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DEVELOPING TARGETED THERAPIES IN SYSTEMIC
SCLEROSIS: FROM BENCH TO BEDSIDE

Oliver Distler’

Summary

Systemic sclerosis (SSc) is a rare, chronic autoimmune disease with
multi-organ involvement. Its pathophysiology includes early activa-
tion of the immune system, microvascular changes and activation of
fibroblasts, ultimately leading to fibrosis and tissue ischemia. SSc
puts a high morbidity and mortality on the patients, and there is a
high-unmet need for effective therapies in SSc. In recent years, we
were able to establish a platform to identify and develop novel mo-
lecular targeted therapies for SSc using newly developed and char-
acterized in vitro and in vivo models of SSc. In this overview, the
characterization of serotonin signaling is given as an example for a
comprehensive preclinical portfolio to allow informed translation
into clinical applications. Using this example, the design of biomarker
driven proof of concept studies is shown that provides further justi-
fication to develop targeted therapies into phase 2 and 3 trials. We
could also contribute to the improved design of advanced clinical
studies in SSc by modeling clinical trials and their inclusion and ex-
clusion criteria from the worldwide largest patient registry EUSTAR.
Very recently, one of the targeted therapies, Nintedanib, which we
could help to develop, showed positive effects in a very large, placebo
controlled clinical trial for patients with SSc-interstitial lung disease
(ILD). The FDA has now approved Nintedanib as the first treatment
for patients with SSc-ILD.

! Department of Rheumatology, University Hospital Zurich, University of Zurich,
Switzerland
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Introduction: Systemic sclerosis

Systemic sclerosis (SSc) is a rare chronic autoimmune disease of un-
known etiology. It has the highest case-related mortality among the rheu-
matic diseases and puts a major morbidity on the patients and their rela-
tives. As many other autoimmune diseases, the large majority of patients
with SSc are females with a ratio of females to males from approximately
7 to 1. It can affect all ages including children, but onset of the disease
peaks around an age of 40—60 years (1).

The complexity of SSc is among other reasons based on its diverse and
heterogeneous organ involvements. It frequently involves the skin, the
gastrointestinal tract and the lungs, but can also involve the heart, the kid-
neys and a variety of other organs (Figure 1). Organ manifestations peak
at different times during the disease course, can show continuous pro-
gression as more frequently seen in the lungs, but can also show a stable
disease or even spontaneous regression such as for skin fibrosis. Moreo-
ver, the individual disease course is highly variable and difficult to pre-
dict on the individual patient level. Disease severity can range from sub-
clinical immunological and minor microvascular involvement to rapidly
progressive disease with immediate involvement of major organs leading
to death within several months (1).

This variability in the disease course and the individual heterogeneity
makes clinical trial design in SSc extremely challenging. Accordingly,
while a variety of immunosuppressive drugs is used in clinical routine
despite limited evidence, approved therapies for SSc were until very re-
cently not available and the large majority of randomized controlled clin-
ical trials were negative not reaching statistical significance for their pri-
mary endpoints. The only exception is autologous hematopoietic stem
cell transplantation, which has been shown to have favorable long-term
effects in three large randomized controlled trials. However, its applica-
bility is limited by its treatment related mortality, which is reaching up
to 10%. It is therefore only recommended for a selected, rapidly progres-
sive patient population at high risk of mortality, and should be only ap-
plied in specialized centers with experience in this treatment for patients
with SSc.
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Systemic sclerosis

Rare autoimmune disease
High morbidity and mortality

The halimarks of SSc are:
+  immune system dysregulation
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Figure 1: Major clinical manifestations and pathological hallmarks in SSc.
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Figure 2: Vasculopathy, inflammation and fibrosis: A bird-eye view on major patho-
genic steps in SSc. Modified from (1)
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Part of the limited progress that has been made in finding treatments for
SScis due to the limited understanding of its pathophysiology. The patho-
logical hallmarks of SSc are abnormalities of the microvasculature and
immune system eventually leading to the activation of fibroblasts and fi-
brosis of affected organs. Major pathophysiological steps are summarized
in Figure 2.

The etiology of SSc is complex and might be based on an overall minor
genetic susceptibility. Interestingly, genetic polymorphisms linked to this
susceptibility are located largely in genes involved in the immune regu-
lation and overlap with other major autoimmune diseases. This raises the
hypothesis that the triggering events are involving an immune activation,
which might then be the first step in the earliest stages of SSc. While
these triggering events are unknown, several hypothesis have been pro-
posed such as viral infections or environmental factors.

