lindahl et al., 2015).
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Figure 1-6: Initiation step: linkage tetrasaccharide synthesis to the core protein

For Chondroitin Sulfate, Dermatan Sulfate and Heparan Sulfate, synthesis begins with the
assembly of a linkage tetrasaccharide to the core protein. Each sugar is added to the non-reducing
end by specific enzymes (xylosyltransferases 1 and 2, XyIT-1 and XylIT2, XYLT1 and XYLT2),
B-1,4-galactosyltransferase 7 (B4GalT7, B4AGALT7), B-1,3-galactosyltransferase 6 (B3GalTo,
B3GALT®6), and B-1,3-glucuronyltransferase 1 (GIcAT-1, B3GAT3). Xyl: xylose, Gal: galactose,
GIcA: glucuronic acid.

CS has anti-apoptotic, anti-inflammatory activities (Monfort et al., 2008) and has been extensively
used in clinical trials to treat osteoarthritis (Clegg et al., 2006; Gabay et al., 2011). It is actually
recommended for osteoarthritis patients by the Osteoarthritis Research Society International
(Zhang et al., 2008). In the embryonic kidney, CS is the predominant GAG (representing 77%) but
in adults the predominant GAG is HS and there are limited studies of CS function in kidney diseases
(Steer et al., 2004). Diabetic rats showed an abnormal distribution of CS proteoglycans (CSPG) in
glomerular capillaries (McCarthy et al., 1994). These results are consistent with the increase of
CSPG NG2 in strepozotocin-induced diabetic rats with a potential role in mesanglial proliferation
(Xiong et al., 2007). However, Joladarashi et al. showed conflicting results in strepozotocin-
induced diabetic rats (Joladarashi et al., 2011). In this study, the CS content was decreased. The
difference in findings can be explained by the difference in the model studied (Sprague Dawley

rats vs Wistar) and the duration of strepozotocin treatment (2, 4 and 8 weeks vs 60 days
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respectively). Furthermore, Joladarashi et al. studied CS by purification while Xiong et al. only
studied one CSPG by mRNA and protein level assessment (Xiong et al., 2007; Joladarashi et al.,
2011) It is possible that some CSPG are decreased while others are upregulated during
inflammation and Joladarashi et al. looked at total CS modulation and no specific PGs (Joladarashi
et al., 2011). Nonetheless, these studies highlight a potential role of CSPGs in the development of

glomerulosclerosis.

1.5.3 Dermatan sulfate

Dermatan Sulfate (DS) is a stereoisomer of chondroitin sulfate. Hence, the presence of CS/DS
hybrids GAGs in some tissues. DS is ubiquitous and is predominant in the skin. It is involved not
only in wound healing but also in development, infection and cancer. DS synthesis starts with CS
synthesis in the endoplasmic reticulum/Golgi apparatus as detailed in section 1.5.2. It is the
epimerisation of GIcA to IdoA in CS that generates DS. Therefore, DS is composed of repeated
units of IdoA-p-(1—3)-GalNAc-B-(1—4) (Trowbridge and Gallo, 2002). DS can be monosulfated
at position 4 by a specific sulfotransferase (Dermatan 4-sulfotransferase) and disulfated on position
4 and 6 by the same sulfotransferase as CS (GalNAc4S-6S sulfotransferase) and finally, 2-O

sulfation is performed by the uronyl 2-O-sulfotransferase.

The most studied DS proteoglycan (DSPG) are small leucine-rich proteoglycans (SLRP) including
decorin, and biglycan. SLRPs have been extensively studied in renal diseases (Schaefer, 2011).
Decorin is the best studied SLRP and is expressed by renal fibroblast. During renal fibrosis, decorin
accumulates in the interstitium where it interacts with collagen. An important function of decorin
within the matrix is its ability to retain TGF and hence have anti-fibrotic activities (Border et al.,
1992). This was shown in a murine model of renal fibrosis where decorin -/- mice had more
damaged tubules and leukocytes infiltration compared to WT after unilateral ureteral obstruction
(Schaefer et al., 2002). Interestingly, the kidney releases soluble biglycans after ischemia
reperfusion injury (Moreth et al., 2014). Biglycan is a ligand of toll like receptors 2/4 and can
activate macrophages (Schaefer et al., 2005; Babelova et al., 2009). Therefore, biglycan plays an
important role in pro-inflammatory responses. In line with these results, biglycan was increased in
kidneys and plasma of patients with systemic lupus erythematosus (Moreth et al., 2010). DSPGs
play a central role in renal inflammation and fibrosis and further research may lead to the use of

DSPG to regulate disease progression.
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154 Keratan Sulfate

Keratan Sulfate (KS) is mainly found in the ECM of bones, cartilages, cornea and brain. This
polymer differs from other GAGs as it does not have an acidic residue. KS structure is composed
of the repeating disaccharides Gal-p-(1—4)-GIcNAc-B-(1—3) (Pomin, 2015). The attachment of
KS chains to a core protein can be on asparagine residues by N-linkage (KSI) or on threonine and
serine residues by O-linkage (KSII). KSI is mainly corneal while KSI1 is skeletal, shorter and more
sulfated (Funderburgh, 2000). A third type of KS was found within the brain with a serine O-linked
to a mannose (Krusius et al., 1986). Not all enzymes involved in KS synthesis have been
characterised. For what is known KS is synthesised by the activity of N-
acetylglucosaminyltransferase, N-acetylglucosaminyl-6-sulfotransferase (GICNAC6BST),
Galactosyltransferase and KS galactosyl sulfotransferase (Caterson and Melrose, 2018).

KSs have been mainly studied in the cornea and the central nervous system where it has been found
implicated in the development of macular dystrophy (Edward et al., 1990) and Alzheimer’s
diseases (Lindahl et al., 1996). In connective tissues, KS proteoglycans (KSPG) also contain CS
and are important for tissue hydration (Caterson and Melrose, 2018). KS levels in the kidney are

negligible.

155 Heparan sulfate and heparin

Heparan sulfate (HS) is a ubiquitous GAG synthesised by all mammalian cells. HS is present on
the ECM, basement membranes and on cell surfaces. In contrast, heparin is mainly synthesised by
mast cells and bipotential glial progenitor cells. Since its discovery in 1916, heparin has been
intensively investigated for its anticoagulation activity (Esko and Selleck, 2002). HS also has
anticoagulant activity but is less effective than heparin. Their anticoagulant activity is due to their
ability to bind the serine protease inhibitor antithrombin I11 (AT). Heparin enhances antithrombin

neutralisation of coagulation factors (Jordan et al., 1980).

HS and heparin are made up of the repeat disaccharide unit containing an uronic acid (GIcA or
IdoA) and a glucosamine. HS and heparin biosynthesis start with the initial disaccharide GICNAc-
a-(1—4)-GlcA-B-(1—4). This disaccharide can be modified by the activity of sulfotransferase and
epimerase (discussed in section 1.6). Heparin, which is a highly sulfated form of HS, is extensively
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modified with more than 80% of GIcNAc are modified to GIcCNSOs and more than 70% of GIcA
are IdoA residues (Lindahl et al., 2015). Heparan sulfate biosynthesis and its biological

significance is discussed in section 1.6.

1.6 Heparan Sulfate
1.6.1 HS synthesis

HS synthesis occurs in the endoplasmic reticulum (ER) and Golgi apparatus as described in Figure
1-6, where a uridine-diphospho-D-Xylose is attached to a serine residue of a core protein and two
Gal molecules are added by the B-1,4-galactosyltransferase 7 (f4GalT7, B4AGALT7) and B-1,3-
galactosyltransferase 6 (B3GalT6, B3GALT6) respectively. Finally, GICA is attached by a
glucuronyltransferase -1,3-glucuronyltransferase 1 (GICAT-1, B3GAT3) creating what is named
the GAG-protein linkage region (Breton et al., 2012; Hull et al., 2017).

