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Summary

Tissue fibrosis causes organ failure and death in patients with systemic sclerosis (SSc), but clearly effective anti-fibrotic
therapies are not available. The tyrosine kinase inhibitor (TKI) imatinib, which blocks the pro-fibrotic c-Abl kinase and
PDGF receptor, is currently evaluated in clinical proof-of-concept trials for the treatment of patients with SSc. In
experimental models, imatinib efficiently prevented and reduced tissue fibrosis. First clinical case studies demonstrated anti-
fibrotic effects of imatinib in selected patients with SSc and other fibrotic diseases, and observational studies in sclerotic
chronic graft-versus-host disease showed promising results. Besides imatinib, the two novel TKIs of c-Abl and PDGF
receptor nilotinib and dasatinib have recently proven efficacy in experimental models of SSc. The potential of TKIs of the
VEGF receptor (e.g., semaxinib, vatalanib, sutent, and sorafenib) and the EGF receptor (e.g., erlotinib, gefitinib, lapatinib,
and canertinib) as anti-fibrotic treatments are also discussed in this review. Prior to clinical use, however, controlled trials
need to address efficacy as well as tolerability of TKIs in patients with different fibrotic diseases.
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Introduction

Systemic sclerosis (SSc) is a connective tissue disease characterised by progressive fibrosis of the skin and internal
organs, including the lungs, gut, and heart. Although its actiology remains unknown, knowledge about the pathogenesis of
SSc is steadily increasing. Three pathologic hallmarks characterise the development of SSc: autoimmunity, vasculopathy, and
progressive tissue fibrosis. While inflammatory, autoimmune processes and vasculopathy with capillary rarification dominate
early stages of SSc, progressive tissue fibrosis is the key feature of late-stage disease. Progressive tissue fibrosis can cause
organ failure and accounts for much of the morbidity and mortality in patients with SSc [1]. Consequently, SSc research aims
for novel treatment strategies to either prevent or reduce tissue fibrosis.

Tyrosine kinases (TKs) regulate a wide variety of normal cell processes, including metabolism, growth, differentiation,
and apoptosis. Phosphorylation of target proteins at tyrosine residues is the common mode of action of TKs. According to
their localisation in the cell, TKs can be classified in two major groups: The receptor TKs are membrane receptors that
activate intracellular signaling pathways upon ligand binding to their extracellular domains. This process includes the
dimerisation of two TK monomers as well as autophosphorylation of the intracellular phosphatase domain to increase the
catalytic activity. In contrast, non-receptor TKs lack extracellular and transmembrane domains but modulate signaling
pathways after activation in the cytoplasm [2].

Besides their physiological roles, TKs are key players of various diseases, including cancer, pulmonary arterial
hypertension, and systemic sclerosis (SSc). In this context, pathological activation of TKs may drive carcinogenesis, vascular
remodelling, and fibrogenesis [3-5]. To target pathological TK activity, researchers are developing monoclonal antibodies
against the extracellular domains of receptor TKs, such as the anti-vascular endothelial growth factor (VEGF) receptor
antibody bevacizumab and the anti-epithelial growth factor (EGF) receptor antibody cetuximab. In addition to monoclonal
antibodies, small molecule tyrosine kinase inhibitors (TKIs), which can enter the cytoplasm to bind the intracellular catalytic
domains of both receptor and non-receptor TKs, are emerging as novel therapies for targeting pathological TK activity in
various diseases.

In this review, we will highlight the role of imatinib, a dual inhibitor of Abelson kinase (c-Abl) and platelet derived
growth factor (PDGF) receptor, as a novel anti-fibrotic therapy in SSc and other fibrotic diseases. Furthermore, we will
discuss chances and risks of VEGF and EGF receptor TKIs in the treatment of SSc.
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First generation c-abl and PDGF receptor inhibitor imatinib

Imatinib was the first TKI to be established in the treatment of chronic myelogenous leukaemia (CML). Imatinib
efficiently blocks the tyrosine kinase activity of the c-Abl, a non-receptor TK which is pathologically activated in CML. In
addition to its role in cell proliferation, c-Abl can promote fibrosis as an important downstream target of tumour growth
factor-f (TGF-B) [6]. TGF-PB is one of the central mediators in pro-fibrotic diseases. In this context, the induction of
extracellular matrix proteins by TGF- is strongly decreased in cells deficient for c-Abl. In addition to its interaction with
TGF-B, imatinib suppresses the TK activity of the PDGF receptor, which can also stimulate fibrogenesis and enhance
fibroblast contractility via syndecan 4 and MEK/ERK-signaling [7]. Thus, imatinib targets simultaneously two major pro-
fibrotic pathways in SSc (fig. 1), blocks the production of extracellular matrix, and reduces the contractility of fibroblasts [7,
8].