More importantly, there has been advance in the identification of factors
driving key pathophysiological processes in SSc. In general, immune dys-
regulation and microvasculopathy are early manifestation in the patho-
genesis of SSc. The events contributing to vascular injury include en-
dothelial cell activation and apoptosis, increased vascular permeability
leading to leukocytes infiltration and perivascular inflammation, and
breakdown of capillaries. Small arteries show proliferation and activa-
tion of vascular smooth muscle cells leading to vessel wall fibrosis, lumen
narrowing and vessel obliteration. These processes overall result in is-
chemia and chronic tissue hypoxia. Immune dysregulation is character-
ized by the presence of perivascular inflammatory infiltrates consisting
of activated T cells, macrophages and mast cells in the affected tissues
and SSc-specific autoantibodies in the circulation (1).

The pathologically probably most important process in the pathophysi-
ology of SSc is fibrosis. In fibrosis, the functional tissue is replaced with
a collagen rich, stiff connective tissue leading to dysfunction and failure
of affected organs. The links to vascular injury and immune dysregula-
tion are poorly understood, but particularly the induction of cytokine and
growth factor production in inflammatory cells and resident tissue cells
appear to play a major role. Interstitial fibroblasts are important effector
cells in this process. While proliferation is rarely detected in fibrotic tis-
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sues of SSc patients, a major hallmark of SSc fibroblasts is the differen-
tiation into highly activated myofibroblasts. In addition to resident inter-
stitial fibroblasts, myofibroblasts can transdifferentiate from a variety of
additional cells such as monocytes, pericytes, fibrocytes, and epithelial
cells. Activated myofibroblasts are characterized by contractile alpha
smooth muscle actin (a-SMA) and release large amounts of extracellu-
lar matrix components (ECM) such as collagens and fibronectin (1).

Taken together, while there is an increasing knowledge about factors and
processes driving the pathophysiology of SSc and fibrotic diseases in
general, this has not led to major breakthroughs in the treatment of this
devastating disease until very recently. The research program from my
group therefore spans from preclinical to clinical science, which includes
the following parts:

(1) A preclinical program focusing on the identification of key molecules
and intracellular signaling cascades that are driving the disease process;

(2) The characterization of animal models and 3D cellular systems, which
can be used for proof of principle targeting;

(3) A translational and clinical program with emphasis on precision med-
icine and phase 2/3 clinical trial design.

Some of the major findings are summarized on the following pages.

Targeting TGF-f3 associated pathways as a treatment principle:
Serotonin as an example

TGF-B: Several cytokines have been characterized to drive the activa-
tion of fibroblasts. TGF-f is been considered by many researchers as a
main factor in many different fibrotic diseases including SSc. The cir-
cumstantial evidence for a key role of TGF-f in SSc includes the pres-
ence of a strong TGF-B-activated gene signature in skin biopsies from
patients with SSc. Immunohistochemical analysis show that expression
of TGF-f is increased in SSc skin. Moreover, elevated levels of TGF-3
receptors (TGFBR) on SSc fibroblasts suggest an ongoing autocrine stim-
ulation to maintain the activated phenotype even in absence of exogenous
stimuli. Microarray studies showed that signatures of TGF-f activated
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pathways occurred exclusively in a subset of skin biopsies from patients
with diffuse cutaneous SSc. However, direct targeting of TGF-[3 has been
challenging and is linked to a meaningful toxicity because of its general
widespread physiological role. Thus, an alternative and possibly more
promising strategy for the treatment of fibrotic diseases might be the tar-
geting of less commonly involved and therefore less toxic downstream
pathways and pathways that are associated with TGF-f3.

Proof of principle for serotonin as a potential anti-fibrotic target: In
this regard, 5-hydroxytryptamine (5-HT; serotonin) is a molecule, which
is stored in platelets in the circulation. It is released upon activation of
platelets. Because of the microvascular changes in SSc, which lead to a
disturbed blood flow and consequently to an activation of platelets, many
platelet derived factors including 5-HT have been found elevated in the
circulation of SSc patients. We hypothesized that 5-HT might be involved
in the activation of fibroblasts, and might provide a link between the micro-
vascular changes, platelet activation and tissue fibrosis in SSc (2). The key
findings of this study are mentioned here and are also summarized in (3).