Following synthesis of this tetrasaccharide linkage, the HS chain is ready to be extended by the
addition of repeated glucuronic acid and glucosamine units. The polymerisation step, described in
Figure 1-7, starts with addition of a GIcNAc by the GIcNAc transferase I enzyme (GIcNAcTI) and
GlcA by GIcA transferase II. The next GlIcNAc residue will be added by GIcNAc transferase II as
GIcNACTI is an initiating GlcNAc transferase and GIcNACTII transfers to the elongating chain.
The polymerisation continues with the alternate addition of GlcNAc and GIcA.

It is thought that the exostosin (EXT) gene family members are also involved in both initiation and
elongation of the HS chain. The two enzymes EXT1 and EXT2 are known for their
glycosyltransferase activity (Lind et al., 1998). However, their mode of action is controversial as
the two proteins form a hetero-oligomer directed to the Golgi. Overexpression of only one protein
targets it to the ER. It is therefore speculated that the EXT1-EXT2 complex could be the functional
form of the enzyme (Kobayashi et al., 2000; McCormick et al., 2000). The activity of EXT-like
(EXTL) enzyme is less clear. Even though EXTL2 and EXTL3 have demonstrated to have GIcNAc
transferase activity (Kitagawa et al., 1999; Kim et al., 2001), they do not seem to have the same
mode of action. While EXTL3 can initiate the polymerisation by adding a GlcNAc to the linkage
tetrasaccharide, EXTL2 is suggested to end the polymerisation process (Katta et al., 2015). The

precise role of the EXT family in HS elongation remains unclear.
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Figure 1-7: HS polymerisation step

Following the initiation step, GICNACc transferase | initiates the HS polymerisation by adding a
GIcNACc to the growing chain. The polymerisation process is catalysed by the alternating activities
of GIcA transferase and GIcNAc transferase. Some of the enzymes involved in the polymerisation
process are hypothesized to be members of the exostosin family and are highlighted in green. Xyl:
xylose, Gal: galactose, GIcA: glucuronic acid, GIcNAc: N-acetylglucosamine.

1.6.2 HS modification

HS is implicated in chemokine and growth factor binding. However, it is not the HS backbone that
is important for the binding, but the additional sulfation patterns. HS can be N, 2-O, 6-O and 3-O

sulfated as described below.

First, GIcNAc can be deacetylated and N-sulfated (GIcNS) by a N-deacetylase/N-sulfotransferase.
Second, GIcA can be transformed to IdoA by the C5-epimerase enzyme. Additionally, GIcNAc
and GIcNS can be 6-O-sulfated (GIcNS(6S); GIcNAc(6S)) (Rabenstein, 2002; Li and Kusche-
Gullberg, 2016; El Masri et al., 2017). Glucuronic and iduronic acids can be 2-O-sulfated
(GIcA(2S) and IdoA(2S) respectively), Ido(2S) is more abundant. One last modification that GIcA
can undergo is a 3-O-sulfation on both GIcNS and GIcNS(6S) which finally gives GIcNS(3S) and
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GIcNS(3,6S) (Rabenstein D.L., 2002). The enzymes responsible of Heparan Sulfate modification

include:

-Four isoforms of N-deacetylase/N-sulfotransferase (NDST 1-4)
-One C5 epimerase

-One 2-O-sulfotransferase (HS2ST)

-Three isoforms of 6-O-sulfotransferase (HS6ST-1, 2, 3)
-Seven isoforms of 3-O-sulfotransferase (HS3ST 1-3A, 3B-6)

The activity of these enzymes is responsible for HS binding to many proteins involved in cell
migration, cell adhesion and inflammation such as fibroblast growth factors, hepatocyte growth
factor, chemokines, L and P selectins, fibronectin, TGFp binding proteins, vascular endothelial
growth factors (Esko and Linhardt, 2009). Modulating HS sulfation is important for protein binding
and is a tool the body can use to increase cell signalling during inflammation. Recently, a study
looking at tissue from idiopathic pulmonary fibrosis showed an increase in HS 2-O-sulfation
(Westergren-Thorsson et al., 2017). Therefore, research on HS modifying enzymes has focus on

elucidating their mode of action and specificity to better understand what controls HS function.

1.6.3 HS modifying enzymes

All enzymes and all isoforms have their specificity and the knock-out of different isoforms does
not lead to the same phenotype. Despite having the same function, some enzyme isoforms are lethal

when others are not (Table 1-4).

It appears that controlling the enzyme responsible for these patterns is as important as the
expression of a receptor on the cell surface. It is therefore essential to understand the mechanisms
leading to these modifications and the potential physiological effects they have both in health and

disease.
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Enzyme studied

Model

Methods / Analysis

Observations

Ref

NDST (1-4)
N-deacetylase-
Sulfotransferase

Mice NDST1 -/- endothelial cell specific

Mice NDST1-/- endothelial cell and
leukocytes specific

NDST1 -/- mice

NDST2 -/- mice

Acute peritonitis, contact dermatitis

Antiglomerular basement membrane
nephritis

Acute inflammatory reaction (induced by
IP thioglycollate); air pouch model

Repetitive allergen exposure Analyses of
airway remodeling

Generation of NDST1 null mice

Intraperitoneal injection of IgE followed by
anti IgE antibodies injection

Impaired inflammatory responses. Decreased neutrophil infiltration

Decrease in granulocyte and macrophage influx. Improved renal function and
reduced glomerular injuries (creatinine blood urea nitrogen; glomerular
hyalinosis)

Decrease in chemokine presentation, migration and neutrophil influx

Less macrophage infiltration and peribronchial fibrosis compared to WT

Non-viable, neonatal death due to lung defects

No significant difference in neutrophil influx in the peritoneum compared to
NDST2 +/+ mice but have decreased number of connective tissue mast cells

(Wang et al., 2005)

(Rops et al., 2014)

(Wang et al., 2005)

(Geetal., 2014)

(Fan et al., 2000)

(Forsberg et al., 1999)

HS2ST
2-0-
sulfotransferase

HS3ST 1-3A, 3B-
6

3-0-
sulfotransferase
HS6ST-1,2,36-6-
O-sulfotransferase

Mice HS2ST -/- endothelial cell specific

HS3ST3B overexpression in pancreatic
cell line

HS6ST1 overexpressing renal epithelial
cells

Acute peritonitis

Analysis of
markers

epithelial-mesenchymal

Flow cytometry

Increase in neutrophils and monocyte infiltration, enhanced chemokine binding
and number of neutrophils attached to the endothelial cell surface

EMT processes promoted

Increased binding of FGF2

(Axelsson et al., 2012)

(Song et al., 2011)

(Alhasan et al., 2014)

Endosulfatases

Sulf2 KO type Il alveolar epithelial cells

TGF beta stimulation

Increase in TGF-B1 target gene expression

(Yueetal., 2013)

(SULF1,2)

Sulf1/2 double KO MEFs FGF2 stimulation Increase in FGF2 response compared to WT. (Lamanna et al., 2008)
Heparanase Mice overexpressing hps Neutrophil chemoattraction into cremaster  Drop in leukocyte recruitment (Massena et al., 2010)
(hps) muscle

Colon samples from ulcerative colitis;
Hps tg mice

Hps -/- mice
Hps-silenced tubular cells

Hps -/- effector T cells

Hps -/- mice

Histology, mouse model of colitis

LPS injection
Pro-fibrotic stimulati

Injection of Hps -/- effector T cells in WT
mice with lymph node or skin inflammation

Zymosan induced peritonitis

Hps overexpression. Compared to WT, elevated hps in colonic epithelium have
similar leukocyte infiltration during acute phase and increased mucosal
infiltration during chronic phase

Inhibition of neutrophil adhesion to pulmonary microvasculature

Reduced TGFf synthesis, no change in EMT

Hps not essential for lymphocyte extravasation through inflamed lymph nodes
and inflamed skin vessels.

