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Zusammenfassung 

Die systemische Sklerose (SSc) ist eine komplexe, heterogene Autoimmunerkrankung 

unbekannter Ursache, die durch drei histopathologische Merkmale gekennzeichnet ist: 

Erkrankung der Blutgefäße, Immunaktivierung und Fibrosierung verschiedenster Organe. Die 

Anhäufung extrazellulärer Matrix, die durch vermehrte Bildung von aktivierten Fibroblasten 

hervorgerufen wird, stört dabei die physiologische Gewebsarchitektur und schränkt die 

Funktion der betroffenen Organe progredient ein. Insbesondere die diffus-kutane Form birgt 

ein hohes Invalidiäts- und Mortalitätsrisiko. Bedauerlicherweise gibt es bisher keine 

effektiven Behandlungsmöglichkeiten. Es besteht somit ein großer Bedarf an effektiven 

antifibrotischen Therapien.  

 

Im ersten Teil dieser Arbeit zeigten wir, dass Nintedanib, ein Tyrosinkinase Inhibitor, der 

kürzlich für die Therapie der idiopathischen Lungenfibrose (IPF) zugelassen wurde, sowohl 

die Migration als auch die Proliferation und Aktivierung von Fibroblasten in vitro effektiv 

inhibiert. Nintedanib hemmte die PDGF- und TGF-β induzierte Synthese verschiedener 

Bestandteile der extrazellulären Matrix wie Kollagen und Fibronektin. Außerdem führte die  

Behandlung mit Nintedanib zu einer sichtbaren Reduktion der fibrotischen Veränderungen in 

verschiedenen, komplementären Mausmodellen der SSc. Zusätzlich zu den antifibrotischen 

Effekten, verbesserte die Behandlung Nintedanib im Fra2 Mausmodell der SSc auch 

vaskuläre Veränderung wie die Verdickung der Pulmonalarterien und den Verlust von 

Kapillaren in der Haut.  

 

Im zweiten Teil der Arbeit untersuchten wir die Rolle der Tyrosin-Phosphatase SHP2 als 

Regulator der Fibroblastenaktivierung in der SSc. Wir konnten zeigen, dass SHP2 einen 

zentralen Signalweg in fibrotischen Erkrankungen, die TGF-β Signalkaskade, reguliert. 

Inaktivierung von SHP2 hemmt die TGF-β-induzierte Aktivierung von JAK2/STAT3 

Signalisierung in dermalen Fibroblasten und hemmt damit die  TGF-β-induzierte 

Myofibroblastendifferenzierung und Kollagensynthese. Der Fibroblasten-spezifische 

Knockout von SHP2 reduzierte die fibrotischen Veränderungen in verschiedenen 

Mausmodellen der SSc. Auch die pharmakologische Hemmung von SHP2 verminderte die 

pathologische Aktivierung der JAK2/STAT3 Signalkaskade und zeigte potente anti-

fibrotische Effekte.  
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Die Ergebnisse zur Wirksamkeit von Nintedanib könnten direkte translationale Auswirkungen 

und waren Teil der wissenschaftlichen Grundlage für eine internationalen, multizentrische 

klinische Studie zur Untersuchung der Sicherheit und Wirksamkeit von Nintedanib in SSc. 

Der zweite Teil der Arbeit identifiziert die Tyrosin-Phosphatase SHP2 als neuen Regulator 

der TGF-β Signalkaskade in der SSc und als potentielles Zielmolekül für neue anti-fibrotische 

Therapieansätze.
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Summary 

Systemic sclerosis (SSc) is a complex heterogeneous autoimmune disease with unknown 

etiology. It has three major pathologic hallmarks: vasculopathy, immune activation and 

extensive fibrosis that is an excessive accumulation of extracellular matrix proteins released 

from activated fibroblasts and destroys the physiological tissue architecture and function of 

the involved organs. Particularly, diffuse cutaneous SSc (dcSSc) has a highly increased risk of 

morbidity and mortality. Unfortunately, no targeted treatment is approved for fibrosis in SSc. 

Therefore, there is a great medical need for new anti-fibrotic therapies for SSc. In this thesis, 

we evaluated the anti-fibrotic effects of nintedanib that target several receptor tyrosine kinases 

(PDGF receptors, VEGF receptors and FGF receptors) and evaluated the tyrosine phosphatase 

SHP2 as a potential target for the treatment of fibrosis in SSc. 

 

In the first part of this thesis, we evaluated the effect of nintedanib, an inhibitor of the tyrosine 

kinase activity of PDGF receptors, VEGF receptors and FGF receptors that has been approved 

for the treatment of idiopathic pulmonary fibrosis recently, in preclinical models of SSc. We 

showed that nintedanib effectively inhibits migration, proliferation and activation of cultured 

fibroblasts. Nintedanib reduces PDGF- and TGFβ-induced expression of extracellular matrix 

components such as collagens and fibronectin. Furthermore, nintedanib ameliorated fibrosis 

in several complementary mouse models of SSc. In addition to improvement of fibrotic 

readouts, nintedanib also reduced vascular manifestations such as thickening of the 

pulmonary arteries in the lung and loss of capillaries in the skin in the Fra2 transgenic mouse 

model of SSc.  

