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Abstract: Systemic sclerosis (scleroderma) is a chronic, multisystem, fibrotic disease.
Although the pathogenesis is not completely understood, early vascular damage leads to an
inflammatory reaction and a severe fibrotic response. Therapy of systemic sclerosis is still not
convincing and is mainly restricted to the management of organ complications. A wide choice
of immunosuppressive and antifibrotic drugs has been used to try to modify the course of the
disease, but significant breakthroughs are still lacking. Imatinib is a tyrosine kinase inhibitor
known to regulate growth, proliferation, and differentiation as well as apoptosis of cells and is
already widely used for several malignancies, eg, chronic myeloid leukemia and gastrointestinal
stromal tumors. It has been used in preclinical as well as clinical studies to modulate the fibrotic
process in patients with systemic sclerosis. This is based on its activity to interfere selectively
with both the transforming growth factor-f§ and platelet-derived growth factor signaling pathway.
Preclinical studies in mouse models of scleroderma showed significant anti-inflammatory and
antifibrotic effects; however, several clinical, proof-of-concept trials have not yet confirmed
these initially promising results.
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Introduction to scleroderma

Scleroderma, or systemic sclerosis (SSc), is a multisystem disorder with a very
heterogeneous course. It is characterized by the development of fibrosis of the skin
and several internal organs. The pathogenesis of scleroderma is still not completely
uncovered. It is based on vascular/endothelial cell injury, an altered immune response
as well as an extensive fibrotic process, finally leading to induced production and
deposition of collagen as well as other extracellular matrix proteins.'

The accumulation of extracellular matrix proteins results in distinctive hardening
of the skin and is responsible for the severe dysfunction/failure of affected organs
(lung, heart, kidneys, gastrointestinal tract, and vascular system).'

Due to the heterogeneous character of the disease and according to the different
SSc subsets, the incidence, prevalence, mortality rates vary widely. Incidence rates vary
from 0.1-4.3 patients per 100.000 inhabitants. This is also reflected in the prevalence
rates, which vary between 1.5-34 patients per 100.000 inhabitants per year.>™!!

The American College of Rheumatology published in 1980 preliminary classification
criteria for patients suffering from SSc to simplify the classification of those patients
with definite SSc disease.'> LeRoy et al differentiated between limited versus diffuse
cutaneous SSc based on a number of clinical characteristics, including extension of
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skin hardening, specific autoantibodies, and changes of
capillaries localized within the nailfold."

Patients suffering from the limited form of SSc represent
43% (data from the German Network for SSc), the most
common subgroup.'“'® These patients develop disease
manifestations with skin hardening and/or internal organ
involvement, usually with a delay of several years after the
initial Raynaud’s phenomenon. The skin of these patients
is mainly affected below the elbow and knee joints and
often the face will also be involved. They also show an
increased risk of developing gastrointestinal involvement as
well as primary pulmonary arterial hypertension (PAH) in
later stages of disease. Furthermore, patients with limited
SSc more frequently show acral, facial, and/or intestinal
telangiectasias. They are frequently characterized by
anticentromere autoantibodies.'>'¢

Patients suffering from the diffuse form of SSc (32%) are
characterized by an early onset of Raynaud’s phenomenon
and the development of further non-Raynaud’s phenomenon
symptoms within 1 year. The course of this disease variant
is more progressive with more extensive skin involvement
of the trunk, face, upper arms, and thighs shortly after
Raynaud’s phenomenon onset. Patients with diffuse SSc
are most frequently anti-Scl 70 (anti-topoisomerase-I) or
anti-ribonucleic acid polymerase-III antibody positive, with
a higher risk of developing interstitial lung disease, cardiac
involvement, and scleroderma renal crisis during the course
of disease.'>!¢

Patients with symptoms of SSc¢ simultaneously with
those of other connective tissue diseases such as myositis,
Sjogren’s syndrome, or lupus erythematosus are classified
as scleroderma overlap syndrome and are characterized
by typical autoantibodies such as Pm-Scl, Ul-RNP, and
J0'1.15'17’18

Damage of the vascular system and endothelial cells is
an early event in SSc. This leads to the release of cytokines/
chemokines, causing tissue inflammation with the response
of the immune system and resulting in the production of
scleroderma-specific autoantibodies. Cytokines, chemokines,
and growth factors play a key role in the transformation
of fibroblasts to myofibroblasts and the overproduction of
collagen and extracellular matrix proteins.'