Hps contributes to monocyte but not neutrophil entry to inflammation site

(Lerner et al., 2011)

(Schmidt et al., 2012)
(Masola et al., 2014)

(Stoler-Barak et al., 2015)

(Stoler-Barak et al., 2015)

Table 1-4: HS modifying enzymes modulation and implication in development, inflammation and disease progression
WT: Wild Type; KO: Knock Out; IP: Intraperitoneal; LPS: Lipopolysaccharides. Adapted from (Ferreras et al., 2015)

24



General introduction

1.6.4 N-deacetylase/N-sulfotransferase

NDSTs are Golgi transmembrane proteins with two catalytic activities. They are capable of N-
deacetylation and N-sulfation. The first deacetylation process removes the acetyl groups from
GIcNAc and the NDST sulfotransferase activity then adds a sulfate group to GIcN. This
modification is essential for HS synthesis as other modulating enzymes require GICNS residues
(Grobe et al., 2002; Carlsson et al., 2008). Vertebrates have 4 NDSTs but the reason for having 4
is still not clear. Their discovery is quite recent (Pettersson et al., 1991; Hashimoto et al., 1992;
Aikawa and Esko, 1999), NDST1 and NDST2 are ubiquitous while NDST3 and 4 are mainly
expressed during embryonic development. Modeling NDST sulfotransferase domains showed
different substrate binding sequences. Furthermore, cells had higher N-sulfation patterns when
transfected with NDST2 than NDST1 (Pikas et al., 2000). Additionally, an increase in N-sulfation
was accompanied by an increase in HS length. Hence NDSTSs are important for N-sulfation and
impact HS total length. NDST1-/- mice are non-viable and die from lung defects. However,
NDST1-/- podocytes specific led to foot effacement with an abnormal cell-matrix interaction
(Sugar 2014). Not only is NDST1 important for morphogenesis but it is also essential for
inflammation processes. As seen Table 1-4, cell-specific NDST1-/- in murine models of dermatitis,
nephritis and acute inflammation all showed a decrease in leukocyte infiltration (Wang et al., 2005;
Geetal., 2014; Rops et al., 2014). HS is important for chemokines binding and leukocyte adhesion
to the endothelium (see section 1.8). NDST2-/- mice are viable and do not show impaired leukocyte

infiltration suggesting that NDST1 might me more important for HS biosynthesis.

1.6.5 C5-epimerase

After N-deacetylation-sulfation of the GICNAC residue, the other component of the HS disaccharide
is also modified. The action of C5-epimerase, a Golgi transmembrane protein, transforms GICA
into IdoA. This modification is important for flexible conformation and the activity of 2-O-
sulfotransferase (Qin et al., 2015). To date, only one C5-epimerase protein has been identified. C5-
epimerase -/- mice are non-viable, they lack kidneys and show mild skeletal and lung
malformations (Li et al., 2003), with other organs not affected. The renal agenesis observed in
these animals highlights a potential importance of 2-O-sulfation in renal development. Mice
lacking HS2ST1 also lack kidneys (Bullock et al., 1998). Some studies have shown that C5-
epimerase and HS2STT1 interact in vitro and in vivo (Pinhal et al., 2001; Préchoux et al., 2015).
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This interaction seems essential for their translocation within the Golgi apparatus. One concept
about HS biosynthesis speculates that the modifying enzymes interact within the Golgi to form a
physical complex named the “gagosome” (Esko and Selleck, 2002). However, further investigation

will be required to validate this model.

1.6.6 Heparan Sulfate 2-O-sulfotransferase 1

In addition to N-sulfation and the generation of IdoA, HS can be O-sulfated. HS 2-O-sulfation is
catalysed by only one enzyme, HS2ST1, a transmembrane Golgi protein. Surprisingly HS2ST1 has
two substrates and is able to add a sulfate group to GIcA and preferentially to IdoA residues (Rong
et al., 2001). IdoAS is important for protein binding, including FGF2 (Maccarana et al., 1993),
lipoprotein lipase (Parthasarathy et al., 1994), platelet derived growth factor (Feyzi et al., 1997)
and IL8 (Spillmann et al., 1998).

Interestingly, endothelial cell specific HS2ST1 -/- resulted in an increase in leukocyte infiltration
and an increase in chemokine and L-selectin binding (Axelsson et al., 2012). This pro-inflamatory
effect of HS2ST1 inactivation is unexpected as generally a decrease in sulfation inhibits protein
binding. One explanation could be the increase in N- and 6-O-sulfation observed in the HS2ST1 -
/- endothelial cells might be responsible for the enhanced inflammation. The same authors showed
that the inactivation of HS2ST1 in a myeloid lineage did not have the same effect. Therefore, the

decrease in 2-O-sulfation and its effect on inflammation is most important in the endothelium.

Additionally, HS 2-O-sulfation is crucial for renal development. Gene trap mutation of HS2ST in
mice stopped kidney development and led to lethality (Bullock et al., 1998). It is suggested that
HS2ST impaired kidney development is due to a defect in metanephric mesenchyme induction
(Shah et al., 2010). A change in HS 2-O-sulfation can also be observed in pathological conditions.
Immunostaining of HS 2-O-sulfation is increased during renal allograft rejection (Alhasan ef al.,

2014).

1.6.7 Heparan Sulfate 6-O-sulfotransferases

HS 6-O-sulfation is generated by three different enzyme isoforms. HS6ST1, 2 and 3 are

transmembrane Golgi proteins catalysing the addition of a sulfate group at the C6 of a GIcN.
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HS6STs can be secreted to the extracellular space (Habuchi et al., 1995) mediated by the activity
of a B-secretase (Nagai et al., 2007). This secretion can potentially be a regulatory mechanism of
the cell to decrease the activity of HS6ST, hence, limit HS 6-O-sulfation. Each isoform has its
preferential substrate. Habuchi et al. cloned all HS6STs in mice and observed that HS6ST1
catalysed the sulfation of IdoA-GIcNS residues (Habuchi et al., 2000). However, IdoA seems to
prevent HS6ST2 activity which preferentially modifies Glc-GIcNS. HS6ST3 can add a sulfate
group to both IdoA-GIcNS and Glc-GIcNS with a preference to 2-O-sulfated residues (Jemth et al.,
2003). Murine and Human studies showed that three isoforms do not have the same pattern of
expression in the body. HS6ST1 is mainly expressed in liver, kidney and intestine whereas HS6ST2
is predominantly found in brain, ovary, placenta and spleen. HS6ST3 is expressed ubiquitously but
at low levels (Habuchi et al., 2000, 2003).

HS6STs are important in development. HS6ST1-/- mice can be non-viable depending on the
genetic background. The decrease of vascular endothelial growth factor in the placenta of null mice
may explain this mortality. However, when viable, mice are smaller with abnormal skeletal
development and abnormal eye and lung morphogenesis compared to WT mice (Habuchi et al.,
2007). In contrast, HS6ST2 -/- mice are viable and develop normally (Habuchi and Kimata, 2010).
These observations suggest that HS6ST1 is more important than HS6ST2 in development.

HS 6-O-sulfation has been extensively studied for binding growth factor including FGF family.
HS 6-O-sulfation is increased in idiopathic pulmonary fibrosis (Lu et al., 2014; Westergren-
Thorsson et al., 2017) and in chronic renal rejection (Alhasan et al., 2014). FGF2 binding to its
receptor requires HS 6-O-sulfation. Hence the increase in 6-O-sulfation in fibrosis potentially

increases FGF2 signalling and disease progression.

1.6.8 Heparan Sulfate 3-O-sulfotransferases
1.6.8.1 Catalytic activity, specificity and localisation

The addition of a sulfate group to the C3 position is catalysed by HS 3-O-sulfotransferases
(HS3STs). HS3STs like other HS sulfotransferases are Golgi transmembrane proteins, with the
exception of HS3ST1 which does not possess a transmembrane domain. The HS3ST family, with
7 members (HS3ST1, 2, 3A, 3B, 4, 5, 6), is the largest of all HS sulfotransferases. HS 3-O-sulfation

is a rare modification and despite the number of enzymes involved in generating this pattern. HS
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3-O-sulfated glucosamine residues represents around 1% in porcine endothelial cells (Marcum et
al., 1986) and 6% in follicles (De Agostini et al., 2008). HS3STs are very well conserved within
all vertebrates. However, invertebrates have less isoforms. Thacker et al. proposed that HS3ST
originally emerged in a common ancestor of bilaterians (animals with bilateral symmetry) and

cnidarians (see arrow, Figure 1-8) (Thacker et al., 2014).

