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Abstract

This project examines the pathogenic processes that lead to kidney disease in
scleroderma and tests a novel therapy for scleroderma kidney disease in a clinical
trial. | describe three programmes of experiment to identify possible pathogenic
targets and new treatment strategies in scleroderma kidney disease.

The first divides a large cohort of patients according to their immunological and
renal phenotypes, uses genome wide association to identify possible risk genes and
then interrogates candidate genes further by staining renal disease tissue for the
relevant gene products.

In the second stream of investigation, | describe a project to develop novel
biomarkers of renal disease activity by measuring concentrations of candidate
proteins in urine and serum of scleroderma patients and compare the
measurements from matched control groups.

The final set of investigations is a randomised control clinical trial, testing the safety
and efficacy of the highly selective endothelin antagonist zibotentan in renal
outcomes for patients with scleroderma-associated chronic kidney disease and
scleroderma renal crisis. Outcomes are assessed by traditional clinical measures of
renal function as well as deploying novel disease activity biomarkers developed in
parallel in my earlier experiments. In a parallel study | assess the pharmacokinetics

of zibotentan in patients on haemodialysis.



Impact statement

This thesis makes a significant contribution to understanding the biological processes
that lead to kidney disease in scleroderma, a life-threatening rheumatic condition,
and works towards developing new treatments for this condition.

In this project | use genetic analysis to improve our understanding of why some
people with scleroderma get kidney disease and others don’t. | also examine
proteins in the urine and blood which offer clues as to how and why the kidney
disease occurs. Drawing on the information gained in these first two studies | test a
new treatment for kidney disease in scleroderma, by carrying out the first ever
placebo-controlled trial of a drug for this specific condition.

For the academic community, these three studies are a starting point for further
research, which we hope in time will allow us to greatly improve our understanding
of kidney disease in scleroderma. From an industry perspective, this work provides
evidence of potential avenues for future drug development, including phase 3 trials
that could bring new drugs to market. But the most important outcome of this
research will be for individuals with scleroderma, for whom we hope to develop
better treatments that will improve their quality of life and increase their life

expectancy.
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Commonly used abbreviations

ACA  Anti centromere antibody

ANA  Anti nuclear antibodies

ARA  Anti RNA polymerase lll antibody

ATA  Anti topoisomerase | antibody (Scl 70)
CKD  Chronic kidney disease

dcSSC Diffuse systemic sclerosis

eGFR Estimated glomerular filtration rate

ET-1 Endothelin 1

ETRA Endothelin receptor A

ETRB Endothelin receptor B

GWAS Genome-wide association study

HD Haemodialysis

HLA  Human leucocyte antigen

ICAM-1 Intercellular adhesion molecule 1
I[cSSC Limited systemic sclerosis

MCP-1 Monocyte chemoattractant protein 1
MHC Major histocompatibility complex

ODU Optical density unit

SRC  Scleroderma renal crisis

SSC  Systemic sclerosis

VCAM-1 Vascular adhesion molecule 1
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Chapter 1: Introduction

The pathogenesis of scleroderma

Scleroderma (also referred to as systemic sclerosis, SSc) is a complex multisystem
disorder with a wide range of clinical features. It is commonly divided by clinical
phenotypes, most broadly the two skin subgroups: limited cutaneous (IcSSc) and
diffuse cutaneous systemic disease (dcSSc). The vast majority of individuals with SSc
have circulating antibodies against nuclear proteins (antinuclear antibodies or ANAs)
and different clinical phenotypes are associated with the different antibodies.
However, in most cases the recognised antibodies are not directly disease-causing.
To date we have only limited evidence as to the causes of SSc and the molecular
processes leading to its clinical features. By reviewing the current understanding of
the pathogenesis of this disease, in this chapter | will provide a platform for further
investigation of the causes and treatment of kidney complications of scleroderma in

particular.

The overarching scleroderma phenotype includes abnormalities in the immune,
connective tissue and vascular systems of those affected. | will summarise some key
findings regarding dysregulation in these three systems and interplay between them
in the scleroderma disease process. Evidence presented below suggests that
scleroderma occurs when a susceptible individual is exposed to particular

environmental factors, and | will also describe the molecular processes in this
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context. While reviewing these common processes in the disease | will attempt to

account for the heterogeneity of clinical presentations in scleroderma.

Overview of aetiopathogenesis

The interplay between vascular damage, inflammation and connective tissue repair
is a hallmark of scleroderma. This previously led to models of pathogenesis that
were linear, suggesting that vascular injury was followed by immune or
inflammatory activity, which in turn led to fibrosis and scarring. This paradigm does
not account well for clinical observations of disease heterogeneity and the great
variety in involvement of individual organ systems. A more integrated model sees all
three systems as relevant as the disease initiates, progresses and potentially
improves. So in this section | describe interlocking processes that reflect or
contribute to initiation or triggering, amplification and later progression of SSc. The

relationship between these stages in scleroderma is summarised in Figure 1.
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Figure 1: Overlapping events in the pathogenesis of systemic sclerosis
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Susceptibility

Epidemiology

Epidemiological studies have demonstrated a moderate increase in the prevalence
of scleroderma in first-degree relatives of patients with the disease—1.6% versus a
0.026% risk in the general population(1) and there is evidence of clustering of cases
in families that appear to have a more marked risk. In these clusters, relatives tend
to have the same disease-associated autoantibody(1,2). These data imply genetic
susceptibility to scleroderma overall as well as an inherited tendency to develop the

various subgroups of disease.

HLA associations

Like other auto-immune diseases, scleroderma is associated with polymorphisms in
the human leucocyte antigen (HLA) region of the major histocompatibility complex
(MHC). Modest associations have been seen between given haplotypes and the
disease overall(3,4). Stronger specific HLA associations have been demonstrated for
each of the major autoantibody subgroups of scleroderma—for example, HLA DQB1-
0501 is associated with the anti-centromere antibody (ACA)(5), and DRB1*1104 and
DPB1*1301 are independently associated with the anti-topoisomerase | antibody
(ATA)(6,7).

Candidate gene studies

In addition to HLA associations, candidate gene studies have identified disease-
associated polymorphisms in genes relevant to the three “compartments” of
systemic sclerosis described above i.e. immune, connective tissue and vascular

systems.
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Associations identified in candidate genes related to vascular function include
endothelial nitric oxide synthase (eNOS), angiotensin converting (ACE)(8) and the
endothelin receptor B (ETRB)(9). Polymorphisms overrepresented in scleroderma
related to genes involved in the connective tissue system have included CTGF(10),
Fibrillin-1(11) and SPARC(12). However, there has not yet been a study that has
successfully replicated any of these associations across multiple populations.

On the other hand, studies examining associations with genes regulating the
immune system have been successfully replicated. These include STAT4, which
regulates differentiation of T-cells (13), BANK1, which regulates B-cell activation(14),
and IRF5, which acts as an activator of type 1 interferon(15). Interestingly, these
target genes include at least one which associates with a specific internal organ
complication of scleroderma—STAT4 and interstitial lung disease (16).

GWAS

Genome-wide association studies (GWAS) in North America, Europe and East Asia,
have provided statistical confirmation for some associations identified in candidate
gene studies, including STAT4 (17) and IRF5(18). The most convincing replication
data for a gene newly identified via GWAS is for CD247, a cell-surface marker
mediating T-cell receptor signaling. CD247 has also been implicated in the
pathogenesis of another connective tissue disease, Systemic Lupus Erythematous
(SLE)(17,19).

Other GWAS studies have been successful in identifying common variants associated
with skin subgroup (limited versus diffuse) and immunological subgroup (ACA versus
ATA) in scleroderma(20). In view of the easily observed associations between skin
subgroups, circulating antibodies and organ complications, future GWAS analysis
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could be enriched by looking only within a given clinical or immunological subgroup
and interrogating the genetic risk for a given complication that occurs at high
frequency within that subgroup(21)Genetic associations for scleroderma are

summarized in Table 1.

21



Table 1: Genes with associations for increased scleroderma risk (excluding Human
Leucocyte Antigen system locations).

Pathogenic association Gene Study type

Vascular eNOS Candidate gene
ACE Candidate gene
ET-1 Candidate gene

ETRA/B  Candidate gene
Immune/inflammation STAT4 Candidate gene/GWAST
IRF5 Candidate gene/GWAST
CD247 GWASTt
TNIP1 GWAST
BLK Candidate genet
TNFSF4  Candidate genet
BANK1 Candidate genet
MIF Candidate genet
Connective tissue CTGF Candidate gene
Fibrillin 1 Candidate gene
SPARC Candidate gene
tThese genetic associations have been replicated in more than one population.
Abbreviations: ACE, angiotensin converting enzyme; BANK1, B call scaffold protein
with ankyrin repeats 1; BLK, B lymphocyte kinase; CD247, cluster of differentiation
247; CTGF, connective tissue growth factor; eNOS, endothelial nitric oxide synthase;
ET-1, endothelin 1; ETRA/B, endothelin receptor A/B; IRF5, interferon regulatory
factor 5; MIF, macrophage migration inhibitory factor; SPARC, secreted protein

acidic and rich in cysteine; STAT4, signal transducer and activator of transcription 4;
TNFSF4, tumor necrosis factor superfamily 4; TNIP1, TNFAIP3 interacting protein 1.

Initiation
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Chemical triggers

A syndrome associating Raynaud’s phenomenon, skin-thickening and acro-osteolysis
in individuals who had exposure to vinyl chloride was recognised as early as the
1960s(21). This syndrome has marked similarities to scleroderma. It is interesting to
note that HLA antigens predicting development and severity of vinyl chloride disease
mirror those which are predictive in scleroderma (22,23). This helps to illustrate that
scleroderma is a condition occurring in a susceptible individual but that it requires
initiation by exposure factors (often more than one). Other chemical agents have
been observed to cause sclerodermatous reactions including taxane
chemotherapy(24), contaminated rapeseed 0il(25) and tryptophan(26).

Developing this concept further, several environmental factors have been
investigated as risk factors, in those with a clinical diagnosis of scleroderma itself.
The best-evidenced association is between scleroderma and occupational exposure
to solvents (27,28). The exposure risk does not seem to be dose-dependent and is
more marked in male individuals(29), both of which support my hypothesis that
exposure risks are acquired in the context of a degree of genetic susceptibility which
varies in individuals. Other strong occupational risk factors for scleroderma have
been identified, including crystalline silica and white spirit, both of which also show a
marked gender difference in the degree of risk associated with exposure (30).
Endocrine triggers

Numerous investigators have tried to account for the marked prevalence of
scleroderma and other autoimmune diseases in females (ratio is around 5:1 for SSc).
One hypothesis is that endocrine triggers contribute to the initiation or progression

of scleroderma. It has been observed that the female sex hormone oestradiol
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potentiates the pro-fibrotic effects of some cell-to-cell mediators in scleroderma,

including interferon-gamma, interleukin-1 and tumour necrosis factor alpha (31).

Infective triggers

As has often been proposed in analogous auto-immune conditions, it is presumed
that scleroderma might be triggered in some cases by a host immune response to an
infective agent that acts as a “molecular mimic” for the host’s own proteins. By way
of example, there are close resemblances in the amino acid sequence of the protein
that binds ATA antibodies and an antigen that appears on a number of mammalian
retroviruses(32).

More detailed analysis has focussed on the hypothesis that latent cytomegalomvirus
(CMV) infection, localising to the vascular endothelium, might act as a disease
trigger in scleroderma. To support this hypothesis, potentially pathogenic auto-
antigens seen in SSc bind to the UL94 protein on CMV as well as to the endothelial
cell surface in humans, where once bound they cause endothelial cell apoptosis,
which is traditionally considered an early event in scleroderma—see “Progression”
below (33).

Neoplastic triggers

The incidence of scleroderma in relation to a trigger has been defined on a molecular
level in the subgroup of patients with SSc and cancer. There is a relatively high
prevalence of malignancy in patients with scleroderma and the anti RNA polymerase
[l (ARA) antibody. In this subgroup, the clinical onset of connective tissue disease
and the diagnosis of cancer often come close together in time (34,35). Joseph and
colleagues describe mutations in the RNA polymerase Il polypeptide A gene

(POL3RA) in cancer cells extracted from patients in this subgroup, but not in control
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tissues from the same patients or in the cancer cells of patients from other
scleroderma subgroups. They hypothesise that specific cellular immunity triggered
by a neoplastic mutation could lose its specificity in the humoral response (a concept
known as “epitope spreading”) and this could subsequently result in disease-causing
autoimmunity. Supporting this concept, they describe a population of CD4 T cells in
the peripheral blood in some of these patients that reacted to the mutated POL3RA
in the patient’s cancer cells (but not to their own wild-type POL3RA protein) and
then demonstrated that antibody response in these patients could not discriminate
between wild type and mutant POL3RA (36).

This study gives a useful outline of the pathobiology whereby an autoimmune
condition like scleroderma could be triggered in a susceptible individual by exposure
of the immune system to a cross-reactive antigen (in this case a somatic mutation in

cancer tissue).

Progression

The traditionally proposed model of disease progression in scleroderma is
sequential, with vasculopathy and/or immune activation usually described as
happening first and then resulting in the activation of fibroblasts and subsequently
excess extracellular matrix production and scarring (37). However, there is no
definitive evidence as to the order in which these events occur. It seems likely the
disease state will only be tolerated if there is simultaneous dysregulation of all three
relevant compartments (ie immune system, vascular endothelium and connective
tissue repair system). It is in the context of the disease susceptibility and initiation
discussed above that the key clinical features of scleroderma—hardening of the skin,
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fibrosis of the internal organs and systemic vascular dysfunction—are allowed to
develop and are subsequently amplified. The interplay of skin, vascular and immune
cell-types via important signalling molecules which are implicated in the disease

process is summarised in Figure 2 and described further below.
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Figure 2: Cell-to-cell interaction in multiple systems in scleroderma pathogenesis.

Abbreviations: CCL2, chemokine ligand 2; CCL7, chemokine ligand 7; CTGF,
connective tissue growth factor; ET1, endothelin 1; IL6, interleukin 6; PDGF, platelet-
derived growth factor; TGFb, transforming growth factor beta; TNFa, tumor necrosis
factor alpha. Cell types are not illustrative of source of specific mediators, e.g. ET-1 is
unlikely to be of epithelial origin.
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Raynaud’s phenomenon and the role of vasoconstrictors

Abnormalities in the cell behaviour and therefore the physiological activity of the
vascular endothelium play a role of particular importance in the pathophysiology of
scleroderma (38). Circulating mediators of vascular tone, which include the
endothelins and nitric oxide, have a key role(39).

Endothelin-1 (ET-1), is best recognised as a marked vasoconstrictor but additionally
acts as a mediator of fibrosis (40). ET-1 has been proposed as an important effector
molecule in scleroderma. ET-1 levels respond dynamically to changes in temperature
in scleroderma patients with Raynaud’s phenomenon but not in healthy individuals
(41). ET-1 was shown to promote collagen synthesis in the same patients, the degree
of effect correlating with the ET-1 levels. Serum ET-1 concentration correlates with
the degree of scleroderma disease severity and with the development and
progression of internal organ complications of the disease including the three with
the highest associated mortality: pulmonary arterial hypertension (PAH), interstitial
lung disease (ILD) and scleroderma renal crisis (SRC)(42—44). The A and B subtypes of
endothelin receptor (ETRA/ETRB) are both overexpressed in vascular and other renal
tissues in SRC(45). The pathogenesis of SRC is discussed further below.

It is possible ET-1 plays a linking and promoting role between abnormal vascular
tone and pathological fibrosis in scleroderma: staining intensity of ET-1 and its
receptors were increased in the vasculature and superficial dermis of areas of skin
which were either not-yet-involved or showed only early skin fibrosis, but not in skin
which had progressed to late fibrosis (46).

Pharmacological antagonists of both ETRA and ETRB have been demonstrated in

patient care as effective clinical treatments for what are clinically apparently diverse
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complications of scleroderma (digital ulcers and pulmonary arterial hypertension),
providing additional evidence that the endothelin system plays a significant part in
the disease process.

In normal human biology, endothelin activity is regulated by negative feedback
directly from its own ETRB receptor, but also by nitric oxide synthase (NOS) and
superoxide anions. Data as to the specific defects in these homeostatic mechanisms
that allow the scleroderma disease state to persist are contradictory (47-49).
Endothelial damage in scleroderma

Anti-endothelial cell antibodies have been observed in the serum of some
scleroderma patients and in vitro the sera of those patients induced endothelial cell
apoptosis (50-52). Apoptosis was effectively blocked by anti-tumour necrosis factor
(TNF) antibodies in some cases. The complement membrane attack complex (MAC)
can be identified in the microvasculature in sclerodermatous tissues (53). After
endothelial damage has occurred, high pressure shear stress and reperfusion injury
both appear to have a role in progression of vascular dysfunction in scleroderma
(54,55). Angiogenesis and the ability of the vasculature to repair are both
dysfunctional in scleroderma, allowing the chronic disease state to evolve (56,57).
Adhesion molecules

Adhesion molecules act as mediators between vasculature and extracellular matrix
and regulate migration of immune cells. These molecules seem to play a significant
role in the pathology of scleroderma (58,59). Concentrations of intercellular
adhesion molecule-1 (ICAM-1) and endothelial leukocyte adhesion molecule-1 (E-

selectin) are both raised on the endothelial cell surface in scleroderma patients (60).
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Further to this, the soluble forms of ICAM-1, E-selectin and vascular cell adhesion
molecule 1 (VCAM-1) have been shown to be increased in concentration in serum
from scleroderma patients (48,61,62). Increased concentrations of these three
soluble adhesion molecules are also associated specifically with scleroderma renal
crisis (63).

Imunological activity in SSc

As described earlier, the best evidence for genetic risk in scleroderma is related
either to HLA alleles which act as general risks for automimmunity or to variants in
genes that govern immune cell activity. The triggering events we have reviewed so
far are presumably mediated to some degree via the immune system. The genetic
findings suggest that the immune dysfunction will prove to have a primary
importance in the pathogenesis of scleroderma. However, it has been a widespread
clinical observation that medical immunosuppression has only a modest effect on
patient outcome in scleroderma, particularly when we compare with the
effectiveness of immunosuppressive medication on analogous systemic rheumatic
conditions including Rheumatoid Arthritis and SLE. For this reason, we have to
presume that immune dysfunction in the scleroderma disease state is taking place in
concert with dysfunction in the vascular and connective tissue systems rather than
as a reversible cause of those dysfunctions.