Fibrosis represents one of the main hallmark features
in SSc based on the synthesis of increased quantities of
fibronectin, fibrillins, proteoglycan core proteins, and
particularly collagen types I and III. Profibrotic cytokines and
chemokines, such as transforming growth factor-§ (TGF-B),
connective tissue growth factor (CCN2), platelet-derived

growth factor (PDGF), endothelin-1, interleukins, and
monocyte chemoattractant proteins (MCP-1 and MCP-
3), participate as major proponents in the initiation of
fibrosis."

TGF- is one of the most potent profibrotic growth
factors, stimulating fibroblasts to proliferate, migrate, and
transdifferentiate into myofibroblasts. Enhanced levels of
TGF-P have also been observed in serum/plasma, skin tissue,
bronchoalveolar lavage, and blister fluid. It is overexpressed
in the early fibrotic process, leading to the induction of
signaling through both the Smad-dependent (Smad2/3) and
Smad-independent pathway."** TGF-B is also capable of
inducing fibrosis independently of the Smad2/3 complex
as well as PDGF receptor (PDGFR) signaling through the
c-Abelson (c-Abl) kinase pathway.?!

PDGF is a dimeric peptide growth factor which can induce
migration, differentiation, and transformation of different
cells. These broad activities explain why PDGF also plays
an important role in other disease processes, such as wound
healing,?> PAH,* and interstitial lung disease.”* A recent
preclinical study analyzed the impact of PDGFR and its
signaling pathways in the pathogenetic process of pulmonary
vascular remodeling, which showed that overexpression
of PDGFRs and its ligands are increased compared to
healthy subjects. In vitro and in vivo investigations have
shown that the combination of PDGFR/c-Abl together with
Src-inhibition reduced the response of pulmonary arterial
smooth muscle cells to growth factor effects and improved
vascular remodeling in experimental PAH.?

Imatinib: mode of action,
pharmacology, pharmacokinetics,
and comparison with other therapy
options
Imatinib (Glivec®; Novartis Pharma AG, Basel, Switzerland) is
a small-molecule tyrosine kinase inhibitor that regulates many
physiological cellular processes, including metabolism, growth/
proliferation, differentiation, adhesion, and apoptosis.?*2
Imatinib has been approved for the treatment of several
malignancies, ie, chronic myeloid leukemia (associated
with the Philadelphia chromosome transformation; Ber-Abl
translocation),” myelodysplastic/myeloproliferative
diseases associated with PDGFR gene rearrangements,*
hypereosinophilic syndrome,*' chronic eosinophilic
leukaemia,* gastrointestinal stromal tumors,*3* aggressive
systemic mastocytosis (with D816V mutation),* and
nonresectable dermatofibrosarcoma protuberans.*®
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Imatinib is administered orally and absorbed with a mean
time to maximum plasma concentration of 2—4 hours,?”3
without significant changes when taken in combination with
food or under fasting conditions.’® The standard dose in
adults is 400-800 mg/day, whereas children are treated with a
standard daily dosage of 340 mg/m?.*° Plasma levels of imatinib
usually remain stable after achieving the steady state.’” The
bioavailability of imatinib exceeds 90% from either tablets
or capsules and its metabolism takes place predominantly in
the liver, mediated by isoenzymes of the cytochrome P450
(CYP450) system, including CYP3A4/5 and, to a lesser
extent, CYP1A2, CYP2D6, CYP2C9, and CYP2C19.¥ It is
a substrate for the adenosine triphosphate-binding cassette
(ABC) transporters ABCB1 and ABCG2 and is mainly bound
to plasma proteins such as o-1 acid glycoprotein,* which
influences its pharmacokinetics.*' Imatinib and its main and
also active metabolite, N-demethylated piperazine derivative,
are eliminated through the bile and feces with just a small
amount of the given dose of imatinib, secreted via the urine.
This explains why a variation in bioavailability is mainly
caused by changes in metabolism or distribution of imatinib.*?
Other drugs are known to induce CYP3A4/5 levels (eg,
rifampicin, St John’s wort), leading to a reduction in imatinib
plasma levels, while drugs which inhibit CYP3A4/5 can cause
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an increase in imatinib concentrations (eg, ketoconazole,
itraconazole, clarithromycin, grapefruit juice). Conversely,
imatinib may also act as an inhibitor of CYP3A4, CYP2C9,
and CYP2D6 and may therefore alter the plasma levels of
other drugs such as cyclosporin A, simvastatin, pimozide,
warfarin, metoprolol, and paracetamol. The toxicities of
imatinib are mainly dose-related.**4°