Chordata (Homo, Danio) 27 Hs3sts

Echinodermata 1 Hs3st
(Strongylocentrotus)

Arthropoda (Drosophila) 2 Hs3sts

Nematoda (Caenorhabditis) 2 Hs3sts

Platyhelminthes (Planarian) 1 Hs3st
Cnidaria (Hydra) 1 Hs3st

Cnidaria (Nematostella) 2 Hs3st

Placozoa (Trichoplax) None

Porifera (Amphimedon) None

Figure 1-8: HS3ST evolution
HS3STs are well conserved amongst animals. It is hypothesised that the first HS3ST originates
from a common ancestor of bilaterians and cnidarians (arrow). From (Thacker et al., 2014).

HS3STs are heterogeneously expressed throughout the human body and vary from organ to organ,
see Table 1-5. The most common forms are HS3ST1, HS3ST3A and HS3ST3B which are widely
expressed. HS3STS5 is found in brain, spinal cord and skeletal muscle and HS3ST6 is mainly found
in liver and kidney. Finally, HS3ST2 and HS3ST4 are predominantly expressed in the brain (Table
1-5).
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Intracellular

. Organ expression Pattern generated
localisation
HS3ST1 luminal Golgi kidney, brain, heart, lung, placenta, pancreas, stomach, small intestine, colon, testis, spleen AT-type
Transmembrane .
H535T2 Golgi brain, heart, placenta, lung and skeletal muscle gD-type
Transmembrane . . . . .
HS3ST3A Golgi heart, placenta, liver, lung, pancreas, kidney, spleen, stomach, small intestine, colon, testis gD-type
HS3ST3B Tra nsmem.brane liver, placenta, brain, heart, lung, skeletal muscle,_hdney, spleen, stomach, small intestine, gD-type
Golgi colon, testis
Transmembrane .
HS35T4 . brain gD-type
Golgi
Transmembrane ) .
HS3STS Golgi brain, spinal cord, skeletal muscle AT type and gD-type
Transmembrane . . . .
HS3ST6 Golgi liver, kidney, heart, brain, lung, testis gD-type

Table 1-5: An overview of HS3STs localisation and types

Organs where the sulfotransferase is predominantly expressed are highlighted in bold. Research on
HS3ST3A/B tissue expression used a probe detecting both isoforms, not discriminating them and
giving limited information, hence the italic style (Shworak et al., 1999; Xia et al., 2002; Mochizuki
et al., 2003, 2008; Xu et al., 2005).

Considering the rare occurrence of HS 3-O-sulfation, it could be suggested that all enzymes
generate the same pattern. However, experiments show that this is not the case. Although they need
the high energy sulfate donor PAPS (3’-phosphoadenosine 5’-phosphosulfate) for their activity,
they do not have the same substrate specificity. Initial experiments showed that Chinese Hamster
Ovarian (CHO) cells that do not have HS 3-O-sulfation, became sensitive to Herpes Simplex Virus-
1 (HSV-1) after HS3ST3 transfection. However, when transformed with HS3ST1, the virus was
not able to enter the CHO cells implying that these enzymes generate different 3-O-sulfation
patterns (Shukla et al., 1999). Additionally, HS3ST1 is known to generate an anticoagulant HS
(Liu et al., 1996). Consequently, HS3STs are classified in two different groups depending on their
activity, the ones generating the antithrombin 111 binding site also named anticoagulant HS (AT-
type) and the ones generating the herpes simplex virus type 1 glycoprotein D (gD-type) (Thacker
etal., 2014).

Isoforms 2,3A,3B 4 and 6 form herpes simplex virus binding sites (gD binding site) and have 80%
sequence identity (Lawrence et al., 2007). In contrast, HS3ST1 and 5, which have 71% sequence
identity, generate anti-thrombin binding sites. HS3ST1 has a preferred target for GICA-GICN+6S
and IdoA 2-O-sulfation prevents its action (Zhang et al., 2001). HS3ST5 generates both AT-type
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and gD-type and is not influenced by 2-O-sulfation patterns (Xia et al., 2002). HS3ST1, 3 and 5

have been crystallised and their substrates, displayed Figure 1-9 have been extensively studied.

6 6
COOH CH,0R . 2
P " M 3-0ST-1 SCOOHO sCHZOTJ
4 OH I 4K OH \ / —_— i 14 |
OH / ;
\o s o — ? \o O — 9) Anticoagulant HS
OH NHSO; T NHSO3;
(GlcA) (GIcNS+6S) (GlcA) (GIcNS3S+6S)
CH,OR
" o 3-0ST-3
gaeH OH /S — €oon” 5
N o WAOH J o Entry receptor for HSV-1
- 0
0SS0, NH, 0S0, NH,
(1doA2S) (GleNH,+68) (IdoA2S) (GIcNH,38+6S)
COOH
CH,OR COCH CH,OR
OH © OH ° Y © 3
N o S N\ i d o’
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Figure 1-9: HS3ST1, 3 and 5 substrates specificity

HS3ST1 catalyses the addition of a sulfate group to GICNS+6S and generates AT-type HS, GICA-
GIcNS3S+6S. HS3ST3 transfers a sulfate group to the residue GIcCNH2+6S and generates gD-type
HS, 1doA2S-GIcNH23S+6S, which is an entry receptor for HSV-1. HS3ST5 catalyse both
reactions. R: H or SOs". From (Xu et al., 2005).

Recent research has addressed the difference in the isoforms’ substrate. Previous work with
computer modelling (Raman et al., 2002) and recombinant protein experiments (Edavettal et al.,
2004) have provided information about the structure-function relationship. Moon and co-workers
compared HS3ST1 and HS3ST3 conformations when binding oligosaccharides and discovered that
their interactions were not similar. Interestingly, the IdoA2S was in a chair conformation when
interacting with HS3ST1 while in a skew boat conformation in contact with HS3ST3 (Moon et al.,

2012). This change in conformation could explain why 2-O-sulfation prevents HS3ST1 action.
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1.6.8.2 HS3STs in embryonic development

Recent research in mice showed that HS 3-O-sulfation plays a role in development by supporting
stem cell differentiation (Hirano et al., 2012). HS3STs were found to regulate axonal growth cone
collapse (Thacker et al., 2016a) and were expressed differentially during neuronal differentiation
(Hasegawa and Wang, 2008). In addition, the study of null animals emphasised the role of HS3STs
in organogenesis. Depending on the strain, HS3ST1-/- mice generation can be lethal or can induce
growth retardation. These mice showed normal coagulation (HajMohammadi et al., 2003),
potentially due to the redundancy of the HS3STs function. The HS3ST1-/- mice developed a
spontaneous eye degeneration which was not expected (Shworak et al., 2003). Clark et al. showed
that HS 3-O-sulfation was found on blood vessels and the membrane between retina and vitreous
body within the human eye (Clark et al., 2011). Furthermore, the dysregulation of factor H binding
to HS is thought to play a role in the development of macular degeneration (Langford-Smith et al.,
2014). Therefore, one explanation could be the dysregulation of factor H binding in HS3ST1-/-
mice causes eye degeneration due to an increase in complement activation. However, this is a
hypothesis which stills requires testing. HS3STs are also important in non-mammalian animals
where they are implicated in cilia function (Neugebauer et al., 2013) and cardiac contractility
(Samson et al., 2013) of the zebrafish and neuronal development, neuronal branching of
Caenorhabditis elegans (Tecle et al., 2013). The role of HS3STs in human development is

understudied but is better documented in physiological and pathological conditions.