 

In the second part of this thesis, we investigated the role of SHP2 in the pathogenesis of SSc. 

We demonstrated that SHP2 regulates TGFβ signaling which is the core pathway in fibrotic 

diseases. Inactivation of SHP2 signaling reduced the TGFβ mediated activation of 

JAK2/STAT3 signaling in dermal fibroblasts, thereby inhibiting myofibroblast differentiation 

and collagen release. Moreover, fibroblast-specific knockout of SHP2 inhibited the activation 

of JAK2/ STAT3 and ameliorated fibrosis in several mouse models. Pharmacological 

inhibition of SHP2 was well tolerated and also demonstrated potent anti-fibrotic effects in 

experimental pulmonary and dermal fibrosis.  

 

The results of the both parts of the thesis might have clinical implications. The potent anti-

fibrotic effects of nintedanib in several in vitro and in vivo model systems together with 
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findings from clinical trials in idiopathic pulmonary fibrosis stimulated the initiation of an 

international clinical study to evaluate the efficacy of nintedanib in SSc patients.  In the 

second part, we characterize SHP2 as a novel regulator of TGFβ signaling and as a potential 

target for anti-fibrotic therapies in SSc. As inhibitors of SHP2 are currently in development, 

they might be available for clinical trials in SSc as well. 
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1. Introduction 

1.1. Overview of systemic sclerosis 

Systemic sclerosis (SSc), also known as scleroderma, is a rare connective tissue disease 

characterized by autoimmunity, inflammation and vasculopathy at early stages followed by 

progressive interstitial and perivascular fibrosis in later stages [1, 2]. Scleroderma is a 

combination of the Greek words “skleros” (hard) and “derma” (skin), which means the 

fibrosing and hardening of skin, as the most commonly affected tissue. However, the more 

correct name is SSc, because not only skin, but also other organs like lung, kidney, heart and 

gastrointestinal tract are also often affected [2]. SSc has a worldwide distribution and is 3 to 5 

times more frequent in women than men. Due to methodological variations, the prevalence of 

SSc is estimated to range from 50 to 300 per million people per year and the incidence ranges 

from 2.3 to 22.8 per million people per year [3]. 

 

SSc patients are commonly classified into two disease subtypes [4]: limited and diffuse 

cutaneous SSc (lcSSc and dcSSc), which are based on the extent and pattern of skin 

involvement. In the limited subtype of SSc, clinical dermal thickening is restricted to skin 

areas distal of the elbows and knees. It is clinically often dominated by manifestations of the 

vasculopathy. This disease type is progressing slower and usually has a better prognosis [2]. 

In contrast, the diffuse subtype of SSc is often characterized by extensive skin thickening 

proximal of the elbows or knees and often includes the face and the chest, the back and the 

abdomen. It is commonly characterized by rapidly progressive skin and fibrosis of internal 

organs such as the lungs, the intestine and the heart. dcSSc has the  highest risk of mortality of 

the connective tissue diseases, with only 55% survival after 10 years [2].  

 

In addition to fibrosis of the skin, lungs and the gastrointestinal tract are also often involved 

[5]. Renal disease, in particular scleroderma renal crisis (SRC), accounts for some of the early 

mortality [6]. Pulmonary manifestations of SSc including pulmonary fibrosis and pulmonary 

arterial hypertension (PAH) are currently the most life-threatening manifestations. 

Gastrointestinal involvement with fibrosis of the esophagus is very common and results in 

esophageal hypomotility and gastroesophageal reflux [7]. The colon can also be involved 

leading to obstipation, paradoxical diarrhea and malabsorption [8]. Generally, organ failure 

secondary to tissue fibrosis is the major cause of morbidity and mortality in SSc.  
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SSc is commonly associated with autoantibodies, which are useful for providing information 

for diagnosis and prognosis examination [9, 10]. More than 90 % of patients have antinuclear 

antibodies (ANAs), which are, however, non-specific and are commonly found in many 

autoimmune connective tissue diseases [11, 12]. Relatively specific autoantibody subsets 

include anti-centromere antibodies (ACA), anti-topoisomerase 1 antibodies (anti-Scl70 

antibodies), and anti-RNA polymerase III antibodies [11, 12]. These autoantibodies are 

associated with clinical phenotypes.  

 

ACA are detected in approximately 70 % of lcSSc patients and are associated with an 

increased risk of PAH [1]. Anti-topoisomerase 1 antibodies are observed in about 20 % of 

dcSSc patients and indicate a worse prognosis, with high risk of pulmonary fibrosis and 

mortality [9]. Anti-RNA polymerase III antibodies are found in about 20 % of dcSSc patients 

and are related with an increased risk of SRC [13, 14]. In patients with antibodies to RNA 

polymerase I/III, there is a close temporal relationship between onset of cancer and 

scleroderma. Malignancy may trigger the scleroderma-specific immune response and drive 

disease in a subset of scleroderma patients [15]. These subtypes of SSc autoantibodies tend to 

be mutually exclusive. The presence of either ACA or anti-Scl-70 is highly specific (95 %-99 

%) for the diagnosis of lcSSc and dcSSc, respectively, while they rarely occur in healthy 

subjects and in patients with other rheumatic diseases. Although much is known about the 

clinical associations of these autoantibodies, their origins and precise roles in SSc 

pathogenesis remain to be elucidated.  