The role of autoantibodies

A large majority of scleroderma patients (85% or more) have autoantibodies, which
can be identified in their serum and in most cases these are highly specific for the
disease and mutually exclusive within patients. The antigen targets for the typically
observed antibodies all have their origin within the nucleus, including: the
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centromere (ACA), topoisomerase 1 (ATA, formerly known as Scl-70), RNA
polymerase (ARA), ribonucleoproteins (fibrillarin or U3RNP) and the exosome
complex (Pm-Scl).

Some of the environmental or neoplastic risks described above are believed to
directly provoke antibody production in a minority of cases. In most scleroderma
patients the provoking event for acquired antibody positivity is not clear, but in at
least some cases, antibody production may be an event secondary to vasculopathy.
Several of those scleroderma-associated autoantigens outlined can be fragmented
by reactive oxygen species (ROS) in the context of ischaemia-reperfusion injury(64).
This in turn generates the hypothesis that the fragmentation process could result in
immunogenic peptides and subsequently the breaking of “self-tolerance”.

There is little available evidence to suggest that the IgG antibodies detected in
clinical diagnostics for scleroderma are themselves directly pathogenic. It is more
likely they reflect T-cell activity against their antigen targets. Nevertheless, other
circulating antibodies, typically directed against targets outside the nucleus, may be
directly implicated in the disease process. As well as anti-endothelial antibodies,
which | described as potential pathogenic mediators above, anti-fibroblast
antibodies can be detected in serum from scleroderma patients but not controls.
These antibodies could activate fibroblasts in vitro (65). Anti-angiotensin receptor
and anti-endothelin receptor antibodies are also much more common in
scleroderma patients than controls and the concentrations of both these antibodies
correlate positively with the degree of disease severity in those individuals (66). A
further study found antibodies against the platelet derived growth factor receptor

(PDGFR) in scleroderma patients compared with controls. Anti-PDGFR antibodies
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were shown to generate ROS, stimulate the differentiation of myofibroblasts and
subsequently increase expression of type 1 collagen (67). There is no evidence in the
studies described above as to how these apparently pathogenic antibodies are
acquired or allowed to persist in scleroderma.

Cellular immunity

With the increase in cell adhesion molecule activity described above, migration and
activation of CD4 positive T-cells is promoted in scleroderma (68) and these cells are
observed in high concentration in the lymphocytic infiltrates seen in both skin and
lung tissue(69,70). Differentiation towards the Th17 subclass of T-cells appears to be
important in scleroderma and these cells are pro-fibrotic compared with other
subclasses(71). It has been hypothesised that regulatory T-cells (Tregs), which
normally play a role in the maintenance of “self-tolerance” may be reduced in
number in scleroderma or be defective in their action (72,73). Altered function of
toll-like receptors may be responsible for the monocyte infiltration that has also
been observed in the skin and lung tissue of patients (74,75).

Cytokines and cell-signalling in SSc

The important cell-to-cell signalling events in scleroderma are not only those which
are stimulated or released by immune cells. Endothelial cells and fibroblasts both
have a contribution to the signalling cascades. Unpicking abnormalities in the
communication between these three different cell groups is a key part of
understanding the scleroderma disease process.

This is a multi-directional interaction. For example, increased expression of ICAM-1,
occurs in soluble form, as described above, but also on the surface of both
fibroblasts and endothelial cells. This increases binding of lymphocytes to fibroblasts
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and promotes migration of lymphocytes across the endothelial barrier. Increased
ICAM-1 concentrations can be stimulated by interferon-gamma and tumour necrosis
factor, both originating from lymphocytes (31,76).

In analysis of this “cross-talk” between the immune, vascular and connective tissue
systems, interest has focussed on mechanisms which promote epithelial-to-
mesenchymal transformation and thereby provide the enlarged population of

myofibroblasts typically seen in scleroderma.

Transforming Growth Factor-beta (TGF-8)

TGF-B is the best-recognised mediator of extracellular matrix production and
therefore has been widely investigated as a pathogenic mediator in scleroderma. It is
seen in high concentration in tissues affected by the condition (77,78) but circulating
TGF-B levels are actually lower than controls in serum from scleroderma patients,
and the concentrations correlate inversely with disease activity(79). A possible
explanation is that there is an increase in the binding and/or the sequestration of the
molecule in scleroderma. TGF- receptors are upregulated in scleroderma skin (80).
Cell culture experiment have failed to either induce or maintain a scleroderma-like
cellular phenotype via manipulation of the TGF-B system, however (81).

TGF-B presumably exerts its pro-fibrotic effects in scleroderma at least in part via
other signalling molecules described above including ET-1 and PDGF. In culture, both
the expression of PDGFR and the mitogenic response to PDGF are much more
marked in scleroderma fibroblasts than control cells (82).

Connective tissue growth factor (CTGF or CCN2)

Expression of CTGF is increased in many fibrotic diseases and it is an important

effector in the TGF-B pathway (83). Scleroderma fibroblasts generate high
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concentrations of CTGF and the N-Terminal fragment of this molecule was highly
expressed in blister fluid and serum of patients, correlating with extent of disease
(84). It seems likely CTGF is an essential co-factor for TGF-B to activate or sustain

ECM production in both normal health and disease (85).

Interleukins and chemokines

Interleukin-6 (IL-6) can be secreted by fibroblasts as well as lymphocytes and
stimulates synthesis of collagen (86). Serum concentrations are elevated in patients
with scleroderma and correlate with extent of skin disease (87).

Interleukin-4 (IL-4, typically secreted by Th2 cells) is seen in higher concentrations in
serum and disease tissues in scleroderma(88,89), SSc fibroblasts overexpress its
receptor and stimulation of the IL-4 receptor in SSc fibroblasts promotes production
of collagen (90).

The secretion of Interleukin 1-a by skin keratinocytes is raised in SSc scleroderma.
Culture of scleroderma keratinocytes together with normal skin fibroblasts causes
activation of fibroblasts as well as their differentiation into myofibroblasts, and
increased CTGF production, all of which are mediated via IL-1a(91).

CXCL4 (or platelet-activating factor 4) is an angiogenic factor which downregulates
expression of interferon-y (an anti-fibrotic) and promotes production of the pro-
fibrotic cytokines IL-4 and IL-13 (92). Plasma CXCL4 concentration is raised in
scleroderma and correlates positively with disease activity (93).

Monocyte chemotactic proteins 1 and 3 (MCP-1 and MCP-3 also referred to as
CCL2/CCL7) are both overexpressed in scleroderma(90,94). MCP-1 may have a direct
role in pathogenesis but is better understood presently as a biomarker of disease
activity.
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Fibroblasts
The skin and internal organ fibrosis that gives scleroderma its name requires a
population of activated fibroblasts which in turn produce excess collagen. In cell
culture, scleroderma fibroblasts from skin and lung show these features compared
with control cells and maintain the disease-causing phenotype through generations
(95). In patients, cells with this phenotype are found predominantly in perivascular
tissues and areas of inflammatory infiltrate, while normal fibroblasts persist
elsewhere (96,97). The key abnormality of increased matrix production could be
dependent primarily on an excess of the pro-fibrotic signals | have outlined above,
but equally a lack of inhibitory signals may be responsible. Such inhibition acts as a
negative feedback loop in normal health when fibroblasts come into contact with
collagen and fibronectin and may be defective in scleroderma.

How far fibroblasts require TGF-B to sustain ECM production has been examined in
animal models with deletion of the TGF-[ receptor gene. Transgenic mice were
unable to achieve normal wound healing(98) but were resistant to an experimental
model of lung fibrosis(99). Unlike these models, the human scleroderma fibroblast,
appears to have some autonomy in ECM production, with no absolute requirement
for external signals (100).

It is possible that immune abnormality in scleroderma results in the selection of a
population of fibroblasts that can sustain collagen overproduction indefinitely.
Another hypothesis is that there is epigenetic modulation of fibroblast activity:
hypermethylation of the promoter region for the FLI 1 gene (an inhibitor of collagen
synthesis) produces fibroblasts capable of excess collagen production and

impervious to negative feedback mechanisms (101).
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Another possibility is that abnormalities in the ECM contents allow abnormal
fibroblast activity. Microfibrils of fibrillin-1 in scleroderma appear to be less stable
than in controls and this cellular environment might be partially responsible for the

altered fibroblast behaviour(102,103).

Amplification

Up to here | have outlined a number of interrelated factors that make an individual
susceptible to systemic sclerosis, the events and exposures that could result in
triggering the disease in a prone individual and the dysfunctional activity which
allows the disease to progress on a molecular level, eventually producing the typical
scleroderma phenotype.

Happening in concert, these processes of simultaneous multisystem dysregulation
allow amplification of scleroderma over time and lead to the internal organ
complications that are responsible for the high levels of morbidity and mortality. But
susceptibility factors, including the genetic ones described, may also at least partially
determine the severity and phenotype of each patient’s disease and their risk of
developing specific complications of the disease. | will explore this further below in

the context of renal complications of scleroderma.
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Renal disease in systemic sclerosis

Like other organ systems affected by scleroderma, the renal tract is subject to
chronic, progressive parenchymal fibrosis and vasculopathy which can be acute and
chronic. In keeping with this, prevalence of chronic kidney disease (CKD), as defined
by urinary abnormalities or a reduced estimated glomerular filtration rate (eGFR),
was as high as 50% in one series of scleroderma patients(104). Infammatory disease
of the kidney, including ANCA-associated vasculitis(105,106) and interstitial
nephritis(107) are also seen in the context of SSc, but the most clinically significant
renal manifestation in scleroderma is scleroderma renal crisis (SRC) and therefore |

will cover that topic in some detail.

Definition of scleroderma renal crisis

Scleroderma renal crisis can be defined as new onset of accelerated arterial
hypertension and rapidly progressive excretory renal failure in the context of
scleroderma. Neither the hypertension nor a rise in serum creatinine in isolation can
be presumed to be diagnostic of SRC. Given the complexity of this multisystem
disorder, many other potential causes of acute kidney injury (AKI) have to be
considered in the scleroderma population. In particular, a rise in creatinine
secondary to circulatory dysfunction (sometimes described as “pre-renal AKI”)
should always be suspected as should medication related causes. Variation in the
criteria used to define SRC in different case series may account for discrepancies in
the outcomes of the patients described.

Consensus criteria for the definition of SRC are summarised in Table 2 below but
these are currently being developed further in a prospective case collection study,
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which will build on a completed Delphi exercise that has already canvassed
international expert opinion on the definition of SRC. When the completed
consensus criteria are published, these will allow more consistent comparison

between study cohorts in future (108—-110).
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Table 2. Proposed criteria for the diagnosis of scleroderma renal crisis

Diagnostic criteria (essential)

New onset of BP >150/85 mmHg

or obtained at least twice over 24 hrs
Increase of 2 20 mmHg from usual BP

A decline in renal function, defined as an increase in serum creatinine of > 10%
(confirmed with repeat testing where possible)

Supportive evidence (desirable)

Evidence of MAHA (microangiopathic haemolytic anaemia) on blood film
Acute hypertensive findings on fundoscopy

Microscopic haematuria demonstrated on urinalysis or urine microscopy
Oliguria or anuria

Typical features of thrombotic microangiopathy on renal biopsy examination,
including intimal proliferation and onion skin appearance in small an medium
sized vessels, fibrinoid necrosis, glomerular shrinkage.

Acute onset of pulmonary oedema
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Pathogenesis of Scleroderma Renal Crisis

As discussed above, the pathology of SRC is typified by a triad of autoimmunity,
vasculopathy and fibrosis. Dysfunction in all three of these three systems has been
observed in the kidney in scleroderma patients(63). That notwithstanding, SRC is
primarily a disease of impaired arterial blood flow within the kidney.

Endothelial injury, followed by increased permeability of the vessel wall and
proliferation of the damaged intima is an early event in this process. This results in
narrowing of the lumen, especially in interlobular and arcuate arteries. Subsequently
there is a reduction in blood supply to the renal cortex.

Endothelial cell activation may play a role in addition to injury to these cells.
Increased circulating concentrations of ET-1(44), and VCAM-1 (63) have been
observed in association with SRC. Immunohistochemical examination of SRC renal
biopsies has revealed increased tissue concentration of ET-1 as well as its receptors

ETRA/ETRB (45,111).

A consequence of hypoperfusion of the renal cortex is hyperplasia of the
juxtaglomerular apparatus, which is the principal site for renin production (112). At
the time of SRC diagnosis, patients have marked elevation in circulating renin
concentrations. As there is a dramatic clinical response to therapeutic inhibition of
the renin-angiotensin system in SRC (and previously to nephrectomy, removing renal
renin production completely), it seems logical that overproduction in renin would
have a key role in the evolution of the disease state(113). However, prior to the
acute onset of SRC, renin levels are typically observed to be normal and raised renin

in scleroderma patients does not predict future SRC(114), so while the susceptible
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patients do appear to have underlying renal vasculopathy it is not clear what
precipitates the acute crisis.

There is no evidence regarding the role played by a dysfunctional immune system in
SRC, but a marked contrast has been observed between the frequency of SRC in
patients with different disease defining antibodies, ranging from ACA (<1% risk of
SRC) to ARA (33%). This suggests that developing a better understanding of the role
these antibodies play in the pathophysiology of scleroderma in general may improve

our understanding of the pathogenesis of SRC (115).

Epidemiology

SRC incidence is varied between populations and may be falling over time(116).
Most historical estimates suggested it appears in around 10% of the SSc population
overall and up to 25% of patients within the diffuse skin subgroup (dcSSc). At least
75% of SRC cases occur within 4 years of the first symptom attributable to
scleroderma(114). In one SRC case series, it was the presenting symptom of SSc for
22% (117). Males are more often affected than females and African-Americans are at
least three times as likely to be affected as Caucasians but data are limited in black
or other minority ethnic group risk outside of those American cohort studies

(118,119).

Predicting renal crisis

Multiple predisposing factors have been observed in SRC cohort studies. These risk
factors are summarized in Table 3 below. As discussed above, patients with diffuse
cutaneous scleroderma (dcSSc) are at the greatest risk: this subgroup is defined by

41



skin thickening on trunk or the proximal part of the limbs. dcSSC patients account for
(121)75-80% of SRC cases (120).

Patients who will in due course be categorised as dcSSc but don’t yet have typical
skin changes make up a further 15-20% of SRC cases. Identifying early those who will
end up being categorised according to skin as “diffuse” is therefore of particular
importance in predicting those at risk of SRC. Such patients have usually had
scleroderma symptoms for less than one year. They often have arthralgias puffy or
swollen limbs, and carpal tunnel syndrome(121). Palpable tendon friction rubs occur
at some point in 65% of patients with dcSSc(122) but fewer than 5% of patients with
limited disease, so may be an early clue to the eventual disease subgrouping.

As touched on earlier, autoantibodies can also help us to identify patients at
increased risk of SRC. Anti-RNA polymerase IIl (ARA) is a scleroderma specific
antibody seen almost exclusively in dcSSc and 24% to 33% of patients with this
antibody develop SRC(123,124). In published cohorts with a low frequency of this
antibody (those from Asia or Southern Europe, where its prevalence ranges from 6
to 9% of scleroderma patients) there is a correspondingly low incidence of SRC,
relative to the United States and the United Kingdom, where ARA frequency is more
than 20%(123). SRC occurs in 10% of those with ATA, the most prevalent antibody
associated with dcSSC(125). ACA, typically seen in |cSSc, acts as a relative protective

factor for SRC (126).
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Identification and clinical management of patients at high risk of renal crisis

Early identification

For patients with early dcSSc (within 4 years of diagnosis) expert consensus
recommends home BP monitoring twice weekly(127). Patients are given
individualized blood pressure targets and are instructed to seek medical review if
their blood pressure is above these targets. However, significant arterial
hypertension is not usually observed prior to SRC in affected individuals. Normal
blood pressures have been documented as little as 24 hours prior to the onset of
SRC (118).

Corticosteroid exposure

An association between the use of medical corticosteroids and the likelihood of SRC
has been observed since the earliest full descriptions of the disease (128,129).
Incidence of SRC may be as much as twice as high among those patients given
medium or high dose steroids (130). This is a challenging statistic to interpret. SRC is
commonest in patients with early, aggressive disease and these individuals are more
likely to be treated with high steroid doses. Nevertheless, a case-control study
comparing patients with SRC to other patients at high risk (according to those factors
described above) also found those who had received >15mg prednisolone were
three times as likely to develop with SRC in the following six months(131).

ACE inhibitors prior to renal crisis

ACE-inhibitors (ACEi) are now standard therapy for SRC as will be discussed below.
However, there are no data to support ACEi use for prophylaxis against SRC, even in
those at high risk (117,132) and indeed this may be harmful(133). A prospective
study of 75 patients with SRC found those who had been on ACEi prior to the
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diagnosis of SRC had more than 2 times the risk of death in the year following
SRC(134). There are several competing hypotheses for these observations. One
possibility is that partial ACE-inhibition can mask the onset of hypertension and
result in late diagnosis of SRC. Another is that individuals who developed SRC despite
taking an ACEi are in a resistant group with an intrinsically poor prognosis that is not
modifiable. A final possibility is confounding by indication: i.e. hypertension or left
ventricular systolic dysfunction for which ACEi are commonly prescribed are at least

in part responsible for the excess mortality in these patients.
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Table 3. Risk factors for scleroderma renal crisis

Associated with increased risk of SRC

No associated risk for SRC

Disease symptoms < 4 years

Previous acute or chronic hypertension

Diffuse cutaneous skin subtype

Pre-existing proteinuria

Rapid progression of skin thickening

Pre-existing chronic kidney disease

Anti-RNA polymerase 111 antibody

(ARA)

Pathological abnormalities of renal

blood vessels

New onset of cardiac complications
Pericardial effusion

Left ventricular failure

Anti-topoisomerase (ATA)

Anti-centromere antibodies (ACA)

New onset of anaemia

Recent corticosteroid exposure

>15mg prednisolone equivalent
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Diagnosis of scleroderma renal crisis

Clinical presentation

As in acute accelerated hypertension of other causes, SRC patients may complain of
central nervous system symptoms including headache, visual change, confusion or
even seizures in those most severely affected. In keeping with other forms of AKI, it
is rare for affected individuals to present with oliguria or uraemic symptoms. The
majority will be non-specifically unwell, complaining of increased fatigue, headache
or occasionally dyspnoea.