1.6.8.3 HS3STs in cancer

Recently, there has been increasing interest in the function of HS3STs in cancer. In cancer
evolution, three states can be observed: the primary tumor state, micro metastatic dissemination,
when cancer cells migrate from the primary tumor to the circulation, and finally cell proliferation
in distant organs (metastatic state). HSPGs are involved in cell contact, in cell motility and are
crucial for growth factor-binding. It is therefore not surprising that they are implicated in cancer
progression (Sasisekharan et al., 2002). In the early stages of cancer progression, HS3ST3B
promotes epithelial to mesenchymal transition in pancreatic cells with a potential role in cancer
development (Song et al., 2011). Additionally, Zhang et al. found that HS3ST3B increased tumor
growth and angiogenesis (Zhang et al., 2015). They suggested that this pro-oncogenic mechanism
was induced by the activation of Vascular Endothelial Growth Factor (VEGF). HS3ST4 was shown
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to inhibit the elimination of cancer cells by the innate immune system cells (Biroccio et al., 2013).
In vitro, HS3ST2, 3B and 4 increased breast cancer cell proliferation (Hellec et al., 2018). In
contrast, HS3ST2 is downregulated in primary breast cancer (Miyamoto et al., 2003). This
downregulation by gene methylation is thought to modulate cell invasiveness (Bui et al., 2010;
Kumar et al., 2014). Furthermore, HS3ST3A displayed both anti- and pro-oncogenic activity
depending on the breat cancer cell line studied in vitro and breast cancer subtype in patients (Mao
etal., 2016).

1.6.8.4 HS3STs in Alzheimer’s disease

Alzheimer’s disease is characterised by the accumulation of amyloid plaques and hyper
phosphorylated tau proteins. Sulfated GAGs were found to promote tau protein and pf-amyloid
assembly into filaments (Goedert et al., 1996; Castillo et al., 1999). Additionally, HS3ST2 and
HS3ST4 are overexpressed in patients with Alzheimer’s disease (Sepulveda-Diaz et al., 2015). 3-
O-sulfated HS can bind to tau and Sepulveda-Diaz et al. suggested that HS3ST2 might regulate the
abnormal phosphorylation of tau (Sepulveda-Diaz et al., 2015).

1.6.85 HS3STs and viral infection

There is interest in the role of HS in viral infection. Because HS is present on all mammalian cells,
viral particles with a HS binding site have an advantage for invading cells. For instance, Human
immunodeficiency virus (HIV), Hepatitis C virus (HCV), dengue virus and herpes simplex virus
(HSV) all use HS to bind their target cells (Liu and Thorp, 2002). The gD-type HS3STs generate
the binding site of the viral glycoprotein gD required for the HSV viral envelope to fuse with the
host cell membrane (Shukla et al., 1999). A synthetic peptide binding 3-O-sulfated HS showed
inhibition of HSV-2 infection in mice (Ali ef al., 2012). In line with these results, 3-O-sulfated
octasaccharides can inhibit HSV-1 cell invasion in vitro (Copeland et al., 2008). These
observations highlight the need to understand and target HS3ST activity to generate new

therapeuties in viral diseases.
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1.6.8.6 HS3STs in ovulation

Human follicular fluid is rich in HS 3-O-sulfation (De Agostini et al., 2008). The potential role for
HS3ST in reproduction was initially proposed following the observation that HS3ST1-/- mice had
impaired fertility. It was speculated that anticoagulant HS (aHS) may be essential for reproduction.
The inner follicle contains the oocyte and granulosa cells (GC). GCs surround the oocyte and
secrete hormones that influence oocyte maturation. Recent research showed that GCs synthesise
aHS before and after ovulation to potentially protect the oocyte from proteolysis (Princivalle et al.,
2001; Hasan et al., 2002; De Agostini, 2006). Hence, aHS seems important in maintaining a

favourable environment to oocyte development during the ovulation cycle.

1.6.8.7 HS3STs in the kidney

In the kidney, HS 3-O-sulfation has been described in the glomerulus, tubular basement membrane
and blood vessels (Girardin ef al., 2005). The Glomerular Basement Membrane (GBM) displayed
an unusual disaccharide unit with a 3-O-sulfated GlcA without 6-O-sulfation (Edge and Spiro,
1990). The relevance of this finding is yet to be determined. Interestingly, HS3ST1 expression
correlates with glomerular filtration rate (Bunnag ef al., 2009) and its expression was significantly
modulated in kidney transplantation (Einecke et al., 2010; Sagoo et al., 2010). However, the
mechanisms and consequences behind this change have not been described and require further

investigation.

1.6.9 HS sulfatases and endosulfatases

Sulfatases are important as a mechanism to regulate HS on the cell surface and in the ECM.

6-O-sulfated HS is desulfated by the activity of two endosulfatases, SULF1 and SULF2. SULF1/2
are extracellular enzymes that preferentially remove a sulfate group from the trisulfated
disaccharide 1doA2S-GIcNS6S (Frese et al., 2009). SULF1-/- and SULF2-/- mice are viable
(Lamanna et al., 2006) but show structural abnormalities within the nervous system (Kalus et al.,
2009). These observations suggest that the SULFs and probably HS 6-O desulfation are essential
to neuronal development. Additionally, the inactivation of SULF1 generated more HS structure
modification compared to SULF2-/- with higher increase of trisulfated disaccharide 1doA2S-
GIcNS6S and decrease in 1doA2S-GIcNS (Nagamine et al., 2012). Because 6-O-sulfation is
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important for growth factor binding and signalling, SULFs are essential regulators of cell
proliferation, migration and differentiation. Their action can increase activity of some cytokines
for example bone morphogenetic protein, or diminish activity of other such as FGF, VEGF and
heparin-binding EGF-like growth factor (HB-EGF) (Nagamine et al., 2012). Furthermore, SULF
expression can be controlled by pro-fibrotic factors such as TGFp1 (Yue et al., 2008). All together
these observations show that SULFs are important in inflammatory processes. In addition SULF2
is overexpressed in cancer and in idiopathic pulmonary fibrosis (Yue et al., 2013; Vives et al.,
2014) while SULF1 is downregulated in many cancers (Dai et al., 2005).

Additionally, heparanase and three heparin lyases have endoglycosidase activity (Desai et al.,
1993). The three heparin lyase enzymes can cleave highly sulfated HS between 2-O-sulfated IdoA
and GIcNS (Heparin Lyase | (heparinase) and I1) and poorly sulfated HS between GIcA and either
GIcNACc or GIcNS (Heparin Lyase Il and Il (heparitinase)). Nitrous acid can also cleave HS
(Shively and Conrad, 1976).

Heparanase specificity has been widely studied and recently the cleavage sites of heparanase have
been identified between GIcA and GIcNS3S or GICNS6S but also between GIcA and GICNS when
there is a 2-O-sulfated GICA2S next to the cleavage site. The repeating pattern of IdoA2S-GIcNS
has an inhibiting action on the enzyme (Peterson and Liu, 2010). Heparanase has been widely
studied in renal diseases (Van Den Hoven et al., 2007; Masola et al., 2015) and was overexpressed
in the glomeruli of patients with overt diabetic nephropathy (Van Den Hoven et al., 2006) and in
rats with Adriamycin nephropathy (Kramer, 2006). In a murine model of diabetic nephropathy,
heparanase -/- mice did not develop proteinuria and had unchanged urinary levels of albumin after

streptozotocin injections (Gil et al., 2012).

Additionally, heparanase plays a role in TGFf1 expression in tubular cells (Masola et al., 2014).
Glycosidases are also important tools for us scientists to study the impact of HS cleavage in

inflammation and fibrosis.
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1.7 HSinrenal development and renal diseases

The involvement of HS and HS modifying enzymes in renal development and disease progression

have been discussed in section 1.6 and is summarised Table 1-6.

Interestingly, HS 2-O-sulfation seems crucial in renal development with C5-epimerase and
HS2ST1 -/- mice developing renal agenesis (Bullock et al., 1998; Li et al., 2003). This agenesis
could be due to an impaired ureteric bud branching, important in early stages of development as
observed in rat embryos treated with heparitinase (Steer et al., 2004). The changes in HS sulfation

in kidney disease vary between diseases (Table 1-6).