Imatinib is a 2-phenylaminopyrimidine derivative and
works through inhibition of several tyrosine kinases. It binds
to the adenosine triphosphate-binding site of the kinase,
blocking the phosphorylation of its targets (protein tyrosine
phosphorylation) and consequently inhibiting the induction
of intracellular signal transduction pathways. It is known to
interfere selectively with both TGF-3 and PDGF signaling
pathways by blocking c-Abl and PDGFR, respectively
(Figure 1). Apart from that, imatinib also works through
Arg (Abl-related genes) kinases and c-Kit (stem cell factor
receptor). 346

Imatinib is thought to affect the main pathways in the
fibrotic process instead of inhibiting the immune reaction
and inflammation in SSc patients. It is hypothesized that
imatinib might prevent the progression of skin hardening
and organ fibrosis, whilst improving established fibrotic
tissue alterations.*’
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Figure | Imatinib seems to work in systemic sclerosis patients through the inhibition of the TGF-B and PDGF signaling pathway via c-Abl and directly by blocking PDGFR,
which results in a decrease of gene transcription and consequently in a decrease in collagen production.
Abbreviations: c-Abl, c-Abelson; ECM, extracellular matrix proteins; PDGF, platelet-derived growth factor; PDGFR, platelet-derived growth factor receptor; TGF-f,

transforming growth factor-B; TGF-BR, transforming growth factor-3 receptor.
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In previous clinical trials, for example in patients with
chronic myeloid leukemia, imatinib has been well tolerated
with the number of severe adverse side effects (eg, edema,
rash, muscle cramps, diarrhea, bone marrow suppression)
being less than 1% of subjects compared to SSc patients
who developed overtly greater and more severe side effects
in clinical studies.*

In some patients, imatinib can cause congestive heart
failure (toxic cardiomyopathy/cardiotoxicity) — with an
incidence of 1.7% — and hepatotoxicity.*-°

Rationale for imatinib

for the treatment of scleroderma
Scleroderma (SSc) is a heterogeneous, multisystem disease.
Its pathogenesis has not been fully elucidated, explaining the
lack of optimal treatment options. It is characterized by a
severe fibrotic reaction in response to tissue damage caused
by cytokines/growth factors such as PDGF and TGF-J3,
which have been identified as key mediators and result in
the activation of fibroblasts in SSc. PDGF is also a major
regulator of the vascular processes/angiogenesis and is known
to be involved in SSc-associated PAH."!

Imatinib can interact with both important profibrotic
pathways contemporarily through PDGFR/c-Abl (important
downstream signaling molecule of TGF-f3 and PDGF) and
the Smad1/CCN2 pathway.>>

Preclinical studies have shown that the inhibition of c-Abl
leads to a decrease in type I collagen and fibronectin-1 synthesis
by dermal fibroblasts and myofibroblasts.> They also
showed a reduction in messenger ribonucleic acid synthesis
of collagen and fibronectin in scleroderma and normal
fibroblasts after imatinib treatment.**

Hinchcliff et al demonstrated in their study that imatinib
changed the gene signature of SSc dermal fibroblasts after
treatment compared to healthy subjects.*

Soria et al showed that imatinib was able to block
the proliferation of normal and scleroderma fibroblasts
by inhibiting the phosphorylation of PDGFRs.%¢ In
addition, Furspan et al demonstrated a positive correlation
of the degree of vasoconstriction of isolated arterioles
of SSc patients and healthy controls with the degree of
tyrosine phosphorylation in vascular smooth muscle cells.
Additionally, imatinib improved and reduced vasoconstriction
after cold exposure.’’

Mice that developed lung fibrosis after bleomycin-exposure
were treated with imatinib at doses of 50 mg/kg/day and
150 mg/kg/day, with a clear beneficial antifibrotic effect with
minimal toxic side effects.?!

Another study using animal models demonstrated that
imatinib could prevent bleomycin-induced fibrosis, but failed
to improve bleomycin-induced preexisting dermal fibrosis.>
These findings indicate that imatinib is more effective in
blocking early ongoing fibrotic processes than dissolving
already established, burned-out fibrotic tissue. Imatinib was
also effective in preventing bleomycin or radiation-induced
interstitial lung disease in mouse models.?!-38-60

A positive effect of imatinib has also been reported in
other sclerotic diseases such as graft-versus-host disease,®' -
localized scleroderma (morphea),* and nephrogenic systemic
fibrosis. 53¢

Efficacy, safety, and tolerability
studies and patient-focused
perspectives: quality of life,
satisfaction and acceptability,

adherence, and uptake

On the basis of all preclinical studies, several case reports have
suggested a clinical benefit within 3—6 months of treatment with
imatinib in patients with SSc. All reported a reduction in skin
fibrosis detected by modified Rodnan skin score (MRSS) and
an increase in lung function.**”%8 A recent case series of six
scleroderma patients reported a clear reduction in skin harden-
ing as well as a stabilization in lung function after treatment with
a dosage of 200 mg/day for a median period of 23 months.”