90% of patients have blood pressure (BP) levels greater than 150/90 mm Hg at
presentation with SRC and 30% have diastolic recordings over 120 mm Hg. About
10% of cases have normal blood pressure but an increase of 20 mm Hg in either the
systolic or diastolic pressure would be potentially diagnostic, even if the
measurement remains in the “normal” range. A category of “normotensive renal
crisis” has been proposed, requiring the support other features, including
unexplained AKI and microangiopathic haemolytic anaemia (MAHA). Some
individuals present with symptoms and signs secondary to acute hypertension,
including congestive cardiac failure, pericardial effusion, or arrhythmias. Fundoscopy

will demonstrate acute hypertensive retinopathy in many.

Laboratory findings

In a majority of cases there is both protein and blood detectable on urinalysis.
Proteinuria is typically mild or moderate (equivalent to <2g of urinary albumin per
day) and microscopy shows granular casts in some (135). Serum creatinine is at least

150% of baseline value in most cases (ie Stage 1 Acute Kidney Injury in the consensus
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guidelines for AKI care(136). Many scleroderma patients have low muscle mass, so
creatinine can often reach this threshold without rising above the normal range
values quoted by clinical laboratories. Creatinine will usually rise rapidly in the
following days and will continue to rise even where blood pressure is adequately
controlled.

Serological evidence of MAHA is apparent in approximately 50% of SRC cases e.g.
one case series found a reduced platelet count in 50% of and red cell fragments in
52%(117). The presence of MAHA along with accelerated hypertension, or in some
cases a finding of thrombotic microangiopathy on renal biopsy, can cause diagnostic
confusion, raising the possibility of thrombotic thrombocytopaenia purpura (TTP) or
atypical haemolytic uraemic syndrome (aHUS). There are case reports of TTP in
individuals with scleroderma (137-140). Fever and hemorrhagic manifestations were
important clinical findings that helped differentiate these cases from SRC. Levels of
the enzyme ADAMTS13, normally are reduced in TTP(141), were normal in a small
study of patients with SRC (K.S. Torok et al. “Scleroderma renal crisis and thrombotic
thrombocytopenic purpura — are they related”, American College of Rheumatology
abstract 2008). However, in most institutions, results of the ADAMTS13 assay will
not be available early enough to affect the immediate clinical management. Given
the remaining diagnostic uncertainty in this field, if a diagnosis of TTP or HUS is
suspected in a scleroderma patient, expert consensus has recommended that an
ACE-inhibitor should be used in conjunction with plasmapheresis or anti-

complement monoclonal antibody therapy(139,142).
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Imaging
Renal ultrasound does not show any specific features in SRC. Echocardiography will
sometimes demonstrate pericardial effusions and reduced left ventricular ejection

fraction, both common findings secondary to increased afterload on the heart.

Renal Pathology

The primary clinical benefit of renal biopsy is to exclude other renal pathology that
can mimic SRC (e.g. ANCA-associated vasculitis) in the acute phase. There is some
evidence that biopsy findings can be informative about longterm prognosis. Data on
renal pathology findings in SRC are limited by the low volume of biopsies performed,
usually because of safety concerns with regard to renal biopsy in patients with high

BP and low platelets.

Pathological findings in SRC are generally the same as are seen in other causes of
accelerated hypertension(107). Fibrinoid necrosis is often widespread in both
arterial walls and the subintima of interlobular and arcuate arteries. The resulting
intimal thickening leads to narrowing or obliteration of the lumen and what is
traditionally referred to as an “onion skin” appearance (Fig. 1 below). Adventitial
and peri-adventitial fibrosis, which indicate chronic vasculopathy, are common in
patients with SRC, but more rarely seen in accelerated hypertension without
scleroderma. Glomeruli may be collapsed due to ischaemia, with wrinkling of the
basement membrane. Unlike in other renal diseases the extent of interstitial scarring

does not predict longterm renal outcome but extensive vascular injury (defined as
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the area of fibrinoid necrosis and the percentage of thrombosed vessels) does

predict poor renal outcome(107,117).
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Figure 3: Typical renal histopathology in scleroderma renal crisis.

A. A medium-sized vessel (interlobular artery) in SRC demonstrates evidence of both
acute injury (loose, concentric intimal thickening) and chronic vasculopathy
(hypertrophied smooth muscle inside the internal elastic lamina).

B. Overview of the renal cortex in SRC. Glomeruli show wrinkling and shrinkage
associated with acute ischaemia. Acute tubular necrosis predominates with only

early evidence of tubular atrophy and dropout.
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Treatment of Scleroderma renal crisis

General considerations

Extra-renal organ manifestations of SRC are managed supportively, which may
include management of pulmonary oedema or encephalopathy using standard
approaches such as supplementary oxygen, ventilatory support, and sedation or
anti-seizure medications according to clinical circumstances.

ACE-inhibitors

Immediately on diagnosis of SRC, an ACEi is typically introduced or the dose
increased if the patient is already taking one(143). A short acting ACE-inhibitor (e.g.
captopril) may be preferable in a haemodynamically unstable patient but there is no
evidence that it is preferable in general to a once-daily medication. ACEi resistance
is more typical than oversensitivity and typical practice is to initiate a long-acting
drug as soon as possible and escalate the dose daily to maximum (127). While in
typical hospital care, ACEi medications are discontinued in patients with acute
kidney injury, there is no evidence in SRC that renal function can be spared or
improved by minimizing ACEi dose.

Other antihypertensives

Given dramatic survival benefits seen from antagonism of one part of the renin-
angiotensin system (RAS) in SRC, there has been extensive interest in other
approaches to improve outcome via blockade of this axis. Reports suggest
angiotensin receptor blockers (ARBs) alone are less effective that ACEi in treating
SRC(144,145) but conversely they may be safer as an agent to use for hypertension
prior to the onset of SRC(133). There is no evidence available on the role of direct

renin inhibitors. The combination of ACEi and ARB is generally avoided because it
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offers only modest additional blood pressure control and an excess of adverse
events(146). Beta blocking medication is contraindicated in SRC due to effects on
peripheral circulation and intravenous antihypertensives are not usually indicated,
although nitrate infusion is sometimes used when pulmonary oedema complicates
SRC.

Endothelin receptor antagonists (ERAs)

Endothelin receptor antagonists have been demonstrated to have significant
outcome benefit in both PAH and digital ulceration in patients with scleroderma (see
above). This has raised the question of their utility in renal crisis, an analogous
vasculopathic complication of scleroderma (147). As discussed above, high
circulating levels of ET-1 and upregulation of the endothelin receptor have been
demonstrated in SRC. Polymorphism in the endothelin ligand receptor axis has been
associated with SRC(10) whereas polymorphism in the ACE axis has not(148), so it is
possible that activation of the endothelin system is a key event in the evolution of
the condition. In an open label pilot study, the non-selective ERA Bosentan was given
to six patients with SRC. Although not significant, there was a trend towards lower
rates of dialysis and better recovery of renal function in these patients(45). A further
study of bosentan showed no evidence of benefit (149). However, neither of these
studies used a randomised controlled design.

Other drug treatments

The prostacyclin analogue lloprost is an additional way to reduce the systemic
vascular resistance in SRC and has been shown specifically to increase blood flow
within the kidney in patients with scleroderma(150). The role of immunosuppression

in the treatment of SRC has not been defined.
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Renal Replacement therapy

In case series of patients treated with ACEi, around 60% of SRC patients progress to
needing renal replacement therapy (RRT) compared to >90% prior to the availability
of ACEi(117,151). The most frequently used form of RRT in the acute phase is
intermittent haemodialysis (HD), but continuous haemofiltration is occasionally
required for patients with marked haemodynamic instability. In the general chronic
RRT population, peritoneal dialysis (PD) is associated with better preservation of
residual renal function than HD(152—-154) and this may be a particular consideration
in the SRC group, given the potential for late recovery of renal function discussed
below. PD in this patient group is not uncommon—in a case series which included all
patients with scleroderma who received RRT in Australia or New Zealand between
1963 and 2005, 50% of patients had PD(155). Despite this, there are currently no
data directly comparing outcomes of PD and HD after renal crisis.

Recovery of renal function can continue for months or years after SRC so ACEi
therapy is typically continued indefinitely in all patients, regardless of whether they
are on dialysis. In the more recent case series described above just under 50% of
patients initiated on RRT later recovered independent renal function and where able
to discontinue dialysis. Time to dialysis independence is typically longer than in other
forms of acute kidney injury with one study showing the median time as 11 months
(range 1-34 months)(117). Renal recovery is often slow and continuous both in those
who do and do not require RRT and in the study above eGFR continued to improve

for at least 3 years after SRC diagnosis.
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Because of this possibility of late recovery of renal function, renal transplantation is
typically deferred in patients on dialysis due to SRC for at least 12 months.
Calcineurin inhibitors, typically used in renal transplant immunosuppression, are
renal vasoconstrictors and therefore associated with increased risk of SRC(156,157).
Although SRC recurrence is rare, case reports document both early and late
recurrence after renal transplantation(145,158,159). Overall, as in other causes of
end stage kidney disease, SRC patients treated with renal transplant had improved
survival in scleroderma compared to those who remained on dialysis(160,161). But
as in the general population this finding of a survival advantage is distorted by

selection bias given that not all patients are deemed fit for transplantation.

Prognosis

Mortality

Before the introduction of ACEi, survival to 12 months in SRC was a rare
event(118,120,151). From the early 1980s, when ACEi use became widespread,
survival improved rapidly. Those who survive renal crisis either without the need for
RRT or having had only only temporary RRT now have a 5 year survival of 90%.
However, the other subgroup of 40-50% of patients continues to do badly with a
number of early deaths and permanent requirement for RRT in those who survive.
Overall statistics must be interpreted in the light of these two distinct cohorts, but
reviews examining SRC outcome since the 1980s have shown overall 5-year survival
ranging between 50 and 70%(117,132,134,162,163). Sadly, there is no clear trend

towards improvement in these outcomes over the past 40 years (164). Risk factors
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for mortality in these studies included male sex, older age and lower blood pressure

at the time of diagnosis as well as the development of congestive cardiac failure.

Renal prognosis

For those who have at least partial renal recovery in the acute phase, renal prognosis
is good. In one representative study of 145 patients, 55 of 145 did not require any
RRT in the acute phase. Peak mean serum creatinine among these patients was 336
umol/L. Seven years after diagnosis of SRC their mean creatinine was 159 umol/L.
None went on to require RRT at a later stage. 34 patients in the series had
temporary dialysis. Their mean serum creatinine 6 years after SRC was only slightly
worse than the former group (194 umol/L). 2 of these 34 patients progressed to

endstage kidney disease requiring RRT within the follow-up period(151).

Survival on renal replacement therapy

One series quoted above showed a median survival time of only 2.4 years for
scleroderma patients on dialysis compared with 6.0 years for other patients(155). In
a study of US national registry data, looking at dialysis patients with scleroderma
between 1992 and 1997, two-year survival in the scleroderma group was 49%
compared with 64% in the cohort overall(165). Similarly, a review of scleroderma
renal transplant cases in the US from 1987 to 1996 showed that graft and patient
survival times were both worse after SRC than in renal transplant patients without
systemic diseases(166). More recently, review of transplantation outcomes in

Europe between 2002 and 2013 showed no difference in graft or patient survival
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when comparing scleroderma patients with the general renal transplant

population(161).

Summary

The pathobiology of scleroderma renal crisis (SRC) reflects the complex interplay of
cell types and cell-to-cell mediators in this multisystem disease.

There has been the marked improvement in outcome for most patients with SRC
since the routine use of ACEi medications, but mortality and morbidity remain high.
Our ability to identify a subset of patients at high risk of developing the condition—
those with early diffuse cutaneous systemic sclerosis and those with RNA
polymerase Ill antibodies (ARA) in particular—offers potential avenues for subgroup

enrichment both in pathobiology investigations and testing new therapies in SRC.
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Recent important developments in

this field include increasing evidence

of the role of corticosteroids as a risk

factor for SRC and the potential harm

of ACEi prophylaxis in patients prior

to SRC. Potential new treatments for

patients with renal crisis include

endothelin receptor antagonists

which will be discussed further later

in this thesis. Chapter 2: Genetic risk

for scleroderma renal crisis
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As described in the previous chapter, the distribution of the various internal organ
complications of scleroderma differs between distinct skin-based clinical subsets
(IcSSc versus dcSSc) and varies according to the different antinuclear antibody
reactivities that are a hallmark of SSc (167). Typical antibodies include anti-
centromere (ACA), anti-topoisomerase-1 (ATA) and anti-RNA polymerase Il (ARA).
The frequency of major complications of SSc differs between these clinical and
immunological subgroups. For example, ATA positive patients are more prone to
interstitial lung disease (ILD) (168) and ACA associates with pulmonary arterial
hypertension (PAH) (169). An especially strong association has been demonstrated
between the presence of ARA in sera of patients and the occurrence of scleroderma

renal crisis (SRC)(117,170).

Given the observations that SRC occurs at different frequency in specific subgroups
of SSc, that only a minority of patients develop this complication even within the
highest risk groups, and finally that a large majority of cases occurs early in the
course of disease, it would be reasonable to hypothesise a genetic predisposition to
SRC that could be independent of the inherited risk factors for scleroderma as a
whole. There are limited data available regarding the genetic contribution to SRC
and like many autoimmune disease and disease complications they centre on MHC
antigens; a single study reports an association between MHC class | haplotypes HLA-
DRB1°04:07 and HLA-DRB1"13:04, and the risk of SRC but there has been no

subsequent validation of this finding (171).
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In this chapter | aim to improve our understanding of SRC by assessing genetic
difference among patients within the subgroup who are positive for ARA.
Scleroderma is a rare disease. By selecting a population already known to be at
significantly increased risk | aim to have an enriched subgroup of patients, and
thereby to amplify any evidence of genetic difference within scleroderma patients,
making it easier to identify risks and protective factors for SRC. Examining only
individuals in the antibody group at highest risk, comparing cases that develop SRC
with those that appear to be protected from development of SRC during long-term
follow-up is a novel experimental strategy. | hypothesise that starting at a baseline
of clinical (dcSSc) and serological (ARA) homogeneity will make genetic susceptibility
factors easier to unravel compared to a population of unselected scleroderma
patients. The further hypothesis is that these susceptibility factors might include
common variant single nucleotide polymorphisms (SNPs) detectable by conventional

genome wide association study (GWAS).

Patients and Methods

The scleroderma patients identified for this study were under the care of the UCL
Centre for Rheumatology and Connective Tissue Diseases at the Royal Free Hospital,
a national referral centre for scleroderma. The patients all met either the 1980
American College of Rheumatology (ACR) or 2013 ACR/EULAR (European League

Against Rheumatism) classification criteria for scleroderma (172).
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To improve our baseline understanding of the timing and frequency of SRC in
contemporary scleroderma, | reviewed retrospective clinical and laboratory follow-
up data for 2254 patients who had been seen in the centre. Among these there were
134 episodes of SRC each in distinct patients (see Results below). Using these
findings, a cohort was assembled for genetic analysis. Based on the data summarised
in Figure 1 | assumed ARA-positive patients who reached 60 months of follow-up
without SRC were effectively “SRC negative”. A group of 99 ARA-positive patients
with at least five years’ follow-up data was then assembled. This was a cohort with
two approximately matched halves: 48 individuals who were “SRC positive” and 51
who were still SRC negative after 60 months of follow-up (see Table 1). All enrolled
patients had given prior consent for DNA analysis and the study was approved by the
local Research Ethics Committee. Blood sampling and ELISA assays for
autoantibodies were performed by the clinical team and laboratories of the Royal
Free Hospital. DNA extraction was performed according to standard local laboratory
protocol. Overall, the gender and ethnic background of our cohort of ARA positive
patients did not differ from that of the whole Royal Free cohort of dcSSc cases. To
further amplify predictive genetic difference, 4 ARA-positive SRC patients of non-

European ancestory in the overall cohort were not included in the genetic study.

Genotyping of the Royal Free cohort was performed using the lllumina
HumanOmniExpress bead array chip at the UCL genomics centre. Quality control

checks were performed for Hardy-Weinberg equilibrium and genotyping rate in
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PLINK v1.07(173). After filtering of single nucleotide polymorphisms (SNPs), a case-
control logistic regression was performed in PLINK. This compared SNP frequency
between patients with and without SRC, with the aim of determining significant
genetic difference between the two groups. Further statistical analysis was

performed in Rv3.4.1(174).

The 9 SNPs with highest statistical association (p < 4.5 x 10) in this analysis were
then selected for testing in a validation cohort including subjects from 18 specialist
scleroderma centres in the United States. All subjects in this cohort were also of
white European ancestry. Genotyping was undertaken using TagMan SNP
genotyping assays for each of the selected polymorphisms (175).

Based on the findings of the Royal Free and validation cohorts, two genes were
selected for further validation with histological analysis.

Eight historical SRC biopsy samples were identified from Royal Free patients not
included in the genetic analysis. These were compared with 8 control samples of
normal kidneys donated to the UCL Centre for Nephrology by the NHS Blood and
Transplant service from unused deceased donor organs. Renal tissues were assessed
using polyclonal Anti-CTNND2 and anti-GPATCH2L IgG antibodies (Abcam,
Cambridge, MA). The distribution of CTNND2 and GPATCH2L staining was assessed in
four separate renal “compartments” (glomeruli, tubules, interstitium and
vasculature) and myself and my PhD supervisor assigned blinded scores for each
compartment, which were then aggregated. For each compartment two scores were
assigned—one for the proportion of tissue stained positive (0-4) and a second score

for the intensity of staining (0-3). The two scores were multiplied together to give a
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total score of up to 12 for each compartment in each of 16 biopsy samples. For the
CTNND?2 analysis, localisation within the glomerulus was attempted using
immunofluorescence. Nuclei were identified by counterstaining with 4’,6-diamidino-
2-phenylindole (DAPI) and endothelial cells by counterstaining with anti-Von

Willebrand Factor (VWF) antibodies.
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Results

Definition of serological risk for SRC

From the cohort of 2254 scleroderma patients with data available on circulating
antibodies, 390 (17.3%) were male. 811 (36%) had dcSSc and the rest IcSSc. 258
(11.5%) of the patients were positive for ARA, 639 (28.4%) for ACA, 508 (22.5%) for
ATA, 91 (4%) for USRNP and 102 (4.5%) for PmScl. 869 (38.6%) had interstitial lung
disease, 216 (9.6%) had pulmonary arterial hypertension, 89 (4%) had cardiac
complications of scleroderma and 134 (5.9%) had a history of renal crisis. Among
these 134 SRC cases, 92 (68.7%) had occurred in the first 18 months after diagnosis
and 122 (91%) within the first 5 years. Cumulative incidence of renal crisis was
calculated at 12, 24, 36 and 60 months as 3.3%, 4.3%, 4.8% and 5.6% respectively.
Among the 258 ARA positive patients 59 (22.9%) had a history of SRC. Cumulative
incidence of SRC at 12, 24, 36 and 60 months within the subgroup was 12.5%, 18%,
20.4% and 21.4% respectively. Figure 1 illustrates the cumulative incidence in each
of the five antibody subgroups. The very high frequency of SRC in ARA positive
patients and the trend towards even earlier occurrence in this antibody subgroup
supported the hypothesis that this would be an appropriate cohort for examining

the genetic susceptibility to SRC via common variant SNPs.
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Figure 1: Association of SRC with scleroderma autoantibodies
Kaplan-Meier plot illustrates cumulative incidence of SRC divided into six groups
according to circulating autoantibody. The total number of individuals at risk is

documented at 24-month intervals up to 120 months of follow-up.
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Genetic analysis cohort

99 ARA positive patients with follow-up of at least 60 months were available for
analysis (48 SRC positive and 51 SRC negative). Their clinical characteristics are
described in Table 1A. Overall the two groups were well matched with regards to

age, gender and ethnicity.