However, the study of GAGs is very complex and the use of antibodies can be misleading as HS

can be masked by attached cationic proteins.
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Model

Methods/analysis

Observations

References

rat embryos
HS2ST1-/- mice

NDST1-/- specific podocytes

treatment with heparitinase
morphological studies

functional studies

impaired ureteric bud branching

renal agenesis

glomerular hypertrophy, increased albumin to creatinine ratio

(Steer et al., 2004)
(Bullock et al., 1998)

(Sugar et al., 2014)

minimal change disease
Blood of tolerant transplanted patients
kidney failing grafts

kidney transplant biopsies

chronic rejection

staining (JM403)
gene expression analysis
gene expression analysis
gene expression analysis

staining (HS3A8)

decrease in HS
increase in HS3ST1 expression
increase in HS3ST1 expression
HS3ST1 correlates with glomerular filtration rate

increase in HS 2 and 6-O-sulfation

§ EXT1 -/- mice morphological studies hypertrophic glomeruli (Chen et al., 2008)
% C5-epimerase-/- mice Morphological studies Renal agenesis, lung and skeletal malformations (Lietal., 2003)
= Adriamycin nephropathy staining increase in heparanase (Kramer et al., 2006a)
Heparanase -/-, ?T']I'ifeinduced diabetic functional and histological studies decrease in albuminuria and renal damages (Gil et al., 2012)
STZ induced diabetic mice and rats staining, WB, mRNA level increase in heparanase expression (Van Den Hoven et al., 2006)
lupus nephritis staining (JM403) decrease in HS (Van Den Born et al., 1993)
SLE nephritis staining (EW3D10, GIcNS6S) increase in HS N and 2-O-sulfation (Rops et al., 2007)
glomerulonephritis staining (JM403) decrease in HS (Van Den Born et al., 1993)
diabetic kidneys disaccharide analysis decrease in HS 3-O-sulfation (Edge and Spiro, 2000)
diabetic kidneys staining (LKIV69, HS4C3) increase in HS sulfation (Wijnhoven et al., 2006)
é diabetic nephropathy staining heparanase overexpression and HS loss (Van Den Hoven et al., 2006)
é diabetic nephropathy staining (JM403) decrease in HS (Van Den Born et al., 1993)
§ minimal change nephrotic syndrome staining (HS3A8, EW3D10, EW4G20) no change (Wijnhoven et al., 2007)

(Van Den Born et al., 1993)
(Sagoo et al., 2010)
(Einecke et al., 2010)
(Bunnag et al., 2009)

(Alhasan et al., 2014)

Table 1-6: HS involvement in renal development and diseases
STZ: streptozotocin SLE: Systemic Lupus Erythematosus
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Finally, HS is important in the GBM for the control of complement activation, an essential
component of the innate immune system. The regulation of the complement system on the GBM
is critical as it can trigger several kidney diseases. Briefly, the complement system has three
pathways. The classic pathway mediated by immune complexes, the lectin pathway activated by
glycans and the alternative pathway activated on the surface of pathogens. Activation of
complement can mediate inflammation, clear cell debris and immune complexes (Borza, 2017) and
is therefore tightly regulated. Factor H is a glycoprotein regulating the alternative pathway. Factor
H can bind to HS of glomerular endothelial cells (Jokiranta et al., 2005; Loeven et al., 2016) and
it is speculated that loss of HS on the GBM may compromise complement regulation by factor H
(Borza, 2016). The alternative pathway of complement activation is implicated in lupus nephritis
(Sato et al., 2011) and anti-GBM disease (Ma et al., 2014). Research on HS and the factor H

interaction in renal diseases could identify new therapeutic avenues.

1.8 HS in inflammation
1.8.1 Chemotaxis

Inflammation is a rapid response to protect and heal the body. However, when uncontrolled, this
process can lead to fibrosis in CKD and renal rejection following transplantation. To initiate
inflammation, the access of leukocytes to the injured tissue requires migration through the blood

vessel wall.

Leucocyte migration to injured tissue involves binding to the endothelium, degradation of the
basement membrane and, finally, transmigration (Ferro, 2013) (Figure 1-10). HS on both the ECM
and cell surface contributes to cell migration because of its binding to essential inflammatory

proteins: chemokines. Chemokines are chemotactic cytokines.

It is widely accepted that leukocyte adhesion to endothelial cells is triggered by chemokines.
Historically, it was believed that soluble chemokines triggered this attraction. However, they would
be too easily removed by blood flow and circulating leukocytes would be activated which could be
harmful. Therefore another hypothesis has emerged based on the observation that immobilised IL-
8 attracts leukocytes in vitro (Rot, 1993) and that the immobilisation domain is required for

transcytosis (Middleton ef al., 1997). HS can control the function of chemokines by preventing
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their proteolysis, regulating receptor activation and immobilising them to create a gradient that
attract leukocytes to injured tissue (see Figure 1-10). Originally this was a hypothetical function of
chemokines and had never been demonstrated in vivo. The first time a chemokine gradient was
demonstrated was in 2013 when Weber M et al. showed chemokine driven attraction of dendritic
cells along lymphatic vessels in murine tissue (Weber et al, 2013). Different models of

inflammation in mice have been studied and correlated to HS enzymes (Table 1-4).

For neutrophil migration, L selectin and the expression of P and E selection on endothelial cells is
also crucial (Figure 1-10). Recent studies investigating chemotaxis demonstrated that HS
participates in L-selectin binding to leukocytes. Weak L selectin binding and increased rolling
velocity are observed when HS biosynthesis is altered in mice lacking NDST1 enzyme (Wang et
al., 2005). This highlights the fact that leukocyte rolling is influenced by HS sulfation. It can be
hypothesised that having under sulfated HS decreases chemokine presentation, chemokine gradient
and L selectin binding impairing leukocyte entry to the injured tissue. Hence HS sulfation patterns

could either become biomarkers or targets for inhibiting chemotaxis.
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1.8.2 HS in fibrosis and pro-fibrotic factor binding

Heparan sulfate proteoglycans are increased in the development of fibrosis with an excess of
Collagen XVIII and perlecan. This phenomenon has been observed in kidney isografts and
allografts in rats (Rienstra et al., 2010).

The mechanisms leading to fibrosis are complex and many factors are involved. The excess matrix
deposition is mainly driven by myofibroblasts but other cells, including glomerular and tubular
epithelial cells, can produce matrix components such as collagen (Kreisberg and Karnovsky, 1983;
Creely et al., 1988).

Fibroblasts are the key mediators of fibrosis. These cells have a characteristic phenotype with an
elongated cell body (spindle shape), large Golgi apparatus and rough endoplasmic reticulum due
to their intense synthetic activity. In tissue healing, myofibroblasts (activated fibroblasts) invade
the injured tissue. They have both fibroblast and smooth muscle characteristics (Sappino et al.,
1990). Fibroblast activation is stimulated by mechanical stress and pro-fibrotic cytokines that are
secreted by cells and sequestered by the matrix. During inflammation, fibroblasts are receptive to
Platelet Derived Growth Factors (PDGF), Interleukin-13 (IL-13), Transforming Growth Factor 1
(TGFp1) and Fibroblast Growth Factor 2 (FGF2) (Horvath et al., 1996; Leask and Abraham, 2004).
Endothelial cells, and macrophages secrete PDGF which triggers fibroblast proliferation,
differentiation, and ECM production (Scotton and Chambers, 2007). T cells secrete 1L-13 which
stimulates myofibroblast differentiation, collagen production and matrix metalloproteinase
expression (Fuschiotti, 2011; Fuschiotti et al., 2013). Neutrophils and macrophages secrete TGF-
B1 a factor that plays key roles in fibrosis progression by stimulating inflammatory cytokine
production and inducing ECM synthesis by fibroblasts (Leask and Abraham, 2004). Transforming
Growth Factor TGFB1 is modulated by HS (Lyon et al., 1997).

Macrophages and endothelial cells secrete FGF2 that stimulates fibroblasts proliferation.
Additionally, FGF2 effect on renal fibroblast proliferation requires HSPG expression on the cell
surface (Clayton et al., 2001; Kalluri and Zeisberg, 2006). Because FGF2 binding requires HS, this
interaction is an attractive target when studying HS in fibrosis.
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18.2.1 HS and FGF2

There are more than 20 members in the FGF family involved in cell growth and development
(Basilico and Moscatelli, 1992). FGF signalling requires the interaction between FGF, HS and a
cell-surface tyrosine kinase receptor (Guimond and Turnbull, 1999). To date, four FGF receptors

families have been identified (FGFR1, FGFR2, FGFR3 and FGFR4).