To confirm these findings, several clinical trials were
initiated with controversial results.

Pope et al performed a 6-month, randomized, double-blind,
placebo-controlled, proof-of-concept pilot study that included
patients with active diffuse SSc. Ten diffuse SSc patients were
randomized, and four completed the study with a dosage
of 400 mg/day. After randomizing, further enrollment was
stopped due to a poor overall tolerance (fatigue, weakness,
tiredness, fluid retention, nausea, constipation, diarrhea, and
anemia) and two serious adverse events. Side effects occurred
in both patients at very early stages during treatment, with
relapses of side effects also after readministration of reduced
dosages. No significant effect was detectable.”

Tamaki et al showed in their pilot study that a dose of 100 mg/
day improved symptoms in five patients with PAH, including
three SSc patients, over a period of 6 months. No significant
effects were detectable on hemodynamics or exercise capacity,
but two SSc patients showed a reduction in vascular pulmonary
resistance as well as an improvement in the predicted diffusion
lung capacity for carbon monoxide. All three patients showed
an improvement in skin thickening and mobility. Nailfold
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capillary changes, especially hemorrhages, disappeared after
6 months of treatment. Interestingly, none of the three patients
developed side effects; only one patient suffered from transient
renal dysfunction.” These data indicate that imatinib has more
beneficial effects on skin manifestation than on pulmonary
involvement. This could be in agreement with the four-fold
increase in the o-1 acid glycoprotein level in bronchoalveolar
lavage fluids compared to serum levels of SSc patients and
healthy controls, which is known to block the inhibitory effects
of imatinib.”"-"

Hatano et al showed that patients with PAH have increased
PDGF-BB serum levels, which declined after the treat-
ment with imatinib. Interestingly, patients with increased
PDGF-BB levels within the early stage of disease showed
an improvement (>15% decrease in pulmonary vascular
resistance) following imatinib treatment.™

Khanna et al conducted a 1-year, Phase I/I1a, open-label
pilot study that treated 20 SSc patients with SSc-associated
interstitial lung disease with oral imatinib (up to 600 mg/day).
Five patients developed adverse events, including generalized
edema, shortness of breath, diastolic dysfunction, generalized
rash, diarrhea, hepatotoxicity, elevated creatine kinase levels,
and anemia. Three of these five patients suffered from
marked anemia, fatigue, and muscle weakness combined
with gastric antral vascular ectasia. Dyspnea and generalized
edema was observed in the other two patients. There was a
significant improvement in MRSS (3.9 units; P < 0.001) as
well as a trend towards improvement in parameters in lung
function tests (1.74% increase in forced vital capacity, 4.17%
increase in total lung capacity, and a 1.46% increase in the
diffusing capacity of the lung for carbon monoxide).”

Spiera et al administered imatinib in their 1-year, Phase Ila,
single-arm, open-label study in a daily dosage of 400 mg for
12 months in 30 patients with early diffuse SSc. Of these, 24
patients completed the 12-month treatment period. There were
171 adverse events that appeared to be related to the drug
intake. Serious adverse events were detectable in 24 patients;
however, they were not all related to the study medication. An
improvement in skin thickening was detectable in early and
late stage patients (decline in MRSS by 6.6 points or 22.4%;
P < 0.001), as well as a significant improvement in forced
vital capacity (improvement by 6.4%; P < 0.008), while
the diffusion capacity just stabilized and skin morphology
(collagen deposition) changed. Health-related quality of life
assessment improved or remained stable during the study.”

A multicenter, open-label, proof-of-concept, Phase
ITa study enrolled 27 patients who were started on
200 mg/day imatinib, which was then titrated up to 600 mg/day.

Sixteen of the 27 patients completed 24 weeks of treatment,
but unfortunately no significant changes in skin score and/
or lung function was observable.”’

Chung et al investigated whether treatment with imatinib
would have an impact on gene expression signature in skin
biopsies. They included seven patients with diffuse SSc and
two patients with limited SSc and administered dosages
between 100-400 mg/day for 24 weeks. Improvement in
skin thickening (32% improvement in MRSS; P = 0.05)
was detectable in seven patients who completed 24 weeks
of treatment with a mean dose of 300 mg/day. Changes
of gene expression pre- and posttreatment with imatinib
were investigated and a change in gene signature of skin
biopsies in three patients who responded to the treatment
(upregulation of genes involved in collagen metabolism and
downregulation of genes involved in mitosis and cell cycle)
was detected.”””