GWAS analysis

Hardy-Weinberg equilibrium was calculated in PLINK (p < 0.001) and genotyping rate
was > 90%. 2309 SNPs were subsequently removed for missingness and 77122 SNPs
failed MAF filters (MAF < 0.01).

After these quality control checks, 641,489 SNPs remained for analysis comparing
SRC positive and negative groups. Results of this Genome-Wide Association Study
(GWAS) are shown by Manhattan plot in Figure 2. SNPs with GWAS p value < 3 x 10-5
are annotated on the figure with their reference SNP identification number (rs).
Unlike the majority of previous GWAS analyses in scleroderma described in my
introduction and including the only previously documented association with SRC,

there is no marked association seen with the MHC on chromosome 6.
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Figure 2: Single nucleotide polymorphism associations with SRC in ARA positive
patients with scleroderma

Manhattan plot of genome-wide association analysis for the occurrence of
scleroderma renal crisis among ARA-positive patients in the Royal Free cohort.
X-axis groups dots according to chromosomal position. Y-axis marks the negative log
value of the regression p-value for each single nucleotide polymorphism (SNP). SNPs
with a regression p value < 3 x 107 are annotated on the figure with their rsID.
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Genetic validation

The 9 SNPs with highest statistical association (GWAS p < 4.5 x 10°) were put
forward for validation study in a further 256 ARA-positive subjects from a distinct
cohort. The clinical characteristics of these individuals are described in Table 1B. The
9 SNPs identified in the Royal Free cohort and put forward for validation, together
with their validation findings, are documented in Table 2.

From these 9 SNPs, only one was demonstrated to have a significant association in
the validation cohort at the nominal threshold p<0.05. This SNP (rs935332) is in the
region of GPATCH2L on chromosome 14. GPATCH2L is a gene of unknown function,
but polymorphisms in this gene region were shown to be associated with significant
risk for hypertension in GWAS analysis of participants in the Framingham Heart

Study (176) and in a UK-wide biobank study (177).
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Table 1:

1. Demographics and clinical features of the Royal Free cohort (UK)

SRC (n=48) No SRC during follow up (n=51)

Age at onset of SSc 50.3 (22-70) 50.1 (20-76)

Caucasian 48 (100%) 48 (100%)

Pulmonary arterial 3 (6%) 1(2%)

hypertension

2. Demographics and clinical features of the validation cohort (USA)

SRC (n=40) No SRC during follow up (n=216)

Age at SRC 57 (44-82)

dcssc 31 (78%) 164 (76%)

N
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Table 2: SNPs with strongest statistical associated with SRC in the Royal Free cohort

(UK) and their degree of association in the validation cohort (USA)

Chromosome SNP Gene P value P value

(UK cohort) (USA cohort)

2 rs16849716 HECW2 2.71E-05 0.962

3 rs2118096 Near to OTOL1 1.64E-05 0.598

4 rs10008833 near to EPHAS 1.87E-05 0.078

6 rs2327835 LOC101928354  1.66E-05 0.258

6
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Altered tissue expression of GPATCH 2L and CTNND?2 in scleroderma renal crisis

To explore further the significance of the SNPs identified in the original Royal Free
cohort, | performed immunostaining for expression of the associated gene products
in historical renal biopsy samples from both SRC cases and control kidney tissue.
Given the significant genetic replication, | first stained for GPATCH2L (G patch
domain containing 2-like) protein and compared expression of this protein in SRC
cortical kidney tissue to that in normal renal cortex. Significantly increased
expression of GPATCH2L protein was identified in the tubular and vascular regions of
SRC tissue compared with controls. As described in the methods, a total biopsy
staining score (median, range) was calculated for control (1, 0-4) and SRC (11, 9-21)
and this confirmed increased expression in SRC (p=0.0009). Tubular epithelial
staining was the most striking difference between SRC and control biopsies.
Assessing this categorically, there was positive staining (ie a total score 21) in all 8
SRC biopsies but only in 3/8 controls (p=0.026 by Fisher’s exact test). Figure 3
illustrates GPATCH2L staining of sections of SRC tissue (3A-3D), IgG control staining
in this tissue (3E) and GPATCH 2L staining in normal control tissue (3F). Full scores
for each biopsy specimen in both SRC and control (normal healthy kidney, NHK)
groups are given in Table 3A (see end of chapter).

These immunohistochemistry findings support the genetic analysis in identifying
GPATCH2L as potentially relevant to susceptibility, but also raise the intriguing
possibility that this gene of unknown function might be implicated in the
pathogenesis of SRC. The fact that polymorphisms in this region have been
associated with hypertension in two previous studies adds further plausibility
(176,177).
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Figure 3: Immunohistochemistry images of normal human kidney (control) and renal
crisis biopsy samples stained for GPATCH2L

Arrows indicate representative examples of positive staining in key renal structures:
glomerulus (g), tubule (t) and vascular endothelium (e). Panels A-D show different
staining intensity and distribution in 4 representative SRC samples. Panel E is an I1gG
control staining of SRC specimen and panel F shows GPATCH2L staining in normal
control kidney.
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Variants in the CTNND2 gene have previously been shown to associate with the
appearance of pulmonary arterial hypertension in scleroderma (178). PAH has
pathophysiological features in common with SRC, as both involve dysfunction of the
medium-sized blood vessels. Additionally ARA antibodies are associated with
increased long term risk of PAH, further supporting a shared pathogenic
mechanism(179). Although the CTNND2 SNP identified in the discovery cohort did
not to meet my threshold for nominal statistical significance in the validation cohort,
given the possibility that CTNND2 might play a pathogenetic role in more than one
major form of scleroderma vasculopathy, | went on to perform further histological

validation for this gene’s product.

Similar to the methods described above, | performed immunostaining for CTNND2 in
kidney biopsy tissue from SRC patients and controls. Using the same blinded scoring
method | identified no difference in distribution or intensity of staining with anti-
CTNND?2 antibody in any of the tubular, interstital or vascular compartments.
However, unlike GPATCH2L, glomerular staining was significant. It was entirely
absent in 8/8 normal kidney control samples and present to a significant degree in
5/8 SRC samples (p=0.026 by Fisher’s exact test). The total biopsy staining score
(median, range) was higher in SRC patients (12, 1-17) than in controls (3, 0-8, p=
0.0135) (Figure 4A). The full scoring for these samples is documented in Table 3B.
In order to localise the CTNND2 expression within the glomerulus,
Immunofluorescence was performed and showed anti-CTNND2 antibody staining
localising to the capillary loops and apparently distinct from the nucleated

glomerular cells (Figure 4B).
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Figure 4: Immunohistochemistry images of normal human kidney (control) and renal
crisis core biopsy samples stained for CTNND2 (Delta-2 catenin).

A. Immunoperoxidase demonstrates staining of anti-CTNND2 antibodies in renal
crisis versus normal tissue. Bottom right panel shows IgG control staining of renal
crisis kidney.

B. Immunofluorescence images demonstrate glomerular endothelial cells (VWF—
green) as a background capillary tuft. Cell nuclei within the glomerulus are
demonstrated in conjunction with CTNND2 (DAPI—blue + CTNND2—red). CTNND2
appears to collocate with the capillary endothelium but is distinct from the cell
nuclei (VWF + CTNND2 + DAPI).
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Discussion

In this study | used the high prevalence of SRC in ARA positive scleroderma patients
and the rarity of SRC developing late in the course of the disease, to enrich a study
population which is necessarily small in view of the rarity of this disease and its
specific organ complications. A much smaller number of cases was used than would
traditionally be expected for a conventional GWAS analysis. The use of this
approach allowed the identification of factors potentially reflecting susceptibility to
SRC. The identified genes may also reveal further insight into the pathogenesis of
SRC, which is poorly understood.

ARA-positive patients make up about half of those who have SRC, looked at
conversely, about a third of patients with this circulating antibody will go on to
develop SRC(115). The finding that the onset of SRC in ARA-positive cases in the
discovery cohort was distinctly earlier and more frequent than in other antibody
groups made this a logical subgroup for genetic analysis. The underlying
presumption used is that after five years of follow-up patients can be divided into
those who are susceptible and those who are “protected”. The prior hypothesis is
also that at least some of the difference between these two groups is genetically
determined. This approach has some similarity to what has been described as an
“extreme phenotype” in rare diseases. In this approach, careful phenotyping
attempts to overcome limitations of a small sample size. The difference in the
approach | present here is that | have not made any attempt to phenotype
difference in the presenting condition (eg mild versus severe SRC). Also unlike the

extreme phenotype method, | am focussing via GWAS analysis on common risk
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variants rather than rare variants, meaning that | am more likely to discover

susceptibility alleles than functional gene mutations.

Previous work looking at the genetic associations of ARA identified MHC variants
associated with this antibody(180). As described above, MHC variants have also
been associated with the occurrence of scleroderma renal crisis (117). A distinct
feature of this GWAS analysis compared with other analogous studies in
autoimmune disease is that there is no Manhattan “peak” at chromosome 6,
representing the loci associated with the Major Histocompatibility Complex. The
deliberate homogeneity in autoantibody profile of our study cohort presumably
underlies this meaningful absence. MHC associations are close to a universal finding
in GWAS studies of complex autoimmune conditions (181). The lack of this
association in the current study demonstrates the purpose of the method | have
used to enrich the study group. The study design has “stripped-out” the reasons why
this subgroup is likely to share a specific autoimmune antibody profile and set those
aside to allow for better interrogation of why some individuals within this group
develop SRC, while others appear to have some form of protection despite their

equivalent high risk when viewed from an immunological perspective.

GWAS analysis identified only one SNP that was statistically associated with SRC in
both the “discovery” and “validation” cohorts. Nevertheless, this finding is
potentially of substantial relevance given the association between SNPs in the same

region and hypertension in previous general population genetic studies. Itis
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possible therefore that a common genetic susceptibility to hypertension is one

contributor to SRC susceptibility within the high-risk subgroup.

Although only the association for GPATCH2L was reproduced in the validation
cohort, an intriguing potential pathogenetic relevance was presented by another of
the SNPs associated with SRC risk in the original Royal Free patient cohort. SNP
rs1859082 (p=0.000029) is within the CTNND2 or delta 2 catenin (D2C) gene on
chromosome 5. This same gene was significantly associated with PAH in scleroderma
in a genetic study which used whole exome sequencing (178). | will explore the
potential pathogenetic role of CTNND2 and its relationship with Wnt signalling
further in the discussion chapter of this thesis.(183—

186)(187)(188)(189)(190)(179)(185)(186)(191,192)(193,194)(195,196)(197)

Limitations of this study

The sample size and therefore the strengths of association seen in this analysis are
well below the threshold traditionally used to impute significance in genome wide
association studies (182). | have attempted to overcome this limitation, which is an
intrinsic challenge of rare disease research, with the novel subgroup phenotyping
method described above and this justifies the further investigation of associations

observed at a lower p value in both our cohorts.

A second limitation is that there may be differences in clinical features and ethnicity

between the two genetic cohorts studied which have not been captured by the

76



available demographic information and this might explain the absence of replication

of the majority of the candidate genes developed in the first cohort.

The GWAS approach only detects common variant SNPs and in a low frequency
disease such as scleroderma, rare causal variants might be more important to
detect. An adaptive approach with the “extreme phenotype” method described

above could identify such variants in a future study.

A further limitation at the time cases were selected for this study was a lack of
agreed consensus definition for SRC. Consensus criteria are now proposed (183) and
retrospective analysis suggests a large majority if not all cases included in this study

would have fulfilled the proposed diagnostic criteria.

Finally, as a corollary of the phenotype design used, this study provides no data on
genetic susceptibility for SRC among patients who are ARA negative, and these make
up about half of SRC cases. Nevertheless, this is the first study to combine antibody
status and disease duration phenotyping together with a GWAS approach to explore

genetic risk of scleroderma renal crisis.

Future work

This study would be complemented by higher resolution genotyping approaches
such as whole exome or whole genome sequencing, using the same novel cohort
design. The potential and feasibility of such an approach is supported by the findings

presented here. Direct sequencing of candidate loci identified in this study and
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others could detect rare variants that are functionally important but difficult to

identify using GWAS.
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Table 3: Immunohistochemical staining scores for control (NHK) or scleroderma renal crisis (SRC) renal biopsies

Comparison of scores between NHK and SRC scores was by Mann-Whitney U test. If only 1 sample showed positive staining no formal

comparison was made (NA).

3A GPATCH2L staining score

NHK1 | NHK2 | NHK3 | NHK4 | NHK5 | NHK6 | NHK7 | NHK8 | SRC1 SRC2 SRC3 SRC4 SRC5 SRC6 SRC7 SRC8 p-value
Tubular 0 1 1 1 2 4 4 1 6 9 6 6 4 4 9 9 0.0098
Vascular 0 0 0 0 0 0 0 0 3 2 2 2 1 3 2 3 0.0009
Glomerular 0 0 0 0 2 0 0 0 0 2 2 2 6 4 2 9 0.0085
Interstitium 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 NA
Total 0 1 1 1 4 4 4 1 9 13 10 10 11 11 13 21 0.0009
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3B CTNND2 staining score

NHK1 | NHK2 | NHK3 | NHK4 | NHK5 | NHK6 | NHK7 | NHK8 |SRC1 |SRC2 |SRC3 |SRC4 |SRC5 |SRC6 | SRC7 |SRC8 | p-value
Tubular 4 1 8 1 0 2 3 6 4 1 4 6 8 8 6 8 0.0929
Vascular 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 NA
Glomerular 1 0 0 0 0 0 1 1 8 0 8 8 1 4 0 8 0.0455
Interstitium 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 NA
Total 5 1 8 1 0 2 4 7 12 1 12 14 9 14 6 17 0.0135
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Chapter 3: Urine and serum markers of

chronic kidney disease in scleroderma

Introduction

As described in previous chapters, at least half of patients recover well from the acute
kidney injury (AKI) of scleroderma renal crisis. Despite this, there is an important minority
who do not recover adequately and SRC is an important cause of chronic kidney disease
(CKD) in Scleroderma. In addition, a large proportion of scleroderma patients without a
history of renal crisis have CKD as a result of the systemic vasculopathy and fibrosis
associated with the disease as well as other mechanisms which include overlap connective
tissue diseases (lupus nephritis and ANCA-associated vasculitis). Other pathologies
commonly contributing to CKD in scleroderma include interstitial nephritis and drug toxicity.
Previous studies of sequential unselected patients found CKD in up to 50% of scleroderma
cases (104). Although it often presents as only mild renal impairment, a recent study based
on a large European registry of patients with scleroderma (EUSTAR) demonstrated that CKD
was an independent risk factor for death from scleroderma (184). 13% of patients had eGFR
< 60 ml/min in this registry dataset, compared with a prevalence of 1-6%, depending on
region, in the European population as a whole (185). The association between CKD and
death in the EUSTAR patients was “dose dependent” ie the higher the CKD stage, the higher

the risk of death.
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Creatinine-derived GFR measures (which include the commonly used MDRD and CKD-EPI
eGFR equations) only deteriorate once significant parenchymal abnormality is established in
the kidney so there has been a longstanding desire to develop more sensitive markers of
current disease activity in chronic kidney disease(186). This includes assessing the CKD that
occurs in the context of scleroderma. Such new markers could help to discriminate
scleroderma-related processes from other causes of renal deterioration so that
management can be tailored according to the cause. New markers of kidney disease could
also assist in separating progressive or clinically important CKD from stable biochemical
abnormalities with a good prognosis that require no further action. Readily available, non-
invasive biomarkers could be used as outcome measures in clinical trials as well as in clinical
practice, thereby providing early indication of therapeutic response that would anticipate a
more significant future clinical benefit. Such sensitive disease measures could be used to
gain meaningful outcome results from trials where the population size is necessarily small as
in scleroderma.

Many previous studies have looked at potential biomarkers in scleroderma. Typically, these
have focused on examination of protein expression in skin biopsies or peripheral blood, cell
based-approaches including gene expression and the examination of microparticles
(187,188). Composite serum markers have been designed including the enhanced liver
fibrosis (ELF) test and assessment has correlated this with disease activity in the skin and
with interstitial lung disease (189). Unbiased biomarker discovery techniques have looked
for new serum markers of disease activity with proteomics and aptamer-based protein
analysis (187,190).

With regards to kidney disease activity in scleroderma, urine offers a theoretically relevant

and easily available substrate in addition to blood, for the exploration of candidate
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biomarkers in scleroderma CKD (SSc-CKD). Urine could have meaningful advantages over
plasma or serum as a fluid to sample for renal biomarker studies. It is produced in direct
contact with (and dependent on active transport across) the epithelial surface of the renal
tract, so any relevant proteins which are expressed in kidney injury could be shed directly
into the urine(190) Based on this presumption, urine has previously been described as a
“fluid biopsy” of the kidney (191). Additionally, urine can be obtained without any invasive
procedure and is typically available in larger volumes than either serum or plasma. In this
chapter | describe the use of multiplex technology to measure candidate proteins, selected
as plausible markers of SSc-CKD, in both the blood and urine of patients with SSc-CKD. | have
also included control samples with CKD of other cause, samples from cases of scleroderma
without CKD and samples from healthy volunteers. This is the first study looking at

biomarkers in the urine of patients with scleroderma.
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Methods

Selection of candidate serum and urine markers

Drawing on data from the existing literature, | defined plausible candidate biomarkers of
renal involvement in scleroderma which could be measured in urine and serum of patients.
My aim was to measure a selection of proteins that would identify activity in the three
“compartments” of scleroderma pathophysiology described in my introduction i.e.
biomarkers of inflammatory, fibrotic and vasculopathic processes in the kidney that could in
principle augment the conventional clinical assessment of nephropathy measured via serum
creatinine and its derivates (i.e. eGFR) and albuminuria. The following candidate proteins
were selected for measurement:

Interleukin 6 (IL-6), as described in my introduction, is a likely pathogenic mediator of
inflammation and connective tissue dysfunction in SSc. Its expression in urine has been
correlated with renal disease in several contexts including the autoimmune connective
tissue disease Systemic Lupus Erythematous (SLE)(192).