FGF2 was first isolated from pituitary extracts and named basic fibroblast growth factor for its
basic and mitotic properties (Armelin, 1973; Gospodarowicz and Moran, 1975). FGF2 is
implicated in proliferation, migration, differentiation and angiogenesis (Murphy et al., 1990;
Holland and Varmus, 1998; Javerzat et al., 2002). In vivo and crystallography studies showed that
HS sulfation is essential for FGF2 signalling. HS 2-O sulfation is important for binding to FGF2
(Maccarana et al., 1993), while 6-O-sulfation plays a role in FGFR1 binding (Pye et al., 1998;
Schlessinger et al., 2000; Sugaya et al., 2008). This was further confirmed by using mouse
embryonic fibroblasts HS6ST1 and HS6ST2 -/- which demonstrated decreased FGF2 signalling
(Sugaya et al., 2008).

FGF signalling cascades have been well documented. The tyrosines present in the intracellular
domain of FGF receptors are phosphorylated and can activate four different pathways, PI3/Akt
pathway, PLCy the Janus kinase/signal transducer and activator of transcription (Jak/Stat) and ERK
pathways (Lanner and Rossant, 2010).

The increase in HS 2-O and 6-O-sulfation seen in chronic rejection could be associated with the
increase in FGF2 activity associated with fibrosis (Alhasan et al., 2014). Hence, targeting FGF2
binding to HS is an interesting avenue for preventing fibroblast activation and therefore limiting

fibrosis.

1.8.2.2 HS and HB-EGF

Heparin Binding Epidermal growth factor like (HB-EGF) is a member of the EGF family with
mitogenic activity (Higashiyama et al., 1991). It was first isolated in 1990 from culture media of
macrophages by heparin Sepharose affinity chromatography (Besner et al., 1990). HB-EGF has
two forms, it is first synthesised as a transmembrane protein (proHB-EGF) which can be cleaved

into a soluble growth factor. HB-EGF expression is triggered by hypoxia in neuronal cells (Jin et
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al., 2002) and in burn injury (Cribbs et al., 2002). HB-EGF can signal through EGF receptors to
activate Jak/Stat, ERK, PI3K-Akt and PLCy pathways (Knudsen et al., 2014). To date, the specific
sequence binding of HB-EGF to HS is yet to be determined.

Following intestinal ischemia reperfusion, HB-EGF -/- mice showed increased injury (El-Assal et
al., 2008) suggesting a protective role for HB-EGF. Additional studies from the same group
showed that HB-EGF administration following ischemia reperfusion accelerated intestinal
recovery (El-Assal and Besner, 2005). In the kidney, HB-EGF has been identified to be important
for tubular cells repair (Sakai et al., 1997). In fibrosis, HB-EGF was found to be protective in liver
fibrosis (Huang et al., 2012; Takemura et al., 2013). Furthermore, renal transplants show a strong
staining for HB-EGF (Celie et al., 2012; Talsma et al., 2017) making it an attractive growth factor

to study for preventing fibrosis.

1.8.3 HS and therapeutics

The current knowledge on HS and proteins interaction enables the development of therapeutic
opportunities to treat inflammation and fibrosis. Research have shown that heparin was beneficial
in different in vivo models of kidney diseases. For instance, daily injection of low molecular weight
heparin (LMWH) decreased collagen, fibronectin, TGF and macrophage infiltration in a rat model
of renal fibrosis (Pecly et al., 2006). In line with these results, Braun et al. showed that LMWH
was beneficial in chronic renal rejection with a decrease in proteinuria and reduced leukocytes

infiltration in treated rats (Braun et al., 2001).

Furthermore, considering the side effects of the use of heparin, derivatives of anticoagulant heparin
were developed and showed promising results. One of the first study to demonstrate the beneficial
effect of non-anticoagulant heparin was Diamond et al. in a rat model of glomerulosclerosis
(Diamond and Karnovsky, 1986). The authors showed a decrease in proteinuria, and normal
glomerular filtration rate in rats treated with nonanticoagulant heparin. Later, Purkerson et al
demonstrated that N-desulfated-acetylated heparin and heparin provided similar protection in rat
subtotal nephrectomy (Purkerson et al., 1988). In puromycin-induced glomerulosclerosis, non-
anticoagulant heparin injection induced a better renal function and limited macrophages infiltration
(Ceol et al., 2003). Furthermore, after transplantation, glomerular infiltration and TGF[ expression

decreased in rat kidneys treated with a hypersulfated derivative of heparin (Gottmann et al., 2007).
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Interestingly, small HS mimetics which are heparin derivatives can be generated not only to study
specific protein bindings (Freeman et al., 2005) but also to modulate protein activities (Sheng et
al., 2013). HS mimetics have a wide range of action including reducing CCL5 chemotactic
activities (Sheng et al., 2013), decreasing FGF2 activation of ERK signalling in muscle satellite
cells (Ghadiali et al., 2017) and reducing heparanase expression in vivo (Hammond et al., 2013).

HS mimetics have been assessed in clinical trial for cancer treatment (Liu et al., 2009).

Another approach to target HS binding to proteins is to synthesise HS based antagonist chemokine
or peptides that can interfere with binding. Hence, the modified proteins or peptides can compete

with the WT protein and decrease its activity. These methods are described section 5.1.
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1.9  Questions raised by this study

HSPGs main functions are regulated by the negative charge carried by their GAGs. Some of them
can carry HS 3-O-sulfation, a rare but functionally important modification. To date, no study has
documented the changes in HS 3-O-sulfation in renal fibrosis. Is this modification important in

fibrosis? Does it increase or rather decrease following injury?

Additionally, whether HS 3-O-sulfation increases or decreases, little is known about the growth
factors affected by these changes. Do growth factors modulate HS3ST expression during renal
fibrosis? Are growth factor binding and signalling events changed by HS 3-O-sulfation?

Finally, with our knowledge of HS in fibrosis, is it possible to alter FGF2 binding by generating
HS binding peptides? Can FGF2 binding to renal epithelial cells be altered by positively charged
peptides?

1.10 Aims

This project had the ambition to:

1. Determine if HS sulfation and HS modifying enzymes change during the development of

renal fibrosis

2. Understand how HS3STs expression is regulated and identify growth factors modulated by
HS 3-O-sulfation

3. Generate heparin binding peptides that could compete with FGF2 binding to HSPGs
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2 General material and methods

2.1 Cell Culture

All experiments handling tissue culture were performed in a containment class Il cabinet. Cells
were maintained at 37°C under 5% COz2 in a humidified incubator. Control Of Substances
Hazardous to Health (COSHH) and BIOCOSHH risk assessments were in placed before doing any

experiment.

2.1.1 Cell lines and media

In this project, two models of human immortalised renal epithelial cells and one immortalised rat
renal fibroblasts cells were studied. From the American Tissue Culture Collection, HK2 cells are
cortex/proximal tubular epithelial cells isolated from a normal adult kidney and immortalised with
the human papillomavirus 16. HK2 doubling time is not clearly known with studies showing time
between 34.1 to 96h (lwata and Zager, 1996; Keshari et al., 2013; Belmonte et al., 2016).

HKCS8 are cortex/proximal tubular cells isolated and immortalised by a hybrid virus, adenovirus
12-SV40. They were isolated from the healthy pole of a renal cell carcinoma nephrectomy. HKC8
doubling time is 20h.

HK2 and HKC8 (Figure 2-1) have the feature of differentiated proximal tubule cells (Ryan et al.,
1994; Racusen et al., 1997). However, they display different features at the brush border. HK2
cells have higher alpha-methyl-glucopyranoside uptake, gamma-glutamyl transpeptidase activity
and NaK ATPase activity than HKC8. They have similar alkaline phosphatase and Glutathione-S-
transferase activity. HKC8 have no Glucose-6-phosphatase activity but have higher lysosomal and
mitochondrial activity than HK2 (cathepsin B, succinate dehydrogenase, N-acetyl-beta-D-

Glucosaminidase (Racusen et al., 1997)).