First, we could show that dermal fibroblasts from SSc patients and healthy
subjects, which were stimulated with 5-HT, increased the mRNA and
protein of different extracellular matrix proteins including collagen type
Talpha 1 (COL1A1) in dose-dependently. Doses used for the stimulations
were in the range of those detected in biological fluids (Figure 3).
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Figure 3: Serotonin (5-HT) induces the release of
08 extracellular matrix proteins such as collagen I
i ) ) ) | (collAl) from cultured dermal fibroblasts.

contreis  0.01M 01 pM 10M Adapted from (2).
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There are seven 5-HT receptors, 5-HT1 to 5-HT7, by which the cellular
effects of 5-HT are mediated. We found that three different 5-HT recep-
tors were expressed by dermal fibroblasts: 5-HT1B, 5-HT2A, and
5-HT2B. The mRNA levels of 5-HT2B were slightly upregulated in SSc
fibroblasts as compared to healthy controls (143 = 17%), while 5-HT1B
and 5-HT2A were not different. Inhibition of 5-HT?2, but not 5-HT1 by
selective chemical inhibitors decreased the mRNA and protein levels of
COL 1A1, COL 1A2 and fibronectin- 1. Additional inhibition experiments
using siRNA knock-down revealed that this effect was specific for
5-HT2B, but not for 5-HT2A. These results suggested that 5-HT2B plays
a crucial role for the synthesis of extracellular matrix proteins in dermal
fibroblasts.

Immunohistochemistry in fibrotic skin biopsies of SSc patients and nor-
mal skin of healthy individuals supported these results. Expression of
5-HT2B was increased in fibrotic tissue as compared with unaffected
tissue from healthy controls. Double staining with the fibroblast-specific
marker prolyl-4-hydroxylase-beta confirmed that 5-HT2B was mostly
expressed by dermal fibroblasts.

We suspected indirect mechanisms for the pro-fibrotic effects, because
the effects of 5-HT on collagen synthesis were delayed. Thus, we inves-
tigated, whether TGF-3 might be the second mediator of 5-HT signaling.
Indeed, 5-HT increased dose-dependently the mRNA levels of TGF-31
in SSc fibroblasts. Furthermore, 5-HT induced in a time-dependent man-
ner the nuclear levels of phospho-Smad3, the intracellular mediator of
TGF-p signaling. Inhibition of TGF-31 by neutralizing antibodies abro-
gated the pro-fibrotic effects of 5-HT on the expression of COL1AI,
COL A2 and fibronectin-1, suggesting that the serotonin effects are me-
diated by TGF-f.

Next, we used animal models to proof our in vitro findings. Injection of
bleomycin intradermally into mice potently stimulated the expression of
5-HT2B and induced dermal fibrosis (4). The 5-HT2 inhibitors terguride
and cyproheptadine as well as the selective 5S-HT2B inhibitor SB 204741
efficiently prevented and treated bleomycin-induced dermal thickening,
collagen content and myofibroblast counts. The anti-fibrotic effects of
5-HT?2 inhibition were further tested in a therapeutic approach using a
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modification of the bleomycin model. To complement these pharmaco-
logical inhibitions, we used 5-HT2B -deficient mice. 5-HT2B-/- mice
were almost completely protected from bleomycin-induced dermal fibro-
sis, while no spontaneous fibrosis was observed in these mice. Similar
effects were seen in another less inflammatory mouse model of fibrosis,
the tight skin 1 (Tsk-1) model. In this genetic model hypodermal fibro-
sis occurs, which was no longer seen when the Tsk-1 mice were crossed
with 5-HT2B-/- mice.
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Figure 4: Inhibition of serotonin signaling by different 5-HT2 inhibitors prevents and
treats bleomycin-induced skin fibrosis. A: skin sections. Top left to bottom right: control
mice, bleomycin mice untreated, bleomycin treated with tergurid low dose, bleomycin mice
untreated, bleomycin treated with tergurid low dose, bleomycin treated with cyprohepta-
dine, bleomycin treated with SB 20474 1. B-D: quantification with different read-outs. Taken
Sfrom (2).