Interleukin 18 (IL-18 —a member of the IL-1 super-family) has been shown to be a mediator
of ischaemic damage to the renal tubule in mice (193) and urine concentrations have been
validated as a marker of acute kidney injury in humans(194).

Tumour necrosis factor alpha (TNFa) is a putative mediator of endothelial damage in
systemic sclerosis. Serum and urinary concentrations have been demonstrated to be raised
in other forms of kidney disease(195,196).

Vascular endothelial growth factor (VEGF) is overexpressed in tissue biopsies and sera from
patients with SSc(197). It is expressed in urine in disease states and concentrations are

independent of serum concentration(198).
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Monocyte chemoattractant proteins 1 (MCP-1 or CCL2) and 3 (MCP-3 or CCL7) have been
described as pathogenic fibroblast activators in scleroderma(90) and high serum levels have
been associated with organ-specific disease activity (199). Urine concentrations of MCP-1
have shown promise as a marker of renal involvement in SLE (200,201).

Soluble ICAM-1 has been associated with disease severity in scleroderma when measured in
serum and is considered a marker of activated endothelium, epithelial cells and fibroblasts
(202). Itis expressed and shed in greater quantities in scleroderma fibroblasts than in
control cells (31).

Soluble VCAM-1 has been associated with fibroblast activation, epithelial-to-mesenchymal
transition and is a marker of immune cell and endothelial cell activation. It is elevated in
SRC in other series and has been shown to be markedly increased in the serum in some

cases of SRC (63,202). Urinary levels have not previously been examined in scleroderma.

Study design and participants

This study was approved locally by the Royal Free Research and Development team and
externally by the Newcastle and North Tyneside Research Ethics Committee (REC). All
individuals provided informed consent for their participation, according to the guidance set
out by the REC.

The two largest groups of study participants were recruited from adult patients attending
the national scleroderma referral clinic at the Royal Free Hospital and all had confirmed
scleroderma according to the 2013 American College of Rheumatology (ACR)/European
League Against Rheumatism (EULAR) classification (203). Kidney function was measured
according to the Modification of Diet in Renal Disease Estimated Glomerular Filtration Rate
equation (MDRD eGFR)(204). Patients were enrolled in the main study cohort (SSc-CKD) if
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they had eGFR < 60mls/min/1.73m2 or <90mls/min with persistent urinary blood or
protein—-consistent with CKD stages 2-5 in the 2002 guidelines from Kidney Disease
Outcomes Quality Initiative (KDOQI) (205). As well as the 40 patients enrolled in this group
a further 40 scleroderma patients with no evidence of CKD were recruited to the
scleroderma control group (SSc). To act as CKD controls, a further 10 patients with CKD of
other causes were recruited from the general nephrology clinic at the Royal Free Hospital.
Patients without nephrotic range proteinuria were selected to avoid gross protein overspill
from serum that would not be seen in the scleroderma groups who had at most mild
proteinuria. Finally, 12 healthy volunteers, with no diagnosis of scleroderma or other
chronic conditions and normal renal function, were also included for analysis.

Clinical data

As well as baseline demographic data on age, gender and ethnicity | recorded patients’
significant medical history. In the two scleroderma groups this included data on organ
complications, skin subgroup (IcSSc versus dcSSc) and the disease-defining circulating

autoantibody. These data are summarised in Table 1.

86



Table 1 Demographics and clinic features of biomarker study groups.

Data expressed as n (% total population) or mean (SD)

SSc- no | SSc-CKD | History of | CKD CONTROL
CKD (n=39) SRC (n=11) | (n=12)
(n=40) (n=14)
Age 57 (2.1) | 63 (1.7) 58 (5.1) | 34 (2.4)
eGFR 80(1.5) | 45(2.3) 49 (7.7) | 87 (1.3)
(ml/min/1.73m?)
Albumin:creatinine | <3 9(22) 28 (33) 12 (22) | <3
ratio
dcSSc 10 20 (51%)
(25%)
IcSSc 30 19 (49%)
(75%)
ACA (centromere) 13 12 (30%) | O
(33%)
ATA (Scl-70) 8 (20%) | 2 (5%) 1
ARA (RNApol) 6 (15%) | 12 (30%) | 7
AFA (U3RNP) 0 3 (8%) 2
Other ANA 13 11 (27%) | 4
(33%)
ADPKD diagnosis 4
Obstructive 5
uropathy diagnosis
Other CKD diagnosis 2
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Sample collection and management

From each patient or control enrolled in his study, urine and blood samples were collected
on the same day. Clotted blood and fresh mid-stream urine were both centrifuged at 3000
RPM at 4°C, for 10 minutes, within 60 minutes of collection. After centrifuging, serum was
separated from clotted blood and then both serum and urine were divided into aliquots and
frozen at -80°C.

Additional blood and urine samples taken on the same day were sent to the Royal Free
Hospital clinical laboratories for measurement of serum creatinine, eGFR and urinary

albumin:creatinine ratio.

Multiplex analysis of serum and urine

Multiplex analysis was performed using a bead-based immunoassay allowing simultaneous
measurement for all eight analytes. This analysis was performed according to the
manufacturer’s protocol (Luminex Corporation, Austin, USA). Analytic standards provided by
the manufacturer, urine and serum samples were each analysed in duplicate wells for
validation. As in standard clinical assessment of urinary protein concentration in spot
samples, urinary biomarker concentrations (pg/ml) were expressed as a ratio to the urine
creatinine concentration (iumol/I) to compensate for diurnal variation in the water volume

of urine samples.

Statistical analysis

For each of the eight candidate markers | compared four subject groups (“SSc-CKD”, “SSc-
no CKD”, “CKD” and “Control”). Overall difference between these four groups was assessed
for each biomarker using Kruskal-Wallis test. SSc-CKD group was then also compared
individually with each of the other three groups using Mann Whitney U test in a pair-wise

fashion. To assess the degree of independence of urine biomarker concentrations from
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glomerular filtration of blood, correlation between eGFR and biomarker concentrations was
assessed with Pearson’s coefficient. Each of the above statistical tests was performed using

GraphPad Prism version 8.2.1 for Windows, GraphPad Software, La Jolla California USA.
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Results

Findings for each of the candidate analytes in serum and urine are described below with a
view to assessing their suitability as markers of CKD in scleroderma. Given that these
candidate biomarkers were selected based on previously published data, a key objective
was to select those candidates, which would be most suitable for future validation as
potential markers of SSc-CKD and particularly those that might act as markers of drug
efficacy in future interventional studies for scleroderma. The summary data for the 8
proteins analysed in this study are detailed in Table 2 for serum and Table 3 for urine. Plots
comparing the four subject groups for each protein are shown in Figure 1 (serum levels) and

Figure 2 (urine levels expressed in ratio to the urinary creatinine concentration).
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Table 2 Summary of serum analysis with Kruskal-Wallis group comparison (KW) and pairwise
comparison versus SSc-CKD group (all units are pg/ml)

Analyte Control | CKD | SSc- | SSc KW SScv. | SSc- SSc-CKD
CKD (p=) SSc- CKDv. | v. control
CKD | CKD (p=)
(=) | (p7)
IL6 median | 0 0.57 1.7 1.2 0.3748 | 0.5614 | 0.3041 | 0.133
min 0 0 0 0
max 5.1 3.8 11 8.2
mean 1.3 1.1 2.7 2.1
SD 2 1.2 3.1 25
MCP1 median | 35 30 53 106 0.0001 | 0.0015 | 0.0236 | 0.2854
min 3.4 25 3.4 5.1
max 166 66 207 263
mean 53 31 66 118
SD 53 21 49 76
TNFa median | 0.36 0.65 1.1 1.5 0.0196 | 0.1393 | 0.2136 | 0.2231
min 0 0 0 0
max 1.7 15 3.1 5
mean 0.54 0.56 1.1 15
SD 0.6 0.47 0.98 1.2
VEGF median | 1.6 9.9 15 32 <0.0001 | 0.001 | 0.0963 | 0.1453
min 0 0 0 1
max 60 19 74 131
mean 13 9.1 20 43
SD 19 8.3 18 34
MCP3 median | 0 0 0 0 NA
min 0 0 0 0
max 0 0 045 |0
mean 0 0 0.019 |0
SD 0 0 0.092 | 0
IL18 median | 6.6 3.2 17 20 0.0002 | 0.3991 | 0.0016 | 0.0299
min 0 15 0 0.72
max 31 8 60 60
mean 9.2 3.7 21 23
SD 9.8 2.2 18 14
ICAM-1 | median | 16083 14762 | 23082 | 23412 | 0.0004 | 0.413 | 0.0067 | 0.0079
min 2030 10564 | 4453 | 9580
max 21329 17534 | 40541 | 56872
mean 14287 14321 | 22118 | 25449
SD 6055 2554 9090 | 11316
VCAM- | median | 17561 10749 | 27047 | 22538 | 0.0113 | 0.0832 | 0.0028 | 0.1945
1
min 7436 4373 4167 | 1196
max 48673 25272 | 58652 | 51776
mean 22427 13609 | 28734 | 23291
SD 14297 7021 14814 | 11645
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Table 3 Summary of urine analysis with Kruskal-Wallis group comparison (KW) and pairwise
comparison versus SSc-CKD group (all units are pg/ml:mmol urine creatinine)

Analyte Control | CKD | SSc- SSc KW (p=) | SScv.SSc- | SSc-CKDv. | SSc-CKD v.
CKD CKD (p=) CKD (p=) control
(p=)
IL6 median | 0.22 0.65 [ 052 |042 0.008 0.2243 0.7273 0.0018
min 0.11 0.24 | 0.048 | 0.082
max 0.46 1.9 15 1.3
mean 0.23 0.69 | 0.57 0.47
SD 0.1 051 (036 |03
MCP1 median | 9.8 23 23 19 0.0032 0.0868 0.5803 <0.0001
min 2.2 5.9 0.81 2.1
max 12 54 70 54
mean 8.7 26 30 22
SD 34 21 20 15
TNFa median | 0.15 0.4 0.38 | 0.38 0.0164 >0.9999 0.7162 0.004
min 0.016 0.18 | 0.028 | 0.018
max 0.49 084 |15 1.3
mean 0.17 044 |0.44 |043
SD 0.16 021 (034 |03
VEGF median | 31 29 34 36 0.9828 0.9081 0.7654 0.739
min 17 19 11 1.8
max 52 61 90 129
mean 33 34 38 39
SD 10 14 19 27
MCP3 median | 0.84 1.6 3 2 0.0101 0.4744 0.2185 0.0008
min 0 055 |0 0
max 2.1 3.6 10 9
mean 0.94 1.9 3.5 3
SD 0.64 095 |3 2.6
1L18 median | 3.9 5.7 8.9 7.9 0.0053 0.6337 0.0493 0.0026
min 1.6 2.4 1.1 1.2
max 7.4 12 31 29
mean 2.2 2.9 7.1 6.8
SD 0.65 097 [1.2 1.1
ICAM-1 | median | 60 855 | 968 570 <0.0001 | 0.0134 0.7049 <0.0001
min 8.8 73 9 13
max 275 3991 | 4678 | 2391
mean 94 1307 | 1499 | 807
SD 82 1211 | 1302 | 704
VCAM- | median | 382 336 | 491 342 0.4377 0.2239 0.198 0.2928
1
min 44 40 5.2 8.1
max 735 857 | 2371 | 1435
mean 400 387 704 509
SD 207 294 | 632 450
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Figure 1: Serum analytes for candidate biomarkers in SSc-CKD and controls

Panels show distribution for each analyte in serum for the normal controls (red), CKD without scleroderma (blue), scleroderma + CKD (green)
and scleroderma without CKD (yellow).

4 -6 serum 204 MCP-1 serum & TNFa serum P VEGF serum
-
— 200 oz
2 an = € 9 — 1004
® 2 2 5
o 2 . =%
4 Wl g i
o] N - .o 24 - *
- 504
% g - g
o & e
—4— o O - “a 28
: T te PR —— s .
- 5 55 3 <! . . * =R ©
s T T = —— . B
P P s S CONTROL. cxo SSCLKD  $3C-ro CKD CONTROL KD SSCLKD  $5C0 CKO =2 + . -
CONTROL KD SSC.LKD  SSC.no CKD
so06 VCAM-1 serum
MCP-3 seru - R
o m -9 IL-18 serum 0 ICAM-1 serum
0.4 60000+ &
60; . e
.,
. 40000- . s . .
£ % £ b 5 .
oo
B a = . 2. 40000+ . .
(=% 404 »*
» &
0.24 : .‘.;':,: hd 3 58 . s
“ae . Seew Pt B <% -
s 20000+ i Ry ¥ H o
. A aalal
. . - *
o] g i —fe .:.,.., ’ v 20000+ . S
—— .
2y . g . .
. . by | . :
% . .
0.0 e setp i | e o .: A ey H N o = " > T T T T
CONTROL ~ CKD SSCLKD  $5C-n0 CKD GONTROL OO SECOKD i$6bmockD CONTROL cKD SSC.CKD  SSCono CKD CONTROL cKD SSC-CKD ~ $SC-no CKD

93



Figure 2: Urinary analyte:creatinine ratio for candidate biomarkers in SSC-CKD and controls.

Panels show distribution for each analyte in urine for the normal controls (red), CKD without scleroderma (blue), scleroderma + CKD (green)
and scleroderma without CKD (yellow).
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Summary of biomarker results

IL6

Serum IL6 is undetectable in most (6/10, 60%) healthy controls. Average concentration in CKD
controls is lower than in SSc. The very wide range of spread in healthy controls where this was
measurable suggests that it would be a poor discriminator for SSc despite the highly significant
difference in average values between the four groups.

Urine concentrations of IL6 were elevated in all three disease groups and overall, this was significant
(p=0.008). The highest concentrations were found in the CKD control group. Combined with the very
widespread within SSc, this suggests urine IL-6 will not be a robust marker of CKD from scleroderma
although it might reflect more general pathological renal processes.

MCP-1 (CCL2)

Serum concentrations of MCP-1 were markedly different between the four study groups (p=0.0001),
and the most statistically significant individual pairwise comparison was between the SSc group
(without CKD) and the SSc-CKD group (p=0.0015). Serum MCP-1 was similarly low in both the CKD
and normal control groups compared to much higher levels in both scleroderma groups. As with
serum IL-6, the range of spread in healthy individuals indicates this is unlikely to be a good
discriminator for SSc-CKD at an individual patient level, despite the highly significant difference in

average values.
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Urine MCP-1: creatinine ratio showed particular promise as a marker of SSc-CKD compared to the
other analytes in this study as there was both a significant overall comparison between groups
(p=0.0032), and it demonstrated the highest significance for any of the candidate analytes as a
marker of SSc-CKD compared with healthy control samples (p<0.0001). The elevated levels observed
in some CKD controls suggested that this was a viable discriminator from healthy individuals that
reflected renal function. In addition, there was a strong trend for difference between SSc with CKD
and without (p=0.0868) suggesting that although serum levels of MCP-1 might reflect overall disease
process, MCP-1 level in urine was more likely to reflect renal involvement. Within the SSc-CKD
group, patients with a history of SRC had higher average MCP-1:creatinine ratio—100 (22-244)

versus 44 (26-66) for those with no history of SRC (p=0.019).

TNFa

Serum levels of TNFa showed only modest significant difference overall (p=0.0196) and none of the
pairwise group comparisons are statistically significant although the trend is for higher levels in SSc
compared with either control group and the average level is greatest in SSc without CKD. This
suggests that serum TNFa is not a reliable marker of kidney involvement in SSc.

In urine, whilst there was elevation of TNFa: creatinine ratio in the three disease groups of CKD and
SSc with or without CKD, this was only modestly significant at a groups level (p=0.0164). Whilst a
potential reflection of renal disease, it did not appear to have value in discriminating between the

groups of interest.
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VEGF

Overall differences for serum concentration between groups are highly significant (p<0.0001), with
the clearest pairwise difference between SSc with or without CKD. The highest values occur in the
non-CKD SSc group and this is in line with previous association of elevated VEGF levels with
complications such as pulmonary hypertension in SSc. As with previous markers discussed, the range
of spread in healthy controls suggests that it would be a poor discriminator between individuals in
practice.

There was no evidence of difference between urine VEGF results for any of the 4 groups analysed or
between the groups. This suggested that urinary VEGF does not have value as a molecular marker of

either SSc or CKD.

MCP3 (CCL7)

This was detected in the serum of only one patient and so appears to have limited value as a serum
marker of SSc or CKD.

In urine, MCP3: creatinine levels were significantly elevated in SSc-CKD compared to healthy controls
(p=0.0008) but did not differ as markedly from the other subgroups (p=0.01). Presence in the urine
without any detectable presence in blood does suggest that levels of this chemokine may be
relevant to pathogenesis of SSc-CKD and that local production of this chemokine might be relevant
to renal complications but compared to other urinary analytes this appears to have lower potential
as a molecular marker, especially for the elevated levels seen in SSc overall where those with or

without CKD very much overlap. Along with the findings in urine MCP-1 this suggests that urinary
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measurement of CC chemokines is more informative than serum levels, perhaps reflecting local

production of these mediators in the renal tract.

IL18

There was a significant difference in average serum levels between the different subgroups
(p=0.0002), with the lowest levels in the non-SSc CKD control group, but no difference between SSc
with or without CKD. Again, there is a wide range of spread in healthy controls, suggesting it would
have little utility at the individual level despite the highly significant difference in average values.
There was a overall significant difference between groups for urine IL18: creatinine ratio (p=0.0053)
and this was most significant for the SSc-CKD versus control (p=0.0026). In addition, borderline
significance between SSc-CKD and the CKD controls was observed (p=0.049).

ICAM-1

There is a clear difference in average levels in serum for SSc, compared to both control groups
(p=0.0004). This supports the utility of serum ICAM-1 as a marker that may be relevant to
scleroderma. However, there is no difference between SSc with or without CKD suggesting that this
is a serum marker of the disease, but not of renal involvement.