NRK-49F are rat renal fibroblasts from the American Tissue Culture Collection and have fusiform

shape.
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Figure 2-1: HK2 and HKCS8 in culture
HK2 (A) and HKC8 cells (B) are human renal epithelial cells. Both cell lines display a typical
epithelial cuboidal shape. Magnification 200x.

All media were supplemented with 2mM L-Glutamine, 100U/mL Penicillin, 100ug/mL (Sigma).
HK2 were grown in Dulbecco’s Modified Eagle Medium (DMEM, Sigma, D5671) supplemented
with 10% heat inactivated Fetal Bovine Serum (FBS). HKC8 were cultured in DMEM-F12 (Sigma,
D6421) supplemented with 5% FBS. NRK-49F were cultured in DMEM supplemented with 5%
FBS.

2.1.2 General handling

Cells were grown in T75 flasks and trypsinised with Trypsin-EDTA solution (Sigma) when
confluent. Trypsin detaches the cells by cleaving peptide chains mainly at positively charged
Lysine and Arginine on carboxyl side. EDTA prevents the inhibition of trypsin by chelating Ca?*
and Mg? ions that are required for cell adhesion (e. g. integrin adhesion). Cells were washed with
phosphate buffer solution (PBS, sigma) prior to trysinisation to remove any left-over medium that
could inhibit the protease. Flasks were incubated at 37°C to allow trypsin activity at the optimum
temperature. Cells were collected by using medium with FBS that neutralises trypsin and then
centrifuged 5 minutes at 300g. For cell counting, pellets were collected and suspended in 1mL
PBS. A volume of 50uL was collected, diluted 20 times in trypan blue solution (0.4%), a dye that
enters all cells but is actively excreted by living cells and counted with a Neubauer

haemocytometer.

For cells cryopreservation, cell pellets from T75 flasks with a confluency of more than 90% were
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suspended in a solution of 90% FBS, 10% Dimethyl sulfoxide (DMSO), a compound that prevents
crystal formation during freezing and split in three ImL cryovials. Vials were frozen at -80°C in a
freezing container (Thermo Scientific) filled with isopropanol that slows down the freezing
process. Stocks were stored in a -80°C freezer for short-term storage or in liquid nitrogen for long

term storage.

For thawing cells, cryovials were defrosted at 37°C in a water bath, suspended in 3mL of complete
medium and seeded into a T75 flasks containing 20mL of complete medium. Media were changed
after 16h to remove DMSO.

Cells were screened for mycoplasma once a month with the MycoAlert kit from Lonza.
Mycoplasma are small self-replicating bacteria with no cell wall. They can interfere with protein,
RNA, DNA production, cell cycle, cell signalling, cell membrane integrity (Drexler and Uphoff,
2002). A volume of 200uL of supernatant from cells cultured more than 24h were collected and
centrifuged for 5 minutes at 300g and mycoplasma detection was carried out according to the
manufacturer’s protocol. The MycoAlert kit allows the detection of mycoplasma by lysing them
and sensing the ability of a mycoplasma specific enzyme to transform ADP to ATP. The ATP
produced was detected by bioluminescence. Mycoplasma positive cells were treated with
MycoZap™, elimination reagent, Lonza.

2.2  Molecular Biology

The University safety policy was followed for all experiments in accordance with COSHH

regulations and approved GM project (03/31 a2).

221 RNA extraction

Reverse-Transcriptase and quantitative Polymerase Chain Reaction have been developed to study
genes expression. Because of the instability and sensitivity of RNAs to RNAse, caution was taken
during the procedure. RNAses can be found in the environment, as it is a way of protecting
ourselves against pathogens. Furthermore, equipment and the experimenter are a source of DNA

contamination. Therefore, filter tips, clean benches, pipettes and gloves were used at all time.

Initially this method starts with the extraction of RNAs from a sample. In this study, two methods
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of RNAs extractions were used. A column based one with the Qiagen RNeasy Plus Mini Kit for
cell culture RNAs extraction and a Trizol/Chloroform method for mice tissue RNA extraction. The
Trizol/chloroform technique is an effective method that includes three main steps: cell lysis; a
phase separation to isolate RNAs from proteins, fatty acids, carbohydrates and DNA and finally
RNAs precipitation and wash. The Qiagen RNeasy Plus Mini Kits is based on the same principles
without the need to have a phase separation. Instead it uses a silica membrane, buffers containing

guanidine thiocyanate (denaturing proteins), alcoholic buffers (to wash RNAS) to isolate RNA.

Prior to use the Qiagen RNeasy Plus Mini Kits, cells coated on 6-well plates were washed with
PBS, trypsinised, centrifuged 5 minutes at 300g and suspended in 1mL of PBS before a last
centrifugation at 300g 5 minutes. Depending on their size, final pellets were vortexed in 350 to
600uL of RLT plus buffer, a buffer that helps genomic DNA to bind to the gDNA eliminator spin
column. This is to avoid any genomic DNA contamination. RLT buffer was supplemented with [3-
mercaptoethanol to denature RNase. Samples were deposed onto a gDNA eliminator spin column
and centrifuged 1 min soft mode at 10 000g. Columns were discarded and 1 volume of 70% ethanol
was mixed by pipetting to the flow-through which was then deposed onto a RNeasy spin column
and centrifuged 15 seconds at 10 000g. Flow-through was discarded and 700uL. of RW1 buffer
(containing guanidine salt and ethanol) was added to the column to wash it from carbohydrates,
proteins, fatty acids that do not bind to the silica membrane of the column and centrifuged 15
seconds at 10 000g. Once again, flow-through was discarded and 500uL of RPE buffer (a mild
washing buffer with confidential composition) was added and tubes were centrifuged 15 seconds
at 10 000g. This operation was repeated with a longer centrifugation (2 minutes). Finally, the
columns were placed in a 1.5mL tubes, 30 to 40uL of Rnase free water was added onto it and tubes

were centrifuged 2 minutes soft mode 10 000g.

For tissue extraction, RNAs extraction was performed with a Trizol/ chloroform technique. Small
pieces of tissue were lysed and homogenised in 200 puL of TRI reagent (Ambion) using the Tissue
Lyser Il by Qiagen. An additional volume of 500uL of TRI reagent was added and mixed by
inversion. The RNA was isolated from the protein by adding 200uL of chloroform (AnalaR) and
mixed by inversion. The samples were centrifuged at 14 000g for 15 minutes at 4°C. Each aqueous
phase containing soluble RNAs was collected and mixed by inversion with 500uL of isopropanol.
The tubes were left at room temperature for 10 minutes and spinned down at 14 000g for 10 minutes

at 4°C. The precipitated RNAs formed a pellet that was suspended in 1mL of 70% ethanol and
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centrifuged at 14000g for 10 minutes at 4°C. Lastly pellets were air dried and suspended in 30uL
of RNAse free water (Ambion). To avoid gDNA contamination 1 ug of sample was treated with
RQ1 DNAse (Promega) for 30 minutes at 37°C. Next, samples were treated with DNase stop
solution (Promega) 10 minutes 65°C to inactivate any DNAse before starting the reverse

transcription.

RNAs are composed of aromatic nucleobases that absorb 260nm wavelength light. Therefore, after
extraction, all RNA concentrations were determined using a Nanodrop analysing density optic at
260nm. Proteins contaminations were determined by measuring the samples absorbance at 280nm.
Phenol and guanidine thiocyanate contaminations were determined by measuring the samples

absorbance at 230nm. Samples with both ratios above 1.8 were considered as of good quality.

2.2.2 Reverse Transcription and real time Polymerase Chain Reaction

Complementary DNA (cDNA) was generated using Tetro cDNA synthesis Kit (Bioline) containing
the Moloney Murine Leukemia Virus Reverse Transcriptase. Briefly up to 5ug of RNA from cells
extraction or up to lpg from tissue extraction were incubating with Oligo dT primers, a
deoxyNucleotides TriPhosphates mix, RT buffer, a ribosafe inhibitor and the transcriptase and
RNAse treated water for a final volume of