To confirm the link between platelet activation and increased 5-HT/5-
HT2B signaling in fibrosis, we used mice deficient for tryptophan hy-
droxylase (TPH) 1, which is the key enzyme for the synthesis of 5-HT in
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platelets, and challenged them with intradermal injections of bleomycin.
Experiments with TPH 1 deficient mice further underlined the important
role of platelet-derived 5-HT in experimental fibrosis. Dermal fibrosis in
bleomycin-challenged TPH1-/- mice was strongly decreased compared
with bleomycin-challenged TPH1+/+ mice. The concept derived from
these and other studies is summarized in Figure 5.

Serotonin-
Release

Platelet activation

Activation

Small vessel disease 5-HT2B

Fibrosis Fibroblast Activation

Figure 5: The vicious circle of serotonin signaling in SSc. Small vessel disease leads to
platelet activation, releasing serotonin (5-HT). 5-HT activates fibroblasts via 5-HT2B re-
ceptors in a TGF- 3 depended manner, which increases the release of extracellular matrix
proteins eventually contributing to fibrosis. Fibrosis increases the distance of cells to blood
vessels leading to hypoxia, which further enhances the microvessel disturbance seen in
SSc, resulting in further platelet activation.

Translation into clinical application: In a next step, we aimed to trans-
late these findings into a proof of concept phase 2 clinical study (5). In
this investigator-initiated two-center study using the pan SHT2 inhibitor
terguride, the primary endpoint was safety. Serious adverse events (SAEs)
and AEs were coded using MedDRA. Primary efficacy endpoints included
changes of pre-defined skin biopsy biomarkers over the three months
treatment period. Secondary efficacy endpoints were change of mRSS
and lung function parameters. Main inclusion criteria were fulfillment of
ACR classification criteria for SSc and the more severe, progressive sub-
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type of SSc, diffuse cutaneous SSc (deSSc). Patients with end-stage organ
involvement and treatment with potentially disease modifying agents in-
cluding immunosuppressives were excluded. Patients were treated with
Terguride at up to 3 mg/d p.o. or standard of care (post hoc control) for
three months. The study was externally monitored.

We were able to recruit twelve patients into the Terguride group and six
patients into the control group. The primary endpoints, skin biopsy bio-
markers, showed a consistent and statistically significant down-regula-
tion compared to the control group (Figure 6) for dermal thickness, my-
ofibroblast counts and mRNA levels of collal, colla2. In addition, the
Lafyatis 4-gene biomarker set (COMP, THSP-1, SIGLEC-1, IFI-44),
which is a validated biomarker set to predict the progression of skin fi-
brosis, was also changed. This was accompanied by a reduction in mRSS
of —32.3% versus baseline in the Terguride group versus stable values in
the control group (p< 0.05). Lung function parameters did not change
significantly. Overall, 33 adverse events (n=27 mild and n=6 moderate)
and one serious adverse event (pyelonephritis, not related) occurred in
the Terguride group, most often consisting of nausea and vomiting (9%
and 13% of patients respectively).
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Figure 6: Biomarker results of the proof of concept study with Terguride in 12 patients
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Based on these promising safety and biomarker results, a phase 3 place-
bo-controlled one year study was designed and discussed with both the
United States Food and Drug Administration (FDA) and the European
Medicines Agency (EMA). Terguride is not serotonin receptor specific,
but also targets adrenergic and dopaminergic receptors, which are largely
responsible for the observed adverse events described above. Terguride
had been approved for the treatment of hyperprolactinemia in some coun-
tries. Thus, SSc was a repositioning of this drug and had a reasonable
toxicity profile in this indication, but not in SSc. This led FDA to request
additional phase 1 studies. Unfortunately, these phase 1 studies revealed
potential cardiovascular risk with increases in blood pressure and heart
rate in certain subgroups of volunteers. As a result, the clinical Terguride
program was not continued for SSc. Because these unwanted adverse
events were not caused by the serotonin-receptor targeting, but the unre-
lated adrenergic and dopaminergic receptors targeted by Tergruide, we
are currently developing in cooperation with start companies specific
small molecule inhibitors specifically targeting SHT?2.