We demonstrated that imatinib in pharmacologically relevant concentrations inhibited the synthesis of collagen lal,
collagen 1a2, and fibronectin-1 in SSc fibroblasts by up to 90% [9]. We did not observe any compensatory changes in the
expression of matrix metalloproteinases and tissue inhibitors of matrix metalloproteinases. In vivo experiments confirmed
these results as imatinib efficiently inhibited the development of bleomycin-induced dermal fibrosis in mice. Treatment of
mice with imatinib at doses of 50 mg/kg/day and 150 mg/kg/day had strong anti-fibrotic effects. Imatinib prevented the
differentiation of resting fibroblasts into myofibroblasts and reduced synthesis and accumulation of extracellular matrix in
lesional skin. Finally, we found that imatinib did not only prevent the development of fibrosis but also reduced established
fibrosis in experimental models of SSc [10]. Apart from SSc, imatinib exerted potent anti-fibrotic effects in experimental
models of pulmonary, renal and liver fibrosis [6, 11-13]. Along with inhibition of pathological fibrosis in various diseases,
imatinib can also block physiological wound healing by interfering with recruitment, proliferation, and functional activities
of fibroblasts and pericytes [14].

Imatinib is widely used for the treatment of ber-Abl-positive CML and gastrointestinal stromal tumours, and more than
100000 patients have been treated so far. Imatinib possesses favourable pharmacokinetics: It is readily absorbed after oral
administration and it can be administered once daily due to its long half-life [8]. Imatinib is well tolerated and severe adverse
effects are rare. Minor and moderate side-effects, however, are common and lead to discontinuation of the drugin 15-30% of
the patients [15]. The adverse events of imatinib are dose-dependent and include oedema, muscle cramps, diarrthoea, and bone
marrow toxicity [15, 16]. Imatinib and other inhibitors of c-Abl and PDGF receptor might also slightly increase the risk of
congestive heart failure, especially in patients with a previous history of heart disease [17, 18]. This could be of relevance for
treatment of SSc, as subclinical microvascular and fibrotic changes of the myocardium are frequently seen in SSc patients.

Of note, smaller clinical case series in the treatment of CML confirmed the anti-fibrotic effects of imatinib in
experimental models of fibrosis. In these case series, treatment with imatinib led to a regression of concomitant bone marrow
fibrosis [19, 20]. Interestingly, the anti-fibrotic effect did not correlate with the cytogenetic response and thus, mechanisms
independent from the suppression of Philadelphia chromosome-positive cancer cells might have caused regression of bone
marrow fibrosis [20].

The anti-fibrotic effects of imatinib in experimental models of fibrosis and in the bone marrow of patients with CML as
well as the good clinical safety profile in CML prompted the off-label use of imatinib in selected patients with severe or
refractory fibrotic diseases. In this context, imatinib was an efficient therapy in two patients with gadolinium-induced
nephrogenic systemic fibrosis [21]. Notably, the disease improved under imatinib, and worsened after stopping imatinib.
Furthermore, several case studies demonstrated beneficial effects of imatinib in patients with refractory SSc [22-24]. As
shown recently, imatinib appears to be highly effective in patients with refractory sclerotic chronic graft-versus-host disease
(cGVHD) that shares several pathological features with SSc, including progressive skin fibrosis [25, 26]. Finally, we reported
the successful treatment of pulmonary fibrosis with imatinib in a patient with mixed connective tissue disease [27]. Before
initiation of imatinib, the patient rapidly deteriorated despite treatment with corticosteroids and methotrexate. When treated
with imatinib at a dose of 400 mg/day over 20 weeks, the patient progressively improved. The New York Heart Association
(NYHA) class changed from NYHA 4 to NYHA 2. The 6-min walking distance increased by 50 m and the predicted DLcg
increased from 26% to 45%. Moreover, the arterial oxygen pressure increased from 64 mm Hg to 70 mm Hg at rest and from
50 mm Hg to 62 mm Hg after exertion. Ground glass opacities decreased during treatment whereas reticular changes
remained constant. Nevertheless, no changes in forced vital capacity and total lung capacity were observed. The patient
tolerated the treatment well and did not experience any adverse events.

The promising results from small case studies with imatinib led to the initiation of clinical trials in patients with SSc.
Since potent anti-fibrotic agents for the treatment of SSc do not exist yet, the results from these proof-of-concept trials are
urgently awaited. If they give positive signals, larger placebo-controlled trials will be initiated. Nevertheless, the good results
from the above-mentioned case studies should not be over-estimated: The course of SSc is variable with spontaneous
regression of dermal fibrosis. Therefore, regression of fibrosis in these case reports might reflect the spontaneous course of
the disease in individual patients but not a response to imatinib.