In contrast, the average values for urine ICAM-1: creatinine are significantly greater in cases of SSc-
CKD than those SSc cases without CKD. This suggests that local production or shedding of ICAM-1
may reflect specific aspects of renal disease in SSc. The peak levels in SSc-CKD are well above the
peak for SSc without CKD. Other forms of CKD all have elevated levels compared with healthy

controls supporting the value as a marker of renal pathology although there was no difference
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between SSc-CKD and other forms of CKD. The overall significance at a group levels (p<0.0001)
together with this being driven by SSc-CKD, and a significant difference between SSc-CKD and SSc
without CKD (p=0.0134), suggest that urinary ICAM-1: creatinine ratio may be a useful candidate

marker for SSc-CKD.

VCAM-1

Although the comparison of serum level between groups shows a modest statistical significance
(p=0.01), this is mostly due to the difference between SSc-CKD and CKD. This is notable as there
have been other studies suggesting association of elevated serum VCAM-1 and scleroderma renal
crisis. As in previous markers discussed, the spread of values in healthy controls is too wide for this
to be widely used in practice but at the group level, VCAM-1 was the best serum discriminator of SSc
versus non-SSc CKD.

There was no evidence of difference between urine VCAM-1 results for any of the 4 groups analysed
or between the groups. This suggested that urinary VCAM-1 does not have value as a molecular

marker of either SSc or CKD.

Overall, although serum levels of several of the candidate markers were elevated in scleroderma
patients, all had significant weakness as candidate markers of SSc-CKD. In contrast, urinary levels of
several of the candidates are elevated in SSc urine and for some of these the difference is most
marked between SSc-CKD and healthy controls. Based on the results described above | selected two

urinary analytes for further validation: MCP-1 and ICAM-1. These showed the most significant
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difference between groups, compared with the other analytes but also demonstrated a marked
pairwise difference between SSc-CKD and normal controls driving this statistical significance. They
also both showed some potential to discriminate SSc-CKD from other causes of CKD, and more
unusually at least a trend toward significance in differentiating between scleroderma patients with

and without renal involvement.

Relationship of candidate urinary markers MCP-1 and ICAM-1 with renal function

Detectable concentration of low molecular weight proteins in the urine will always reflect to a
varying degree the blood concentration of the proteins and the volume of blood filtered by the
kidneys to produce urine (i.e. the renal plasma flow and glomerular filtration rate). To investigate the
relationship between kidney function and concentrations of MCP-1 and ICAM1 in urine, | plotted
urine concentrations of these analytes against MDRD eGFR. These data, along with those comparing
uncorrected serum creatinine to the urinary analyte concentration, are illustrated in Figure 3.
ICAM-1: creatinine ratio showed a significant negative correlation with eGFR (R=-0.42, p=0.0001).
The correlation for urinary MCP-1: creatinine with eGFR followed the same trend but was weaker
(R=-0.32, p=0.0046). Examination of the dot plot distributions for each marker suggests that in
keeping with the lower significance value, the relationship between eGFR and urinary MCP:1 was
less robust than that between eGFR and ICAM-1. This suggests that urinary MCP-1 concentrations

may be more likely to reflect pathogenic processes in the kidney itself than ICAM-1. This is consistent
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with previous work from within our lab showing expression of MCP-1 in scleroderma renal biopsy

specimens (206).
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Figure 3: The relationship between urine biomarkers and renal function (eGFR and creatinine).

Panels illustrate the degree of correlation between renal function (both serum creatinine and MDRD
eGFR are illustrated) compared with urinary MCP-1: creatinine ratio and urinary ICAM-1: creatinine

ratio.

Correlation coefficient R and associated p-value are annotated for each panel.
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Discussion

In this study | showed that urinary levels of key proteins implicated in scleroderma pathogenesis may
have the potential to be biomarkers of SSc-CKD that can detect or monitor renal involvement in this
multi-system disease. Based upon previous studies of serum markers in SSc and emerging data on
urinary analytes in other renal diseases | selected 8 candidates to assess in our well characterised
cohort of scleroderma patients and relevant controls. Although many of the proteins were elevated
in scleroderma serum compared with controls, this probably reflects disease occurring in multiple
organs as there was no clear difference between serum levels in SSc-CKD and SSc without CKD. In
fact, for half of the proteins the average level was higher in SSc without CKD suggesting that disease
outside the kidneys had the most influence on serum levels. Whilst not significant, it is notable that
VCAM1 levels on average were higher in SSc with CKD since the levels have been shown previously
to be increased in SRC (31,63).

These findings confirm previous studies of serum cytokines and adhesion molecules in the serum of
SSc patients. These have demonstrated correlation of MCP-1 level with skin sclerosis and with lung
function change in clinical trials (207). However, most of these studies have focused on serum levels
and this is a challenge for a multicompartment disease like SSc where elevated levels may reflect
disease in skin, lung, kidney, or other vascular structures. This may explain why it has been difficult
to identify strong correlations with lung fibrosis or pulmonary arterial hypertension in general
cohorts (199). In more selected cases, such as those recruited into the scleroderma lung study,

there was a correlation of change in MCP-1 and treatment response (207). Likewise, cross sectional
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studies have shown that in idiopathic pulmonary fibrosis, where other organ systems than the lungs
are less likely to be abnormal, there is a strong predictive value of MCP-1 for future disease
progression (208).

Urinary analytes appear to better reflect renal pathology evidenced by average levels being greater
for SSC-CKD than SSc without renal dysfunction in six of the eight analytes examined. Although
several of the proteins that were increased in SSc-CKD are of interest in SSc pathogenesis, the overall
goal of the present study was to identify the most promising markers in the urine that could reflect
CKD in SSc and be used as future biomarkers in observational cohort studies or interventional trials.
As outlined in the Results section above | have selected MCP-1:cr and ICAM-1:cr as the most
promising candidate markers to take forward because they show the most significant difference
across all groups, highest discrimination from healthy controls, and the most potential to
differentiate SSc-CKD from other CKD.

There have also been reports of correlation of ICAM-1 with skin or lung involvement although, as
expected from the serum results in the present study, the relationship to renal involvement
compared with other adhesion molecules is less clear (63). However, ICAM-1 has been shown to
change over time in previous interventional studies supporting its possible value as a molecular
surrogate of the disease process (209). Whilst | am describing the first study of urinary ICAM-1 in
scleroderma, there have been several studies of urinary ICAM-1 in SLE that have overall shown

elevated levels compared with controls (210). There is an association with renal involvement in SLE,
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but a recent meta-analysis concluded that the current evidence does not support urinary ICAM-1 as
an effective marker of the activity of lupus nephritis (211).

This is also the first study to investigate concentrations of MCP-1 in the urine of patients with
scleroderma. The SSc-CKD group had lower serum and higher urine concentrations of MCP-1. This
group with renal impairment has reduced clearance overall and therefore lower total filtered MCP-1,
so it is likely that these findings represent upregulated local expression of MCP-1 in the kidney in
those with renal involvement, rather than increased renal clearance from the blood.
Immunohistochemical staining has shown marked expression of this chemokine in kidney biopsy
specimens from patients with SRC. | will explore the pathogenic role of MCP-1 and its potential role
in research or clinical practice in the discussion chapter of this thesis.

Strengths of this study are that non-CKD scleroderma cases are included and that the cases were
carefully stratified, and levels of analyte can be linked to renal function. Another positive aspect of
the study is inclusion of cases of non-SSc CKD controls. These were selected to have non-
inflammatory underlying diseases so that this would not confound results and the group therefore
serves as a control for poor renal function.

Limitations include the small number of samples (as previously discussed, a limitation in all research
in this rare disease) and the cross-sectional design. Nevertheless, the number of cases included was
sufficient to include some representatives of most of the major patterns and subsets of SSc as
evidenced by the serological and clinical features of our study cohort. Another limitation is the

grouping together of CKD patients with a wide range of degree of renal impairment and likely with a
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wide variety of disease processes in the kidney, for categorical comparison against those with
normal renal function. This in part explains the diversity of results for some analytes including MCP-
1. Itis possible that a threshold level might be important and future studies could compare high and
low level urinary MCP-1 cases to explore clinical or other associations.

In a cohort where renal biopsy data or other more discriminatory diagnostics were available,
separation by renal abnormalities could segregate cases further and account for other differences
that might affect urinary protein concentration.

Future work can explore use of urinary MCP-1 and ICAM-1 as potential longitudinal markers in
observational cohort and explore how baseline levels might reflect long term outcome or
progression. A similar approach has been fruitful in scleroderma for serum IL6 and lung function
decline and in idiopathic pulmonary fibrosis, with serum MCP-1 predicting longterm decline in lung
function.

A further approach would be to observe changes in these candidate markers in response to

experimental treatment in a clinical trial setting and assess their suitability as an outcome measure. |
will describe an experiment using this method in the next chapter of this thesis.
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Chapter 4: Evaluation of the highly selective

endothelin A receptor antagonist zibotentan

in scleroderma-associated renal disease

In previous chapters | have illustrated the importance of kidney disease in scleroderma (135) and
have discussed the causes and treatments of both its acute form (SRC) and CKD in scleroderma
(133)(118). In chapter 2 of this thesis, | identified potential genetic contributors to SRC susceptibility
in the subgroup of patients with ARA antibodies. In chapter 3 | explored urine and serum biomarkers
that may reflect the chronic disease process in the kidneys in scleroderma, in patients both with and
without a history of SRC. In patients with scleroderma and CKD, information from renal biopsy
studies is limited but post-mortem case series suggest that significant vasculopathy is common in the
kidneys of patients even without a history of SRC(212,213). As discussed in chapter 2, CKD has been

shown to predict poor outcome in SSc (184).

The role of the endothelin system in scleroderma
Endothelin-1 (ET-1) , acting via the ETRA and ETRB receptors, is a significant contributor to the

vasculopathic phenotype of scleroderma in the kidneys and elsewhere(230) (see chapter 1). Previous
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clinical studies using antagonists that target both receptors relatively unselectively have
demonstrated positive results in the management of patients with scleroderma vasculopathies
including macitentan for pulmonary hypertension (214) and bosentan for digital
vasculopathy(231)(232). As well as the above, | have previously described, an open label study of
bosentan in SRC that showed a possible clinical benefit (45) as well as a further study, again open

label with no control group, which failed to show improved outcome in patients with SRC (149).

Endothelin receptor selectivity

In practice, all commercially available endothelin receptor antagonists (ERAs) show some degree of
relative affinity for the ETRA receptor sub-type but this degree of selectivity varies dramatically from
bosentan (10-fold selectivity for ETRA approximately)(215) and macitentan (50-fold)(216), which are
both conventionally described as “non-selective antagonists”, to the highly selective antagonist
atrasentan (1000-fold relative affinity for ETRA over ETRB)(215). The degree of selectivity may have a
significant effect on both the efficacy and the tolerability of this drug class in clinical practice (217).
In this chapter | will describe the design, conduct and results of a clinical research project examining
zibotentan (ZD4054) as a treatment for patients with scleroderma kidney disease. Zibotentan is an
ERA with much higher selectivity for ETRA than any of the medications discussed above (estimated
at 1 x 107-fold by the manufacturer) (215).

The largest population in this multi-part clinical trial is of patients with scleroderma and CKD, but the

study also included a smaller trial subgroup of acute SRC patients and, in a separate cohort without
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scleroderma, pharmacokinetic evaluation of zibotentan dosing in patients on intermittent
haemodialysis (HD).
ZEBRA was a three-part trial with the following aims in summary:
1. ZEBRA 1:to measure tolerability, safety, and efficacy of 6 months of treatment with
zibotentan in patients with scleroderma and CKD stage 3A.
2. ZEBRA 2A: to measure tolerability, safety, and efficacy of 6 months of treatment with
zibotentan in patients with SRC who do not require renal replacement therapy (RRT).
3. ZEBRA 2B: to measure tolerability, safety, and pharmacokinetic profile of a single dose of

zibotentan in patients with endstage kidney disease on intermittent haemodialysis.

In the first two sub-studies, efficacy was measured with both conventional clinical outcomes (eGFR)
and novel renal biomarkers (serum VCAM-1, urine MCP-1 and urine ICAM-1) so in addition to the
other aims, these studies provide a proof of concept for the biomarker development objectives

described in chapter 3.
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Methods

Study Design
The full trial protocol is available with this thesis as Appendix A. | summarise the study design below.
ZEBRA 1 is a conventional double-blind placebo control trial with 1:1 randomisation of subjects to
either:
a. Oral zibotentan 10 mg once daily (with the option of dose reductions to a minimum dose of
5 mg once daily where side effects limited tolerability)

b. A matched placebo

To be eligible for ZEBRA 1 patients had to have a diagnosis of scleroderma according to the 2013
ACR/EULAR criteria(203) AND an eGFR 45-60 ml/min/1.73 m? ie CKD3A in the current KDIGO clinical
practice guidelines [17]. They could not have had SRC within the previous 12 months.
ZEBRA 2A is a single blind trial with 2:1 (treatment:placebo) randomisation of subjects to either:
a. Oral zibotentan at an escalating dose over 4 weeks, starting at 2.5mg once daily and
escalating by 2.5mg per week to the maximum tolerated dose or 10mg once daily, whichever
is lower.

b. A matched placebo with sham dose escalation

To be eligible for ZEBRA 2A patients were selected who had a diagnosis of scleroderma (see above)
AND had been diagnosed with SRC more than one month and less than 12 months prior to
recruitment. SRC was defined conservatively as new onset hypertension (blood pressure >150/85

110



mmHg obtained at least twice over a consecutive 24-hour period) AND an increase in serum
creatinine of at least 10% from baseline (baseline value was required to be within 12 months).
These diagnostic criteria are in keeping with the proposed international SRC classification criteria
discussed in chapter 1 (109). Although there was no pre-specified exclusion for degree of renal
dysfunction, patients were ineligible for recruitment to ZEBRA 2A if clinically adjudged to require
RRT.

ZEBRA 2B was a single dose pharmacokinetic study of zibotentan 2.5 mg to 5mg orally in patients
treated with maintenance intermittent haemodialysis for end stage kidney disease (ESKD). Individual
patients received up to two single doses of zibotentan (at different dose levels). A diagnosis of
scleroderma was not required for enrolment in ZEBRA 2B.

Participants in all 3 studies were > 18 years old and all were recruited from either the Royal Free
scleroderma cohort (a national referral centre) or from the Royal Free maintenance haemodialysis
programme (ZEBRA 2B). In view of the unknown teratogenic risk associated with zibotentan, pre-
menopausal females and all males had to use one highly effective and one other method of
contraception from enrolment into the study up to 6 weeks after cessation of study drug. For all 3
studies, patients were excluded if they had been exposed to any ERA in the 3 months prior to
recruitment. There were no other excluded concomitant medications.

The ZEBRA trial protocol was approved by the local R&D and Research Ethics Committees. All
participants gave informed consent in writing before any assessment or intervention was made and

all study processes were performed as per the International Council for Harmonisation of Technical
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Requirements for Pharmaceuticals for Human Use (ICH) and Good Clinical Practice (GCP)
requirements(110).

The study visit schedule following consent and screening is described below.

ZEBRA 1:

Baseline (randomisation and start of investigational medicinal product), week 1, every 4 weeks up to
and including week 24, week 26 (discontinuation of IMP), week 27, week 30, week 52.

ZEBRA 2A:

Baseline (randomisation and start of investigational medicinal product), weekly until week 4 (dose
escalation visits) and then as per ZEBRA 1.

ZEBRA 2B:

Baseline (IMP administration and 3-hour post dose blood sampling), day 1 (pre and post dialysis
sampling), day 7.

Endpoints

As this was a phase Il study, the most important pre-defined primary endpoint for ZEBRA 1 was
safety and tolerability of the IMP and this was measured by the number and character of adverse
events (AEs) and serious AEs (SAEs). The primary pre-defined efficacy measure was change in serum
VCAM-1 from baseline to end of treatment period (week 26). The primary endpoints for ZEBRA 2A
were safety and tolerability measured as above and change in eGFR from baseline to end of
treatment. Previous studies have confirmed the reliability of both MDRD and CKD-EPI calculations of

eGFR in scleroderma [18]. For ZEBRA 2B the primary endpoints were safety and tolerability as
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defined above and zibotentan plasma concentrations (ng/ml) recorded at the following times (in
hours) since dosage: 0 (baseline), 3 (peak), 24 (pre-dialysis), 30 (post-dialysis).

Based on the work done in parallel on novel biomarkers and described in chapter 3, a further panel
of outcome measures was designated, although these were not pre-defined as primary outcomes in
the protocol: serum and urine concentrations of ET-1, VCAM-1, MCP-1 and ICAM-1. All urine
analytes were expressed as urinary analyte: creatinine ratio to correct for differences in urinary
volume for each patient sample as described in chapter 3.

Standard haematology and biochemistry samples were processed by the routine clinical laboratories
of the Royal Free Hospital. eGFR was calculated using the MDRD equation as described earlier.
Standard bedside dipstick urinalysis was used to measure urine protein, blood, and glucose.
Biomarker analysis for the experimental trial endpoints (ET-1, VCAM-1, MCP-1 and ICAM-1) was
conducted using commercial ELISA assay kits (R&D Systems, Abingdon, Oxford, UK) according to the
manufacturer’s instructions. PK plasma samples were anticoagulated with lithium, centrifuged and
frozen in aliquots locally before transfer to a commercial laboratory for analysis using liquid
chromatography-mass spectrometry.

Statistical analysis and reporting methods

The target sample sizes for ZEBRA were calculated according to the previous data on the frequency
of CKD in the Royal Free scleroderma cohort, predicted variability in primary and secondary outcome

measures as well as the likely extent of any treatment effect on eGFR (45). Recruitment target was
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initially 48 patients for ZEBRA 1 and 12 patients for ZEBRA 2A. For ZEBRA 2B the target was to
achieve at least 8 dose administrations in up to 12 patients.

| stratify the number of adverse events by group (zibotentan or placebo) where appropriate and for
serious adverse events | describe both the nature of the adverse event and whether it was adjudged
to be related to the IMP.

Outcome measures are stratified according to treatment group where appropriate, and include
summary statistics for ZEBRA 1 (mean, median, standard deviation, maximum and minimum).
Outcome measures for ZEBRA 2A are reported directly by individual due to the small number of
patients recruited. No summary statistics are presented and comparison between groups was not
possible.