Development of new animal models in SSc

Animal models are an important part of pre-clinical drug development in
SSc and fibrotic diseases. While none of these animal models fully re-
flects the human disease, they are giving important insights into the var-
ious mechanisms being operative in SSc patients. Activated pathways are
highly heterogeneous in SSc patients. Consequently, a positive proof of
concept study in a specific animal model with an activation of certain,
specific pathways does definitely not guarantee a positive clinical trial
and translation into the clinic. However, when several fibrotic animal
models with diverse mechanisms are showing positive effects in the pre-
vention and treatment of fibrosis, the likelihood of a positive clinical trial
in humans is increasing. Considering the major burden for patients of the
large and long (placebo-controlled) clinical trials that are required in SSc,
and considering the major costs of such trials, any effort that decreases
the likelihood of negative trials is worthwhile. Thus, a wide variety of fi-
brotic animal models fosters drug development in SSc despite its well-ac-
cepted limitations. In addition, 3D skin models with primary cells from
SSc patients reflecting the fibrotic environment in the skin are another
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important tool for screening of targeted therapies. They allow for
high-throughput screening and minimize the burden for living animals.
These 3D skin models are currently in development and in optimization
in our laboratories. The following chapter focuses on the Fra-2 tg mouse
model as an example of a new model for fibrotic autoimmune diseases
such as SSc. The overall importance of this model for studies in SSc is
also summarized in (6).

The Fra-2 transgenic mice: Fra-2 tg mice were initially described by
the group of Erwin Wagner as a model that develops a severe form of
lung fibrosis (7). Fra-2 belongs to the family of AP-1 (activator protein-1)
transcription factors consisting of members of the Jun (c-Jun, JunB, JunD)
and the Fos family (c-Fos, FosB, Fra-1, Fra-2). In the Fra-2 tg mouse
model, the murine Fra-2 gene is expressed under the control of the ubig-
uitous major histocompatibility complex class (MHC) I antigen H2Kb
promoter. In Fra-2 tg mice, the mRNA of the transgene is detectable in
various tissues, but the extent and distribution of protein expression var-
ies depending on the insertion of the transgene into the genome in the
founder animals, depending on the background of the mice and possibly
because of additional, unidentified factors. In our lab, we are in the mean-
time using a newly generated mouse model of Fra-2 with the same MHC
I promotor, which shows a slightly different, more autoimmune and some-
what less fibrotic phenotype than described in the following paragraphs.

We could show in our initial studies on the Fra-2 tg mouse model that
Fra-2 tg mice displayed several features of the peripheral microvasculop-
athy characteristic for human SSc (8). In the skin of both Fra-2 tg mice
and SSc patients, but not in controls, Fra-2 protein was predominantly
expressed in vascular structures. Whereas Fra-2 tg mice did not differ
from wt mice at an age of 9 weeks, starting from week 12, a significant
decrease in capillary density occurred. Increased perivascular inflamma-
tory infiltrates characteristic for human SSc were also present in the skin
of 9-week-old Fra-2 tg mice compared to wt mice, but not in older mice.
The rarefication of capillaries in Fra-2 tg mice paralleled the develop-
ment of skin fibrosis. Starting from 12 weeks, Fra-2 tg mice showed a
time-dependent increase of dermal thickness due to accumulation of ex-
tracellular matrix that became even more pronounced at 16 weeks.
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Endothelial cell (EC) apoptosis is considered one of the earliest events
in the development of vascular lesions in human SSc. Interestingly, in
Fra-2 tg mice, apoptosis of dermal EC at 9 weeks preceded the develop-
ment of microangiopathy and skin fibrosis suggesting that similar mech-
anisms as in the human disease are important in this model. Using the
variety of functional in vitro experiments, we could show that the expres-
sion of Fra-2 induced apoptosis, and inhibited proliferation, migration
and tube formation capacity of human microvascular endothelial cells.
Clinical manifestation of peripheral microvasculopathy such as ulcers or
tissue necrosis did, however, not occur during the 16-week observation
period in mice. Despite this lack of clinical vascular manifestations, it is
until today the only model that develops both peripheral fibrotic and vas-
cular changes reflecting what is seen in human SSc.

This is also underlined by changes in the lungs in Fra-2 tg mice. The two
major manifestations in the human disease are pulmonary arterial hyper-
tension (PAH) and interstitial lung fibrosis (ILD). Lung manifestations
are the most frequent cause of SSc-related death and are therefore of
major importance for treatment studies. Fra-2 tg mice develop both of
these features (9). In our analysis, the phenotype of ILD in Fra-2 tg mice
resembled features of human NSIP, whereas fibroblastic foci, and hon-
eycombing, associated with UIP, were rarely detectable. NSIP is the pre-
dominant feature of SSc-ILD. ILD occurred after the pulmonary vascu-
lar features described below but let to sacrifice of the mice at week 16.