Second generation c-Abl and PDGF receptor inhibitors and Src inhibitors

Dasatinib and nilotinib, two novel inhibitors of c-abl and PDGF receptor, serve as salvage therapies for the treatment of
refractory CML as well as for patients with intolerance to imatinib [28]. Similar to imatinib, dasatinib and nilotinib also
inhibited the development of fibrosis in experimental models of SSc and might be interesting alternatives in the anti-fibrotic
treatment with TKIs. Nilotinib and other TKIs of c-Abl and PDGF receptor might have positive effects on the proliferative
vasculopathy of SSc besides their anti-fibrotic potential [29].
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In addition to its direct effects on c-abl and the PDGF receptor, dasatinib inhibits Src kinases (fig. 1). These non-receptor
TKs regulate the activation of c-abl. Src kinases are activated by pro-fibrotic cytokines, such as TGF- and PDGF [30].
There is also evidence that Src kinases are critical for inflammatory responses [31]. In experimental models of SSc, the
specific inhibitor of Src kinases SU6656 reduced the development of dermal fibrosis. Thus, targeting Src kinases may be
another promising approach in the treatment of SSc [30]. Although selective inhibitors of Src kinases are not yet in clinical
use, dasatinib inhibits Src kinases in pharmacologically relevant concentrations. A clinical proof-of-concept study with
dasatinib in patients with SSc is ongoing.

TKIs of the VEGF receptor

Vascular endothelial growth factor (VEGF) is the primary inducer and key mediator of angiogenesis. Despite disturbed
vessel morphology and severe capillary rarification, we found strong up-regulation of VEGF levels and VEGF receptors in
the skin of patients with SSc [32]. We concluded that VEGF-driven, angiogenic processes might be futile and even
deleterious in patients with SSc. In line with our results, several studies showed that sufficient tissue angiogenesis depends on
strict regulation of VEGF expression. In contrast, chronic and uncontrolled over-expression of VEGF induced the formation
of chaotic vessels, characterised by glomeruloid and haemangioma-like morphology similar to capillary changes seen in SSc
[33-35].

Vasculopathy with capillary rarification as well as uncontrolled over-expression of VEGF and VEGF receptors may have
further implications on the pathogenesis of SSc [36]. In patients with SSc, vascular rarification causes decreased blood flow
and hypoxia in affected tissues. Severe tissue hypoxia may contribute to the development of tissue fibrosis by the induction
of extracellular matrix proteins, including fibronectin-1, thrombospondin-1, proa2(I) collagen, IGF-binding protein 3 and
TGF-B-induced protein [37]. Furthermore, there is recent evidence from transgenic mouse models that VEGF signaling itself
can stimulate the production of extracellular matrix proteins [38], providing a potential molecular link between vascular
changes and fibrosis in SSc (fig. 1).

Taken together, these findings might suggest beneficial effects of inhibition of VEGF signalling in patients with SSc by
novel TKIs, such as semaxinib, vatalanib, sutent, and sorafenib. We believe, however, that the clinical use of VEGF receptor
TKIs harbors potential risks: Complete inhibition of VEGF signalling by TKIs in patients with SSc might have more
deleterious effects than over-stimulation of the VEGF/VEGF receptor axis. Thus, application of VEGF receptor TKIs could
even worsen vasculopathy in patients with SSc and could prevent angiogenesis, which is desperately needed for wound
healing in SSc patients with ulcers. Since it remains unknown how to achieve controlled expression and timely termination of
VEGF signalling, which seems to be crucial for success of pro-angiogenic therapies, we discourage clinical use of VEGF
receptor TKIs in patients with SSc at this time. Instead, we recommend careful evaluation of these drugs in experimental
models of SSc prior to clinical application.

EGF receptor inhibitors

In cancer therapy, TKIs of the EGF receptor are emerging as important anti-neoplastic drugs to selectively target cancer
cells with uncontrolled EGF signalling. The EGF receptor, a receptor tyrosine kinase, can promote tumour growth by
activating central pathways of cell proliferation and survival, including the RAS-RAF-MEK-MAPK and the PI3K-Akt
pathways [3]. Furthermore, the EGF receptor may stimulate angiogenesis in tumours by up-regulation of VEGF [39]. Thus,
EGF receptor TKIs can target both tumour growth and angiogenesis. As discussed above, interference with angiogenesis may
limit the clinical use of TKIs in SSc.