For each patient in ZEBRA 2B the zibotentan plasma concentration is shown individually at each time
point. Where individual patients received a second dose, the concentrations are plotted in a

separate figure.
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Results

Baseline patient characteristics

Target recruitment numbers were not achieved in either ZEBRA 1 or ZEBRA 2A and any conclusions
drawn from the data have to be interpreted in that context. The failure to achieve recruitment
targets was related to several factors including a lower than predicted prevalence of CKD in the
target patient cohort and challenges external to the Royal Free study team which included a
substantial pause in manufacture and supply of study medication and a change of external database
supplier. Notwithstanding these challenges | successfully recruited patients to all three sub-studies
and despite its limitations, this remains the first randomised placebo-controlled trial examining any
treatment of kidney disease in scleroderma. Inthe ZEBRA 2B sub-study for which no diagnosis of
scleroderma was required, the planned number of doses was achieved.

Figure 1 describes the screening and randomisation of patients in ZEBRA 1. 16 patients consented to
undergo full screening, of whom 2 failed screening and 1 was excluded due to lack of availability of
the IMP. 13 patients went forward to randomisation, of whom 6 were randomised to zibotentan and

7 were randomised to matched placebo.
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Figure 1 Recruitment and randomisation of patients for ZEBRA 1
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Only four patients were successfully screened for ZEBRA 2A and all four went on to randomisation.
Of these, despite the 2:1 randomisation schedule, two were randomised to receive zibotentan and
two were randomised to placebo. One patient allocated to the zibotentan group (Patient “D”) was
diagnosed with severe community acquired pneumonia requiring hospitalisation in week 2 of follow-
up and was withdrawn from treatment, although the acute illness was not adjudicated to be
secondary to IMP. No further follow-up data were available for this patient.

Eight patients consented to screening for ZEBRA 2B. Two patients failed screening and the remaining
six went forward to treatment in the study. Four of these patients received one dose only of
zibotentan (2.5mg) and the remaining two completed both first and second dosing schedules.

The baseline demographics and key clinical features of all 3 study cohorts are summarised in Table 1.

There were no clinically significant imbalances between patient groups at baseline.
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Table 1: Demographic and clinical characteristics for 3 ZEBRA sub-study populations.

Placebo Zibotentan
ZEBRA 1
Number of subjects 7 6
Sex Male 1 2
Female 6 4
Ethnicity Caucasian 7 6
Skin subgroup dcSSc 2 1
IcSSc 5 5
Autoantibody ACA 5 3
ARA 1 2
ATA 0 0
Other 1 1
ZEBRA 2A
Number of subjects 2 2
Sex Male 0 1
Female 2 1
Ethnicity Caucasian 2 1
South Asian 0 1
ZEBRA 2B
Number of subjects NA 6
Sex Male NA 5
Female NA 1
Ethnicity Caucasian NA 4
Afro-Carribean NA 1
Mixed-race NA 1
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Safety analysis

There were a total of 47 non-serious adverse events (AEs) among patients in the ZEBRA 1 sub-study.
27 of these occurred in patients on placebo and 20 in patients on zibotentan. 6/7 patients on
placebo and 5/6 on zibotentan experienced at least one AE. AEs related to fluid retention and weight
gain were more frequent on active treatment and in some cases this required dose adjustment or
discontinuation. One serious adverse event (SAE) occurred in the ZEBRA 1 sub-study. This was a case
of community acquired pneumonia which occurred in the placebo group.

There were a total of eight AEs among patients in ZEBRA 2A (four each in placebo and zibotentan
groups). All patients in both groups experienced at least one AE. There were two SAEs among
patients in ZEBRA 2A. The first was a pericardial effusion that occurred after screening but before
start of IMP in a patient in the placebo group. This was automatically classified as an SAE as it
required hospital admission. The second SAE was community acquired pneumonia in a patient in the
zibotentan group and this adverse event, which resulted in withdrawal from the trial, is described
above.

There were a total of three AEs in ZEBRA 2B occurring in 3 separate patients, none of which were
considered related to study drug. There was a single SAE in ZEBRA 2B, pseudoaneurysm of
arteriovenous fistula (AVF), which occurred 7 weeks after the zibotentan dosing but within a 12-

week monitoring period for AEs. It was adjudicated not to be related to IMP.
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Efficacy data

Table 2 records primary and secondary outcome measures for ZEBRA 1. The pre-specified outcome
measure was serum sVCAM-1 based on previous data as discussed above (202). Given that this data
was from a historical SRC cohort it is perhaps not surprising that no significant effect was found on
this marker in the patients without a history of SRC in ZEBRA 1 and there was no observable
difference in VCAM-1 levels at end of treatment or end of follow-up.

As seen in Figure 3A there was a wide distribution of baseline levels that limits interpretation of any
change over time. This is in keeping with the data collected in parallel to this trial and described in
my biomarker study (chapter 3 of this thesis) which suggest that serum VCAM-1 is not a useful
marker of SSc-CKD.

Formal statistical analysis of the other outcome measures is limited by the small sample size but
nevertheless there are striking findings among some of the secondary efficacy measures that
potentially merit further consideration. Most notable is the change in eGFR over time compared
between placebo and zibotentan groups. eGFR (ml/min/1.73 m?) was evenly matched at the time of
randomisation with mean (SD) of 52.0 (4.7) in the placebo group and 52.8 (4.5) in the zibotentan
group. At end of treatment there was a slight reduction in eGFR in the placebo group 50 (7.1)
compared with a trend towards improvement in the zibotentan group (54.3 (3.2)). This difference
was more clearly apparent at the end of follow-up (52 weeks) where the mean eGFR continued to
move in opposite directions: 47 (6.8) for placebo group compared with 60.8 (8.4) for zibotentan

group (p=0.012 by Mann-Whitney U for the difference at 52 weeks). This finding is of particular
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importance as zibotentan is a vasodilator and so any changes in estimated renal function while still
on treatment might be due to haemodynamic effects rather than disease modification in the kidney.
An effect that persists and intensifies after the end of treatment in those exposed to the study drug
implies true effect.

Four candidate biomarkers were measured in serum and urine and the results for all of these are
shown in Table 2. Results are reported by Optical Density Units (ODU) and illustrative standard
curves for these analytes are shown in Figure 2. As discussed in chapter 3, the markers of particular
interest based on my most recent data were urine MCP-1 and ICAM-1. The results for these two
biomarkers are illustrated in Figure 3B. Urine ICAM-1 did not show any observable difference
between the treatment groups at any time point. Urine MCP-1: creatinine ratio fell in those in the
zibotentan group and increased in those in the placebo group. At baseline mean urine
MCP1/creatinine (ODU/mmol/L) was 9.4 (SD 5.8) in placebo compared with 9.5 (9.8) in zibotentan
group. This rose to 25.2 (34.3) in placebo at end of treatment, whereas it fell to 5.9 (3.2) in the
zibotentan group. The difference persisted at end of follow-up (52 weeks): 22.2 (33.3) in placebo
versus 4.8 (0.9) in zibotentan group.

The opportunity for efficacy analysis was considerably more limited in ZEBRA 2A due to the
recruitment difficulties and very small sample size. Follow-up data at end of treatment and end of
follow-up was only available for one patient in the active treatment arm. Data are presented in full in
Table 3. In summary all three patients with follow-up data available, including two in the placebo

group, had improvement in their eGFR over the study period. This is in keeping with the very good
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prognosis for patients with SRC who do not require RRT in the acute phase, as discussed in chapter

Endothelin-1 concentrations in patients receiving zibotentan

Tables 2 and 3, include the serum ET-1 concentrations for subjects in ZEBRA 1 and 2A. There was no
observable change from baseline in either the placebo or zibotentan group in either study at either

of the later timepoints. This is a notable finding given the dramatic rise in serum ET-1 concentration

seen in patients treated with the relatively non-selective ERA bosentan in previous studies [12].
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Table 2 Outcome measures in ZEBRA 1 subjects

Outcomes are recorded at randomisation (T1), end of treatment (T2) and end of follow-up (T3).
Experimental biomarkers are measured in Optical Density Units (ODU). Urine biomarkers are
expressed as a ratio to urine creatinine concentration (ODU/mmol/I).

Outcome measure Group n Mean ;t:‘; Median | Min. Max.

Placebo 7 0.28 0.19 0.17 0.15 0.56
Serum VCAM-1T1

Zibotentan | 6 0.19 0.09 0.17 0.11 0.34

Placebo 7 0.28 0.22 0.17 0.08 0.7
Serum VCAM-1 T2

Zibotentan | 6 0.2 0.05 0.19 0.15 0.26

Placebo 7 0.29 0.15 0.23 0.14 0.53
Serum VCAM-1 T3 X

Zibotentan | 5 0.26 0.13 0.2 0.14 0.41

) Placebo 7 52 4.69 51 44 58

eGFR T1 (ml/min/1.73m2) -

Zibotentan | 6 52.83 | 4.45 50.5 49 59

) Placebo 7 50 7.09 53 37 58

eGFR T2 (ml/min/1.73m?2) -

Zibotentan | 6 54.33 | 3.20 54 50 58

Placebo 7 47 6.83 50 36 55
eGFR T3 (ml/min/1.73m2) -

Zibotentan | 6 60.83 | 8.35 60.5 50 74

Placebo 7 0.2 0.08 0.17 0.15 0.38
Serum ET-1T1

Zibotentan | 6 0.19 0.06 0.18 0.11 0.3

Placebo 7 0.19 0.09 0.16 0.1 0.4
Serum ET-1 T2

Zibotentan | 6 0.18 0.04 0.18 0.13 0.24

Placebo 7 0.17 0.07 0.15 0.11 0.33
Serum ET-1 T3

Zibotentan | 5 0.24 0.04 0.22 0.21 0.3

Placebo 7 0.24 0.12 0.2 0.11 0.48
Serum MCP-1T1

Zibotentan | 6 0.22 0.07 0.21 0.13 0.32

Placebo 7 0.27 0.17 0.23 0.11 0.59
Serum MCP-1 T2

Zibotentan | 6 0.17 0.04 0.15 0.14 0.25

Placebo 7 0.23 0.09 0.22 0.12 0.4
Serum MCP-1T3

Zibotentan | 5 0.29 0.19 0.16 0.13 0.57

Placebo 7 0.67 0.22 0.7 0.31 1.03
Serum ICAM-1 T1

Zibotentan | 6 0.74 0.16 0.7 0.58 0.98
Serum ICAM-1 T2 Placebo 7 0.68 0.33 0.66 0.14 1.21
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Zibotentan | 6 0.77 0.14 0.79 0.56 | 0.91
St ([0 T2 Placebo 7 0.74 0.3 0.74 0.37 1.22
Zibotentan | 5 0.83 0.17 0.92 0.56 | 0.98
Urine MCP-1T1 Placebo 7 9.4 5.82 7.1 5.23 21.9
Zibotentan | 6 9.49 9.82 5.41 3.09 |28.94
Urine MCP-1 T2 Placebo 7 25.21 [ 34.29 |9.49 6.33 99.92
Zibotentan | 6 5.85 3.52 4.37 294 |11.21
Urine MCP-1 T3 Placebo 7 22.21 | 33.32 |8.08 6.39 |97.24
Zibotentan | 4 4.77 0.91 4.51 4.06 |5.98
Urine ICAM-1T1 Placebo 7 2.61 1.2 2.47 1.17 3.98
Zibotentan | 6 1.18 0.76 0.96 0.47 | 2.35
Urine ICAM- 1 T2 Placebo 7 3.11 2.24 2.13 0.91 6.96
Zibotentan | 6 10.83 | 22.43 | 2.01 0.88 | 56.6
Urine ICAM-1T3 Placebo 7 2.58 1.4 2.37 0.48 | 4.82
Zibotentan | 4 1.35 0.78 1.48 0.4 2.03
Urine VCAM-1T1 Placebo 7 85.73 | 207.91 | 3.45 0.36 | 556.61
Zibotentan | 6 2.63 4.31 0.88 0.71 11.43
Urine VCAM- 1 T2 Placebo 7 58.53 | 131.85 | 5.51 0.33 | 356.79
Zibotentan | 6 10.76 | 22.04 |2.11 0.09 | 55.64
Urine VCAM- 1 T3 Placebo 7 98.87 | 237.13 | 2.65 0 635.95
Zibotentan | 4 1.58 0.44 1.41 1.29 2.23
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Table 3 Outcome measures in ZEBRA 2A subjects

Outcomes are recorded at randomisation (T1), end of treatment (T2) and end of follow-up (T3).
Experimental biomarkers are measured in Optical Density Units (ODU). Urine biomarkers are
expressed as a ratio to urine creatinine concentration (ODU/mmol/I). Anonymised individual patients are
designated as A to D. Data for patient D were absent at T2 and T3 (NA).

Outcome measure Patient Treatment group | Value
Serum VCAM-1T1 A Placebo 0.27
B Placebo 0.44
C Zibotentan 0.65
D Zibotentan 0.41
Serum VCAM-1 T2 A Placebo 0.20
B Placebo 0.20
C Zibotentan 0.76
D Zibotentan NA
Serum VCAM-1 A Placebo 0.16
B Placebo 0.22
C Zibotentan 0.81
D Zibotentan NA
eGFR T1 (ml/min/1.73m2) A Placebo 57
B Placebo 34
C Zibotentan 27
D Zibotentan 21
eGFR T2 (ml/min/1.73m2) A Placebo 65
B Placebo 43
C Zibotentan 26
D Zibotentan NA
eGFR T3 (ml/min/1.73m2) A Placebo 71
B Placebo 51
C Zibotentan 34
D Zibotentan NA
Serum ET-1T1 A Placebo 0.13
B Placebo 0.15
C Zibotentan 0.24
D Zibotentan 0.29
Serum ET-1 T2 A Placebo 0.14
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B Placebo 0.12
C Zibotentan 0.38
D Zibotentan NA
Serum ET-1T3 A Placebo 0.7
B Placebo 0.12
C Zibotentan 0.39
D Zibotentan NA
Serum MCP-1T1 A Placebo 0.95
B Placebo 0.21
C Zibotentan 0.26
D Zibotentan 0.77
Serum MCP-1 T2 A Placebo 0.64
B Placebo 0.42
C Zibotentan 0.36
D Zibotentan NA
Serum MCP-1T3 A Placebo 0.18
B Placebo 0.43
C Zibotentan 0.31
D Zibotentan NA
Serum ICAM-1T1 A Placebo 0.46
B Placebo 1.13
C Zibotentan 0.67
D Zibotentan 0.94
Serum ICAM-1 T2 A Placebo 0.46
B Placebo 0.59
C Zibotentan 0.73
D Zibotentan NA
Serum ICAM-1 T3 A Placebo 0.25
B Placebo 0.65
C Zibotentan 0.69
D Zibotentan NA
Urine MCP-1T1 A Placebo 9.50
B Placebo 9.49
C Zibotentan 6.24
D Zibotentan 8.63
Urine MCP-1T2 A Placebo 4.79
B Placebo 7.79




C Zibotentan 45.92

D Zibotentan NA
Urine MCP-1T3 A Placebo 3.63

B Placebo 4.77

C Zibotentan 12.99

D Zibotentan NA
Urine ICAM-1 T1 A Placebo 4.55

B Placebo 1.67

C Zibotentan 0.84

D Zibotentan 0.41
Urine ICAM-1 T2 A Placebo 2.74

B Placebo 1.20

C Zibotentan 7.10

D Zibotentan NA
Urine ICAM-1 T3 A Placebo 3.17

B Placebo 2.60

C Zibotentan 2.83

D Zibotentan NA
Urine VCAM-1T1 A Placebo 129.75

B Placebo 282.44

C Zibotentan 272.89

D Zibotentan 13.30
Urine VCAM-1T2 A Placebo 23.97

B Placebo 36.57

C Zibotentan 877.49

D Zibotentan NA
Urine VCAM-1T3 A Placebo 334.29

B Placebo 66.33

C Zibotentan 295.76

D Zibotentan NA
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Table 4 ZEBRA 2B results

Plasma zibotentan concentrations (ng/ml) for each single dose administration are given at four time
points: Baseline (pre-dose), Peak (3h post-dose), trough (pre-dialysis, 24h post-dose), post-dialysis
(30h post-dose). The individuals who received two doses are shaded for ease of reference.

Patient Dose Timepoint Zibotentan
concentration (ng/ml)

A 2.5mg Baseline 0.0
Peak 87.0
Trough 16.3
Post-dialysis 5.6

B 2.5mg Baseline 0.0
Peak 54.7
Trough 33.2
Post-dialysis 17.0

C 2.5mg Baseline 0.0
Peak 106.0
Trough 37.8
Post-dialysis 8.7

D 2.5mg Baseline 0.0
Peak 107.0
Trough 22.0
Post-dialysis 4.5

E 2.5mg Baseline 0.0
Peak 107.0
Trough 22.0
Post-dialysis 4.6

F 2.5mg Baseline 0.0
Peak 138.0
Trough 43.2
Post-dialysis 9.1

B 5mg Baseline 0.0
Peak 131.0
Trough 67.8
Post-dialysis 25.5

C 5mg Baseline 0.0
Peak 177.0
Trough 52.4
Post-dialysis 19.3
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Figure 3

A:

Outcome data for ZEBRA 1

Serum VCAM-1 and eGFR at randomisation, end of treatment and end of follow-up
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B: Novel urine biomarker outcomes for ZEBRA 1
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C: eGFR in placebo and zibotentan groups compared at each study time-point.
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Zibotentan concentration in ZEBRA 2B

ZEBRA 2B patients all underwent pharmacokinetic evaluation after receiving a single dose of
zibotentan. The pre-specified time points for sampling are described above and plasma
concentrations are illustrated in Figure 3: Figure 3A shows the concentrations at each time
point super-imposed for the first dose in all six individuals; Figure 3B shows the
concentrations individually for the two patients later receiving a 5 mg dose.

Although the drug has been observed to be primarily renally excreted(218), it is notable that
despite minimal native renal clearance in these patients, there was a marked fall from the
post-dose peak in all patients after 24 hours. These pre-dialysis zibotentan concentrations
(range 16-43 ng/ml) were in the same approximate range as the trough levels at 24h
observed in healthy individuals given zibotentan 2.5mg (described in the manufacturer’s
Investigator’s Brochure). As there was additional clearance across 4 hours of dialysis
observed, this suggests that daily dosing in haemodialysis will be feasible in future. The
concentrations achieved at both doses are well within the safe range described for

zibotentan in previous pharmacokinetic studies in CKD patients not on dialysis (218)
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Figure 4 Zibotentan concentrations in ZEBRA 2B patients.