In one of our analysis, we focused on the pulmonary vascular manifes-
tations of the Fra-2 tg mice and compared them to histological changes
seen in human PAH. Fra-2 tg mice displayed several features that are
considered to be more common in SSc-associated PAH than in idiopathic
PAH (IPAH). This included intimal thickening with mainly concentric
laminar lesions, medial hypertrophy, perivascular inflammatory infil-
trates, adventitial fibrosis, and lung fibrosis with interstitial inflamma-
tory infiltrates (Figure 7). Histological features underrepresented in SSc-
PAH were also rarely detectable in Fra-2 tg mice including concentric
and eccentric non-laminar lesions. Complex lesions such as plexiform
and thrombotic lesions, which occur more often in IPAH were not ob-
served. Different from human SSc-PH, pulmonary occlusive venopathy
was not detectable in Fra-2 tg mice. Later experiments proofed by right
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heart catheterization that Fra-2 tg mice have strongly increased right atrial
pressures and increased pulmonary artery pressures.

Figure 7: Pulmonary vascular lesions in Fra-2 tg mice resembling PAH. Left: wild-type
control. Right: Fra-2 tg mice showing strongly thickened pulmonary vessels and oblite-
rated vessels (green).

We next wanted to know whether Fra-2 tg mice are sensitive to change
over treatment and can thus be used for proof of concept treatment stud-
ies. Our previous studies had shown that PDGF-BB and its phosphoryl-
ated (=activated) receptor was increased in the vascular lesions of Fra-2
tg mice. By applying the tyrosine kinase inhibitor nilotinib, which targets
the PDGF-R pathway, an almost complete prevention of vascular remod-
eling and lung fibrosis was observed in Fra-2 tg mice.

Taken together, the Fra-2 tg mouse model resembles both peripheral and
internal organ features of both the fibrotic and vascular phenotype of
human SSc. As Fra-2 is also overexpressed in the human disease, it is an
attractive model to study the pathophysiology of SSc. It is nowadays one
the most frequently used proof of concept models to test and screen for
potential targeted therapies in SSc.

Improvement of clinical trial design in SSc

Our laboratories where involved in the preclinical characterizations of a
number of potential molecular targeted therapies as outlined for seroto-
nin above. Some of them passed the quality tests of efficacy and were
proceeded to clinical testing in phase 2 and 3 studies.
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The most frequently chosen primary endpoint for clinical trials in SSc
has been skin fibrosis as measured by the modified Rodnan skin score
(mRSS), a semi-quantitative measure of skin fibrosis on the whole body.
However, clinical studies had frequently failed in SSc in the past. One of
the potential reasons was the fact that in all previous clinical trials, the
mRSS showed a spontaneous improvement on the group level in the pla-
cebo groups, indicating that skin fibrosis had already peaked at inclusion
into the clinical trials. From a molecular targeting point of view, this sug-
gested that the previous trials could have been negative because the tar-
geted pathways were no longer active during regression of skin fibrosis
and thus targeting them could not lead to clinical effects. All attempts to
enrich for patients showing progression of skin fibrosis had failed in the
past.

In this situation, we had the opportunity to take advantage of the Euro-
pean Scleroderma Trials and Research Group (EUSTAR) registry. This
patient registry was founded in 2004 with our group in Zurich being one
of the founding members. As of today, this registry contains more than
16 000 SSc patients from more than 200 centers across the world with
an extensive clinical characterization collected in the registry. The ma-
jority of patients are followed longitudinally with annual visits. It is by
far the largest registry worldwide in this rare disease and a rich source of
scientific analysis of the clinical course of SSc with over 60 clinical re-
search publications. I am currently the elected chairperson of EUSTAR.

To allow enrichment of patients with progressive skin fibrosis by modi-
fying inclusion criteria into phase 2/3 trials, we mimicked the typical
population included into these trials (diffuse cutaneous SSc, dcSSc) and
the lengths of those trials (12 months) from the registry (10). Patients
with these features were included into the analysis and logistic regres-
sion was performed to identify independent clinical features at baseline
that can predict patients with progression at 12 months follow up.