The role of the EGF receptor and its ligand tumour growth factor-a is well established in interstitial lung disease [40—44],
and interaction of EGF and TGF-f signalling may impel the development of kidney fibrosis [45]. In SSc, however, only little
evidence supports the clinical use of EGF receptor TKIs, such as erlotinib, gefitinib, lapatinib, and canertinib. In vitro
experiments showed that EGF enhanced the expression of TGF-f} receptors 2 in dermal fibroblasts suggesting pro-fibrotic
effects of EGF signalling via the TGF-f pathway (fig. 1). Since EGF did not further up-regulate TGF-B receptors 2 on
scleroderma fibroblasts, the true role of EGF signalling in SSc remains unknown [46]. Therefore, future studies may examine
the effects of EGF signalling on fibrosis and evaluate anti-fibrotic effects of EGF receptor TKIs in SSc. Finally, anti-
angiogenic (side) effects of EGF receptor TKIs require careful evaluation prior to clinical use in patients with SSc.

Conclusion

Progressive tissue fibrosis causes high morbidity and mortality in patients with SSc, but clearly effective anti-fibrotic
therapies are not yet available for routine clinical use. Regarding its potent anti-fibrotic effects in vitro and in vivo, favourable
pharmacokinetics, good clinical experiences regarding safety and toxicity in other diseases, and first promising case reports,
the TKI imatinib is currently investigated in clinical proof-of-concept trials for the treatment of patients with SSc. We are
awaiting critical data about safety and efficacy from these trials. Positive results will prompt larger placebo-controlled trials
to establish imatinib for routine clinical use in SSc. The ongoing proof-of-concept trials will also provide important insights
on general effects of the cytokine modulation in SSc. Besides ongoing investigations in SSc, observational studies showed
promising results in the treatment of refractory sclerotic cGVHD with imatinib and might soon be succeeded by placebo-
controlled trials.
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In the meantime, further TKIs with potent, anti-fibrotic effects are emerging from preclinical studies. The dual c-Abl and
PDGEF receptor inhibitors nilotinib and dasatinib may be interesting alternatives to imatinib in the treatment of SSc. Because
of their high receptor affinity, these agents might be more potent and lack some of the side effects of imatinib. Nilotinib and
other TKIs of c-Abl and PDGF receptor might have positive effects on the proliferative vasculopathy of SSc in addition to
their anti-fibrotic potential. Moreover, dasatinib paved the way for a group of new targets in anti-fibrotic therapy: selective
inhibition of the non-receptor TKs Src may be another promising approach to prevent or even reduce tissue fibrosis in SSc.

In contrast to TKIs of c-Abl and PDGF receptor, the role of VEGF and EGF receptor TKIs in the treatment of SSc
remains unclear. There is accumulating evidence that uncontrolled activation of VEGF receptor signalling contributes to
tissue fibrosis in SSc and might mediate important features of the vasculopathy in SSc. However, there are important
potential risks associated with inhibition of VEGF signalling including inhibition of wound healing. This needs to be
carefully examined in preclinical models prior to the clinical use of VEGF receptor TKIs in SSc. The preclinical evidence for
the anti-fibrotic efficacy of targeting EGF signalling is limited.
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Figure 1
Targeting tyrosine kinases in Systemic Sclerosis.

Figure 1

Transmembrane (TGF-, PDGF, VEGF, and EGF receptors) as well as intracellular (c-Abl and Src kinases)
tyrosine kinases promote the production and release of extracellular matrix (ECM) proteins. Pro-fibrotic
downstream signaling of TGF-f and PGDF is well-established and involves Smad proteins, c-Abl, and Src
kinases. By contrast, downstream pathways of VEGF and EGF that promote ECM synthesis in SSc fibroblasts
still need in detail- characterisation. Regarding their central role in production and release of ECM, tyrosine
kinases are promising targets for anti-fibrotic treatment approaches in SSc since they can be blocked by specific
inhibitors (TKIs). 1) Imatinib, dasatinib, and nilotinib block the intracellular tyrosine kinase c-Abl, a
downstream target of pro-fibrotic TGF-f signaling. 2) In addition to its effects on c-Abl and the PDGF receptor,
dasatinib inhibits Src kinases, which link increased PDGF receptor activity with activation of c-Abl. 3) Imatinib,
dasatinib, and nilotinib are inhibitors of the PDGF receptor, which can promote ECM production directly or via
activation of Src kinases and c-Abl. 4) Semaxinib, vatalanib, sutent, and sorafenib block VEGF receptor
signalling and might decrease ECM production. The exact mechanisms liniking VEGF receptor signalling and
ECM synthesis are still unclear. 5) Erlotinib, gefitinib, lapatinib, and canertinib block EGF receptors. Although
downstream pathways of EGF signalling are only partially explored in SSc, activation of EGF receptors might
contribute to increased synthesis of ECM in SSc fibroblasts.
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