Sabnani et al showed, that a combination therapy of
imatinib (200 mg/day) together with cyclophosphamide
(500 mg every 3 weeks) was well-tolerated in five patients
with scleroderma-associated interstitial lung disease.”

An improvement in PAH and right ventricular function
in a patient with SSc-associated cardiac involvement after
imatinib treatment (200-400 mg/day) was reported by ten
Freyhaus et al, who suggested that the benefit was induced by
an antiproliferative rather than by a vasodilatative effect.”

Prey et al recently reported their data of a Phase II,
multicenter, randomized, double-blinded, controlled study on
patients with morphea (n=3) and SSc (n=25). Each patient
received after randomization either 400 mg/day imatinib or
placebo for 6 months, with a follow-up after discontinuation
ofa further 6 months. The primary outcome was the efficacy
based on the change in MRSS; unfortunately no changes in
MRSS were observable. Adverse events were more frequent
in the group treated with imatinib.

Conclusion and place in therapy
SSc and its treatment is still a major burden for the affected
patient and a challenge for clinicians. To date, SSc is not
curable; however, immunosuppressive drugs are frequently
used as modifying treatments. Basic research, the search
for new therapeutic targets, and new controlled clinical
studies/trials are urgently required to improve the course of
disease, mortality, and prognosis as well as the quality of
life of SSc patients.

On the basis of the data available, it is still very difficult
to reach a final conclusion on whether imatinib or its related
variants are effective drugs for SSc. This is due to (1) the
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heterogeneity of this disease, which exacerbates the grading
of improvement of symptoms; (2) the severity of organ
involvements and progression of disease, with an increased
risk of developing side effects such as edema, cardiotoxicity,
and alveolitis; and (3) the self-limitation of skin-hardening,
usually after a period of 3—4 years.

Interestingly, in some reports not only fibrosis improved
under treatment, but also vascular alterations. This could be
explained by the finding that target molecules of imatinib are
also expressed in vascular structures.®!

Studies using imatinib in the treatment of chronic myeloid
leukemia always reported low frequencies of drug-induced
adverse events. Much higher doses (up to 800 mg/day) have
been used compared to initial studies involving scleroderma
patients, which more frequently showed dose-dependent
adverse events. This has been the reason for some study
interruption and loss to follow-up of patients. SSc¢ patients
treated with lower doses of imatinib (200 mg/day) showed a
better tolerability.®”' One might hypothesize that this could
be explained by the fact that SSc patients suffer from a
multisystem disease, including impairment of renal function
and/or cardiopulmonary function. Ohnishi et al reported that
imatinib-induced interstitial lung disease, occurred more
frequently in patients with preexisting lung impairment,
which was reversible after stopping treatment.*

Due to the variation of efficacy in all mentioned case
reports and studies, it would be important to identify patients
who would benefit the most. This could be achieved by the
development of biomarkers to identify patients, which are
associated with a progressive versus mild course of disease,
which are associated with rather fibrotic or vascular features
and which correlate with the response to therapies.

Tamaki et al suggested that plasma levels of PDGF-BB
could serve as a marker for responsiveness to imatinib due to
the finding that PDGF plays a major role in skin and vascular
involvement in SSc patients and that it decreased after the
administration of imatinib.”

To date, placebo-controlled studies are still lacking and
the published observational studies show conflicting results,
balanced with negative and positive effects/findings. Therefore,
it is impossible to distinguish between the definite effects of
the drug and the normal course of disease. Also, the fact that
patients have been treated with other immunosuppressive drugs
falsifies the findings and should be considered in future well-
designed, placebo-controlled trials.

There are still many open questions about the efficacy
and tolerability of imatinib as an antifibrotic drug in
SSc patients. Until now, all studies had limitations, which

makes any judgment about positive and negative results very
difficult. Further studies should also focus much more on the
molecular effects of these antifibrotic drugs. Beyer et al nicely
explained in their paper that patients with fibrotic diseases
and especially with SSc would need a detailed molecular
characterization with the focus on biomarkers which indicate
specific profibrotic signaling pathways.®

In vitro studies don’t completely reflect real life, especially
the interplay between different cells and the impact of these
cells among one another and under different conditions.
Therefore, it would be important to uncover in vivo
whether imatinib directly affects human fibroblasts through
inhibition within the TGF-f and PDGF signaling pathway
or whether it also acts indirectly through alteration of other
cell types. Furthermore, it should be investigated whether
the combination of different tyrosine kinase inhibitors with
their corresponding targeted tyrosine kinases would amplify
the therapeutic effect. Further studies should also address
whether combination with immunosuppressive drugs or other
antifibrotic drugs would improve the effect of imatinib.
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