A total of 637 dcSSc patients were eligible. Univariate analyses identi-
fied joint synovitis, short disease duration (<15 months), short disease
duration in females/patients without creatine kinase (CK) elevation, low
baseline mRSS (£22/51), and absence of esophageal symptoms as poten-
tial predictors for progressive skin fibrosis. In the multivariate analysis,
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by employing combinations of the predictors, 17 models with varying
prediction success were generated, allowing cohort enrichment from 9.7%
progressive patients in the whole cohort to 44.4% in the optimized en-
richment cohort. Using a second validation cohort of 188 dcSSc patients,
short disease duration, low baseline mRSS and joint synovitis were con-
firmed as independent predictors of progressive skin fibrosis within 1
year resulting in a 4.5-fold increased prediction success rate. An exam-
ple how the prediction models can be used for clinical trial design is
shown in Table 1.

Model | Included prediction markers Prediction success (%)
1 Joint synovitis 20/122 (16.4)

2 Disease duration 22/126 (17.5)

3 Joint synovitis, disease duration 9/31 (29.0)

4 Joint synovitis, disease duration, gender, interaction | 9/25 (36.0)

between short disease duration and gender

5 Joint synovitis, disease duration, gender, inter- 9/25 (36.0)
action between short disease duration and gender,
oesophageal symptoms

6 MRSS at baseline 52/412 (12.6)
7 MRSS at baseline, joint synovitis 18/88 (20.5)
8 MRSS at baseline, disease duration 20/84 (23.8)
9 MRSS at baseline, joint synovitis, disease duration | 8/22 (36.4)

10 MRSS at baseline, joint synovitis, disease duration, | 8/18 (44.4)
gender, interaction between short disease duration
and gender

Table 1: Clinical features identified from the EUSTAR registry to predict worsening of
skin fibrosis. Progression without enrichment approximately 9%, total number of patients
in the derivation analysis 537. For example, in model 1, using joint synovitis as an inclu-
sion criterion, 122/537 can be included into the clinical trial, and progression increases
Jfrom 9% to 16% under standard of care. An optimal enrichment from 9% to 44% can be
achieved with model 10 and a combination of low MRSS at baseline, joint synovitis, dis-
ease duration, and short disease duration as inclusion criteria. However, only 18/537 are
Sulfilling all these inclusion criteria questioning the feasibility of such a theoretical study.
Adapted from (10).
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In a follow-up study, we used a similar approach to define criteria pre-
dicting the improvement in skin fibrosis in diffuse cutaneous SSc (11).
This analysis was aimed to inform exclusion criteria of a clinical trial to
avoid inclusion of patients with spontaneous regression of skin fibrosis.
From the 919 EUSTAR patients included in this analysis, 218 (24%) im-
proved and 95 (10%) progressed. Eleven candidate predictors for skin
improvement were analyzed. Using logistic regression with bootstrap
validation, the final model identified high baseline mRSS and absence of
tendon friction rubs as independent predictors of skin improvement (Fig-
ure 8). The baseline mRSS was the strongest predictor of skin improve-
ment, independent of disease duration. An upper threshold between 18
and 25 performed best in enriching for progressors over regressors.
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Figure 8: Percentage of progressors and regressors of skin fibrosis based on the base-
line level of mRSS. With higher baseline levels of mRSS, regression is more likely to occur.
Adapted from (11).

While some of these inclusion criteria had already been applied in pre-
vious studies, the consideration of less advanced skin fibrosis in very
early diffuse SSc as an inclusion criterion to allow for progression was a
new strategy that we subsequently applied to some of the phase 2/3 tri-
als (Figure 8). Indeed, as for example seen in the Rise-SSc study with
riociguat (submitted, presented at conferences), this strategy of evi-
dence-based definitions of inclusion and exclusion criteria was success-
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ful, leading to a remarkable increase in the percentage of patients with
progression of skin fibrosis.

Nintedanib — the first FDA approved therapy for SSc-ILD

These and other findings contributed to the design of a very large inter-
national randomized placebo-controlled trial with the multi-tyrosine ki-
nase inhibitor nintedanib for SSc-ILD. As for serotonin described above,
our laboratories were providing the preclinical portfolio to characterize
nintedanib as a potential anti-fibrotic treatment in SSc. Different animal
models as well as in vitro experiments consistently showed strong an-
ti-fibrotic effects in both the skin and lung, but also modulated the in-
flammatory response in the SSc models. Nintedanib could also prevent
the onset of PH and vascular remodeling in the Fra-2 tg mouse model,
thus providing a strong rationale for clinical testing in SSc.