Concentration is in pg/ml and is shown at four timepoints for all patients (pre-dose, peak,
trough and post-dialysis).
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Discussion
In this chapter | have examined the suitability of the highly selective ETRA antagonist
zibotentan as a treatment for kidney disease in scleroderma. This is on a background of
previous clinical trials showing a benefit for less selective ERAs in other scleroderma
vasculopathies as described above, and also a proof-of-concept study carried out at the
Royal Free, looking at Bosentan in scleroderma renal crisis(45).
In all three ZEBRA sub-studies zibotentan was shown to be safe in patients with renal
impairment ranging from mild (CKD 3A) to severe (CKD stage 5 on haemodialysis). There
were no serious adverse events in any study group adjudicated to be cause by zibotentan. In
general, patients tolerated Zibotentan well and there was no overall excess of adverse
events in the active treatment group. However, a variety of adverse events did occur with a
large majority experiencing at least one, in ZEBRA 1/2A. In patients on active treatment with
zibotentan, adverse events included fluid retention and weight gain. While these were not
classified as serious according to the pre-specified AE criteria, they required medical
management and on occasion led to treatment discontinuation. These findings are in
keeping with other studies in zibotentan (219) and in other highly selective ERAs(220).
The selection of zibotentan for treatment of patients with renal impairment was based on
the hypothesis that reduced activity at the ETRB receptor would improve tolerability for
patients with CKD, who have a high incidence of hypervolaemia and hypertension. This
hypothesis drew on three important observations from previous research:

e ET-1 binding to ETRB promotes the release of vasodilators including nitric oxide and

prostacyclin and therefore ETRB acts as a tonic vasodilator in opposition to the

vasoconstrictive effects of ETRA (221).
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e ETRB acts as a scavenger receptor for ET-1 and therefore reduces circulating
concentration of the hormone(222).
e ET-1 acting on ETRB in the collecting duct promotes natruresis and absence of this

activity results in volume expansion(223).

Based on this experimental evidence, previously observed adverse events in clinical trials of
endothelin antagonists recruiting CKD patients (salt and water overload and hypertension)
were hypothesised to be secondary to antagonism of ETRB. As the most highly selective
ETRA antagonist available, zibotentan had the theoretical potential to reduce fluid overload
side effects and reduce the incidence of rebound hypertension secondary to high circulating
ET-1 levels on drug discontinuation. The first of these hypotheses was disproved and other
studies of selective ERAs have supported our finding that fluid overload from the drug class
does not seem to be mediated purely via ETRB(220). Regarding the second hypothesis, there
was no evidence of worsening hypertension or rebound hypertension in any of the study
groups at any dose and there was no increase in circulating ET-1 levels on zibotentan. This
finding is especially significant in considering ERAs for the management of scleroderma
renal crisis, an acute hypertensive emergency.

The prior study design for the ZEBRA trials drew on historical data on potential kidney
biomarkers in scleroderma. Since that time, the experiments presented in chapter 3 of this
thesis (which were collected in parallel to the early phases of ZEBRA) have provided more
detailed and up-to-date information about possible biomarkers for CKD in scleroderma,
especially those measured in urine. VCAM-1, the pre-determined primary endpoint for
ZEBRA 1 does not appear to reflect disease activity in chronic kidney disease patients. As

would be predicted from the findings in those experiments, this pre-specified primary end

136



point for ZEBRA 1 was negative. | also measured the two most promising novel urine
biomarkers developed in this earlier experiment at the key timepoints in ZEBRA 1 and ZEBRA
2A. Of these two experimental urine biomarkers measured as secondary outcomes, MCP-1
showed the most discriminating results and appeared to act as a local disease activity
marker with levels highest in those pre-treatment or treated with placebo and lowest in
patients post-treatment with zibotentan whose renal impairment had improved on average.
These data in a small population do not provide definitive evidence but offer a starting point
for further investigation.

While urine MCP-1 may give insight into the disease process in the kidneys, a further
secondary outcome measured (eGFR) makes a particularly compelling case that there was a
real treatment effect from zibotentan, notwithstanding the limitations of this small trial.
Inversely to urine MCP1, eGFR had fallen on average at the end of treatment in patients
treated with placebo and it continued to fall over the following six months. On the other
hand, in those treated with zibotentan, there was a small numerical increase in eGFR at the
end of treatment and this trend continued over the following six months so that 12 months
after starting treatment the mean eGFR had gone from 53 to 61, compared to a mean eGFR
of 47 at the end of 12 months in the placebo group (p=0.0072, see Figure 3C). This
suggestion of a treatment effect that persists after temporary exposure to study drug has
been seen in previous scleroderma clinical trials (e.g. a trial of oral cyclophosphamide in
scleroderma-associated interstitial lung disease (224) but it is an unexpected finding in a
vasoactive drug rather than a disease modifying immunosuppressant. The intriguing
possibility that an ERA could have a disease modifying or remodelling effect is potentially

supported by another recent clinical trial and | will discuss this further in chapter 5 (225).
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Zibotentan is mainly excreted renally (218) and its safety in patients with advanced renal
impairment has not been determined previous to this study. Administration for patients on
renal replacement therapy is a particular concern in the absence of data. As was seen in the
ZEBRA 2A results, the prognosis is generally good for patients with SRC and only moderate
acute kidney injury whereas mortality or failure to recover remain high in those who require
dialysis (see chapter 1). Therefore, this is the group of patients most in need of new
therapeutics to improve their outcome (151,164). For that reason, it was an important
objective of this study to improve our understanding of the potential for dosing zibotentan
in patients on renal replacement therapy (the most common form of which after SRC is
haemodialysis).

The data presented her on zibotentan PK on HD provide valuable first insights in this area.
2.5mg and 5mg doses both provided plasma concentrations at peak that would be
considered safe and therapeutic in keeping with the data provided in the Investigator’s
Brochure. Peak plasma concentrations at these doses did not exceed those seen in previous
studies in patients with either normal or impaired renal function (218). Safe trough levels 24
hours post-dose (with more clearance achieved after 4 hours of HD) suggests that daily
dosing could be assessed in an extended study without any significant safety concerns. It is
also notable that the peak concentrations showed fairly linear increase in the escalation
from 2.5 to 5mg in two patients. The ZEBRA 2B pharmacokinetic findings are especially
relevant for future study designs because they were not restricted to patients with
scleroderma. Nevertheless, they do provide support for investigation of the SRC population
with severe AKI, which would ameliorate some of the recruitment difficulties seen in ZEBRA

2A.
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There are very notable limitations to the studies presented in this chapter: in particular,
neither ZEBRA 1 or 2A came close to its recruitment target and any findings are limited
therefore by the small population sizes. Nevertheless ZEBRA 1 and 2A were the first
randomised controlled trials of any treatment for renal involvement in scleroderma, and
although their conduct highlighted some of the difficulties of clinical research in this disease
group, the findings of ZEBRA 1, in particular, offer promise for therapeutics in this
population and potentially others with CKD. The studies also provided an important
opportunity to test the utility of novel urine biomarkers which | described the development

of in an earlier chapter.
Conclusions

The data presented in this chapter are an important contribution to the management of
kidney disease in scleroderma and provide a platform for further research in the use of
highly selective ERAs in this condition and others. They also provide a starting point for the

investigation of zibotentan in patients on renal replacement therapy.
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Chapter 5: Final Discussion

Summary

This project has investigated the processes that contribute to kidney disease in scleroderma
with the aim of furthering our understanding of its pathobiology and improving the clinical
management of the condition.

In the first chapter | summarised current knowledge on the aetiopathogenesis of
scleroderma as a whole and described the specific processes observed in the kidney, both at
a molecular level and in the clinical presentation of patients with renal involvement in
scleroderma. | also described the current consensus as to the appropriate clinical
management of these patients.

In the second chapter | investigated potential genetic risks for scleroderma renal crisis by
focussing on an immunological subgroup of patients at particularly high risk of this
complication. | then assessed whether there are common genetic variants to account for
some of the excess risks in those individuals within this enriched subgroup who went on to
develop SRC. Plausible candidate genes were investigated further with
immunohistochemistry looking at the relevant gene products in kidney tissue.

In the third chapter | investigated potential novel biomarkers for kidney disease in
scleroderma using a multiplex immunoassay on urine and serum samples from patients and
control groups. Candidate biomarkers were assessed both for their potential pathogenic
role in the progression of kidney disease and in terms of their utility as future clinical or
research outcome measures.

In the fourth chapter | described a multi-part clinical trial, evaluating the safety and

effectiveness of zibotentan, a highly selective endothelin receptor antagonist (ERA), in
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improving clinical outcomes in scleroderma kidney disease, with a particular focus on
chronic kidney disease (CKD). | also evaluated the safety and pharmacokinetic profile of
zibotentan administration in patients on intermittent haemodialysis (HD).

In this final chapter | highlight findings from each of the investigations above which are of
particular interest in view of the current research literature, and suggest how further

research in these areas could build on the work in this thesis.

GWAS results: CTNND2, Wnt signalling and scleroderma

The genome wide association project described in chapter 2 identified a strong statistical
association in our “discovery cohort” between a common single nucleotide polymorphism
within the CTNND2 gene area and the development of renal crisis in our high-risk subgroup.
This association was supported by findings in renal crisis biopsy tissue. SNPs within this gene
had previously been demonstrated to associate with pulmonary arterial hypertension in
scleroderma. PAH shares immunological distribution (ie high in ARA positive patients) and
pathophysiology (chronic medium vessel vasculopathy) with SRC so this link is suggestive of
a pathobiological role of a disordered CTNND2 gene in the disease process of scleroderma
vasculopathies.

CTNND?2 (also known as delta-catenin) is a protein in the armadillo-repeat family which
interacts with adhesive junction proteins including E-cadherin and is thereby implicated in
the regulation of cell-to-cell adhesion (226—229). Its role is best understood in the central
nervous system, with mutations previously associated with several neurodevelopmental and
neurodegenerative disorders (229). A close regulatory association between the CTNND2
gene and the Wnt signalling pathway across the cell surface has been identified via a study

of cell migration and adhesion in lung adenocarcinoma(230). A study in hepatocellular

141



carcinoma showed that hypoxia could upregulate expression of CTNND2 via HIF1a and that
this in turn influences activity in the Wnt pathway(231). A role for hypoxic drivers via HIF1a
has already been recognised in the scleroderma disease process (232).

Whnt signalling has become a field of increasing research interest in recent years with the
development of novel therapeutics targeting this pathway (233). In scleroderma, the Wnt
pathway is understood to drive extracellular matrix expansion by upregulating TGF( (234).
In a clinical trial setting, a B-catenin inhibitor that downregulates Wnt -promoted genes was
applied to the skin of scleroderma patients and found to prevent the differentiation of
fibroblasts into the disease-forming phenotype (235). This is in keeping with experiments in
transgenic mice which confirmed that Wnt signalling plays a role in the release of
endothelial progenitor cells and their eventual fate in differentiation (236,237). Therefore
the CTNND?2 gene identified in our study may be linked to the the dysregulation of
endothelial to mesanchymal transformation that plays a key role in the pathobiology of
scleroderma vascuopathies, including SRC and PAH (238,239).

In chapter 2 | describe immunohistochemistry experiments on scleroderma renal crisis
tissue which showed that CTNND2 was present in discrete fragments within the glomerular
capillary loops but distinct from the resident nucleated endothelial cells. As | described in
chapter 1, the typical pathological findings within the kidney in SRC are those of thrombotic
microangiopathy (TMA), where a fibrin mesh typically causes occlusion of small and
medium-sized vessels and red cell or platelet fragments are often sequestered within the
diseased vasculature (240,241). A recent study inducing TMA on human blood in vitro
suggested that rather than simple mechanical sequestration in the fibrin mesh, as previously
had been assumed, red cells may be fixed to the endothelium by active cell-to-cell-adhesion

pathways (242). The possibility that these CTNND2-positive fragments are such sequestered
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red cells or platelets merits further investigation into the role of this gene in scleroderma
renal crisis and other forms of TMA in the kidney. This potential avenue of research is
particularly important in the context of the development of pharmacological interventions

for Wnt-mediated disease processes.

Biomarker results: MCP-1 as a urine biomarker

In chapter 3 | demonstrated that monocyte chemoattractant protein-1 (MCP-1 or CCL2)
could be measured in the urine using an immunoassay and that its concentration could help
to distinguish between patients with scleroderma with CKD and healthy controls as well as
other disease subgroups. In chapter 4, | showed that urine MCP-1 concentrations were
dynamically responsive to an experimental treatment that appeared to stabilise or improve
kidney function in scleroderma patients with CKD.

MCP-1 is a cytokine in the C-C group. It has been shown to be expressed by resident cells in
the vascular endothelium, the epithelium and in fibroblasts within connective tissue (243).
Nevertheless, immune cells (monocytes/macrophages) are the predominant source of its
production (244). MCP-1 acts via the chemokine receptor CCR2. In skin biopsy samples and
cell culture from scleroderma patients the interaction with this cytokine and its receptor
was demonstrated to initiate differentiation of fibroblasts into myofibroblasts (94). As
inferred by its name it also acts as chemoattractant, promoting migration of T lymphocytes
and Natural Killer cells as well as monocytes (244). Thickened skin in scleroderma patients
shows increased MCP-1 expression compared to unaffected areas (245), it is found in high
concentration in bronchioalveolar lavage fluid from scleroderma patients with active lung
disease (246) but its concentrations in sera of scleroderma patients have been shown to be

variable (200). So although MCP-1 has long been considered a potential pathogenic
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mediator in scleroderma, its role as a biomarker has been limited by the availability of a
suitable non-invasive tissue substrate in which to measure it dynamically. Concentrations of
the protein in circulating blood appear to be independent of the extent of MCP-1 expression
in tissues where there is active scleroderma disease process (94). Therefore, the findings of
this study, that urine may offer a local guide to disease activity in the kidney via the
measurement of MCP-1, is potentially of great significance for future management of
patients with scleroderma kidney disease.

Research in the related connective tissue disease systemic lupus (SLE) supports my findings.
Multiple studies in this disease show that urine concentrations of MCP-1 in patients with
active nephritis are higher than in patients without active kidney disease or in healthy
controls(200,201,247). A more recent study has proposed a composite biomarker designer
with urine MCP-1 in lupus measured together with urinary TWEAK to indicate the onset of
lupus nephritis earlier than would otherwise be possible (248). Studies of urine MCP-1 to
predict drug toxicity also suggest its potential as a marker that acts as an early sentinel for
what later becomes clinically apparent pathology in the kidney (249). Taken together with
the findings | have presented above, these studies support the further development of
urinary MCP-1 as both a diagnostic and a dynamic longitudinal tool in measuring the extent

of kidney involvement in scleroderma.

Clinical trial results: the role of highly selective ETRA antagnoists in the treatment of
kidney disease

In chapter 4 of this thesis | described a series of parallel clinical trials of the highly selective

endothelin A receptor (ETRA) antagonist zibotentan. As | discussed in chapter 1, Endothelin
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(ET-1) is a potent vasoconstrictor and exerts this effect primarily through its action at ETRA
whereas the endothelin B receptor (ETRB) provides some tonic vasodilatation (250).

ETRB is an important scavenger receptor for plasma endothelin in the lung, liver and kidney
[21], and it has previously been hypothesised that its blockade is responsible for the
increase in circulating ET-1 that has been observed during treatment with non-selective
ERAs such as bosentan. It is theorised that these high circulating hormone levels are then
responsible for rebound hypertension that has been observed on discontinuation of these
medications in clinical studies (217). The follow-up visits | conducted with patients one week
after drug discontinuation did not reveal any instances of rebound hypertension in any of
the three studies with patients with varying degrees of CKD. This suggests that a selective
antagonist with minimal activity at ETRB may be especially suitable for the treatment of CKD
patients, in whom hypertension is particular clinical challenge.

Further support for the use of selective ETRA antagonists has been provided since
completion of my study by the results of a large multicentre trial of another highly selective
ERA in patients with diabetes, moderate CKD and albuminuria (251) This double blind,
randomised control trial (SONAR) examined 2648 patients on atrasentan or placebo for an
average of two years and found a 35% reduction in the pre-specified negative renal
endpoints among those on active treatment compared to controls [25]. The SONAR study
was performed in a two-phase manner, with all eligible patients first given atrasentan for six
weeks in order to identify a subgroup of patients for whom the study drug was tolerable
without excessive fluid overload and who had a response in the intermediate biomarker
(albuminuria) (220). The aim of this run-in period was to enrich the study group with
patients likely to have a positive response over longer term observation on atrasentan

therapy. Those classified as “responders” were randomised to treatment or placebo in the
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full-length trial. Interestingly the outcomes for responders who had received atrasentan in
phase one but went on to be randomised to placebo for the full trial showed a fall in urinary
albumin during the first phase that was persistent throughout the trial, so that two or more
years later, at the end of follow-up, their urine albumin:creatinine ratio was still significantly
lower than it had been before their six weeks of exposure to atrasentan, which happened
prior to randomisation. This unexpected finding supports my observation in patients with
CKD and scleroderma, where those treated with zibotentan had a trend towards improved
kidney function which continued, and was even amplified, six months after the
discontinuation of the study drug.

A recent retrospective study of vasodilator treatments used for the treatment of PAH
associated with connective tissue diseases looked at renal outcome depending on the
timing of initiation of dual vasodilator therapy. The largest subgroup of patients had
scleroderma, although SLE and mixed-connective tissue disease patients were also included.
Those who were initiated on combination therapy at the same time, early after diagnosis of
PAH, typically a phosphodiesterase-5 inhibitor (PD5i) plus an ERA, had lower incidence of
CKD and less progression of CKD than the patients initially started on one vasodilator
(typically a PD5i) and escalated to combination treatment as required depending on clinical
need(252). The findings of this study provide further support for the possibility of a disease-

modifying effect on CKD for ERAs and are of particular relevance for SSc-CKD.

As in the ZEBRA trials, fluid weight gain and its associated side effects was observed in
SONAR, even among those who tolerated the drug adequately during the run-in period. This
has lead to increased recent research interest in investigating the combination of highly

selective endothelin antagonists with other drug classes shown to be beneficial in chronic
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kidney disease and which have diuretic properties so might thereby improve the tolerability.
One such study of zibotentan combined with a sodium-glucose cotransporter inhibitor

(dapagliflozin) is currently in progress and builds on the findings of the ZEBRA studies(253).

Conclusion
The work described in this thesis has made a significant contribution to the understanding
of kidney disease in scleroderma and its management. Areas of particular interest that |
have highlighted for future study include:
e The role of CTNND2 and Wnt signalling in renal scleroderma and the potential role of
Whnt inhibitors in modulating this.
e The use of urine MCP-1 measurement as a clinical or research tool in diagnosis and
longitudinal measurement of renal involvement in scleroderma.
e Selective endothelin A receptor antagonists as treatments for chronic kidney disease

both from scleroderma and other causes.
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