Nintedanib is an orally available small molecule intracellular inhibitor of
tyrosine kinases, targeting among other tyrosine kinase receptors VEGFR,
PDGFR, and FGFR. It is an approved treatment for idiopathic pulmonary
fibrosis (IPF), which has both similarities and differences to SSc-ILD.
We conducted the SENSCIS trial, a randomized, double blind, place-
bo-controlled trial to investigate the efficacy and safety of nintedanib in
patients with SSc-ILD (Figure 9) (12).

Nintedanib 150 mg bid (n=288)
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Figure 9: Design of the SENSCIS trial, a one-year clinical trial with nintedanib in patients
with SSc-ILD. Patients remained on blinded treatment until the last patient had reached
week 52 but for no longer than 100 weeks.
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This study with 576 patients recruited from more than 30 countries and
more than 170 centers in 5 continents was industry-sponsored, but coor-
dinated from Zurich as one of the two coordinating centers. Patients with
SSc with an onset of the first non-Raynaud’s symptom within the past
7 years and a high-resolution computed tomographic scan that showed
fibrosis affecting at least 10% of the lungs were randomly assigned, in a
1:1 ratio, to receive 150 mg of nintedanib, administered orally twice daily,
or placebo. The primary endpoint was the annual rate of decline in forced
vital capacity (FVC), assessed over a 52-week period. Key secondary
endpoints were absolute changes from baseline in the mRSS and in
the total score on the St. George’s Respiratory Questionnaire (SGRQ) at
week 52.

Of the 576 patients receiving at least one dose of nintedanib or placebo,
51.9% had diffuse cutaneous systemic sclerosis, and 48.4% were receiv-
ing mycophenolate at baseline. As the inclusion and exclusion criteria
were designed rather liberal, the population was largely representative of
a typical SSc-ILD population. In the primary endpoint analysis, the
adjusted annual rate of change in FVC was —52.4 ml per year in the
nintedanib group and —93.3 ml per year in the placebo group (difference,
41.0 ml per year; 95% confidence interval [CI], 2.9 to 79.0; P = 0.04,
Figure 10). Sensitivity analyses based on multiple imputation for miss-
ing data yielded P values for the primary endpoint ranging from 0.06 to
0.10.

Annual rate of decline in FVC (mLlyr)
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Difference: 41.0 mUyr Figure 10: Annual rate of decline of FVC in
(95% CI: 2.9, 79.0); p=0.04 patients with SSc-ILD treated with nintedanib
Relative reduction: 4% or placebo. Adapted from (12).
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The change from baseline in the modified Rodnan skin score and the total
score on the SGRQ at week 52 did not differ significantly between the
trial groups, with differences of —0.21 (95% CI, —0.94 to 0.53; P = 0.58)
and 1.69 (95% CI, —0.73 to 4.12 [not adjusted for multiple comparisons]),
respectively. Diarrhea, the most common adverse event, as already seen
in the IPF trials, was reported in 75.7% of the patients in the nintedanib
group and in 31.6% of those in the placebo group. This rate of adverse
events was numerically higher than in the IPF, but exactly in the same
range when baseline GI symptoms characteristic for disease involvement
in SSc already existing at baseline were subtracted.

Taken together, these results showed that the annual rate of decline in
FVC in patients with SSc-ILD was lower with nintedanib than with pla-
cebo. However, no clinical benefit of nintedanib was observed for skin
fibrosis. These results led very recently (September 2019) to the approval
of nintedanib for patients with SSc-ILD by the FDA and is thus the first
FDA approved targeted therapy for SSc-ILD. Decisions about registra-
tions in European and Asian countries are foreseen in 2020.

Outlook

While the registration of the first targeted treatment for SSc-ILD might
be a breakthrough discovery, it is by far not addressing all unmet needs
in SSc. Nintedanib is able to slow progression of SSc-ILD by about 50%
in the clinical trial. We still do not have therapies that can halt the pro-
gression of fibrosis or even revert it. Precision medicine, the application
of specific drugs only to those patients, who will show a response to the
specific treatments, e.g. because the targeted pathways are activated, is
still far away from clinical practice. Many non-vascular, non-fibrotic man-
ifestations such as fatigue, calcinosis or GI-involvement, greatly affect-
ing patients’ daily life when present, are still poorly understood, are not
addressed with the novel upcoming therapies and remain largely un-
treated. The ultimate goal, to prevent onset of the disease rather than treat-
ing it when it is present will require a much-improved understanding of
the earliest disease stages, which is a focus of current research efforts.
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