 

1.2. Pathogenesis of SSc, TGFβ signaling, PDGF signaling 

The etiology of SSc is complex and incompletely understood. However, it has been shown 

that the early stages of SSc are characterized by perivascular inflammatory infiltrates and 

vascular changes, accompanied by apoptosis of endothelial cells and subsequent reduction of 

the capillary density. Later stages of SSc are characterized by an excessive accumulation of 

extracellular matrix (ECM) components, like collagens type I, III, VI and VII together with 

fibronectins, fibrillins and proteoglycans which are released by myofibroblasts. 

Myofibroblasts express contractile proteins such as α-smooth muscle actin (α-SMA), form 

stress fibers and release abundant amounts of extracellular matrix [1, 2]. Myofibroblasts may 

be derived from a variety of different cellular sources. These include epithelial cells (trans-
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differentiation in a process known as epithelial-mesenchymal transition (EMT)), as well as, 

circulating bone marrow-derived fibrocytes and tissue-derived mesenchymal stem cells [16].  

 

A large body of data suggests that pro-fibrotic cytokines such as transforming growth factor-β 

(TGFβ) and platelet-derived growth factor (PDGF) are key players for the activation of 

fibroblasts in SSc [1, 17-19]. As shown in the figure 1, binding of active TGFβ to the TGFβ 

receptor (TGFβ-R) type II, leads to hetero-dimerization with and activation of the 

transmembrane serine-threonine kinase TGFβ-RI. TGFβ-RI activates the canonical SMAD 

dependent signaling pathways and also the non-canonical SMAD-independent pathways [20]. 

PDGF is a potent mitogen and chemoattractant for fibroblasts [21]. PDGF can induce the 

production of collagen, fibronectin and proteoglycan, all of which are central components of 

the ECM [1, 2, 22]. Increased PDGF signaling by genetic method can drive systemic fibrosis 

[23]. Both cytokines are up-regulated in the skin of SSc patients and stimulate the synthesis of 

extracellular matrix by dermal fibroblasts [1]. 

 

Figure 1: TGFβ-induced canonical, Smad dependent and non-canonical, Smad independent pathways. 

Adapted and modified from [20] 

 

Accordingly, inhibition of TGFβ as well as PDGF signaling has been shown to exert anti-

fibrotic effects in various experimental models [24-27]. However, the intracellular signaling 
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mechanisms by which these cytokines activate fibroblasts and stimulate the production of 

extracellular matrix are not completely understood. Although the key role of those pathways 

is well established, this knowledge has not yet been translated to clinically approved 

therapies.  

 

1.3. Animal models of SSc 

Several different animal models have been established to study the pathogenesis of SSc and to 

evaluate the efficacy of potential therapies. As shown in the figure 2, each model displays 

several, but not all features of the human disease [28]. Thus, different models are often 

combined to better mimic the complex pathogenesis of the human disease and to predict 

responses in SSc. 

 

 

Figure 2: Overview about the key features of common mouse models of SSc. 

The mouse models of bleomycin-induced skin fibrosis and sclerodermateous graft-versus-host disease are inducible models of 

dermal fibrosis. The mouse model of Tsk-1 mice is attributed to spontaneous mutations of matrix gene called fibrillin-1. 

Transgenic over-expression of the transcription factor Fra2 in mice results in systemic fibrotic disease with vasculopathy and 

inflammation. Type 5 adeno-viruses induced over-expression of constitutively active TGFβ receptor type I (TBRICA) in skin 

leads to prominent skin fibrosis, while inflammation and autoimmunity are poorly represented in this model. Figure adapted 

and modified from [28] .  

 
 
1.3.1. Bleomycin-induced dermal fibrosis 

Bleomycin is a chemotherapeutic agent that is used for the treatment of cancer. A common 

adverse event of treatment with bleomycin, however, is fibrotic complications, particularly in 
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the lung. In the model of bleomycin-induced dermal fibrosis [24], injection of bleomycin in 

defined areas of the upper back induces a localized dermal fibrosis. The underlying molecular 

mechanisms are similar to that observed in SSc with infiltration of T cells and macrophages, 

which release profibrotic cytokines to activate resident fibroblasts and to promote collagen 

release. This model is useful to evaluate early inflammatory stages of the disease. 

 

1.3.2. Sclerodermatous chronic graft versus host disease (cGvHD) 

In this model, transplantation of BALB/c (H-2
d
) mice with bone marrow cells- and 

splenocytes from B10.D2 (H-2
d
) donor mice after irradiation induced a systemic SSc-like 

fibrotic disease [26, 29]. This model is matched for the major histocompatibility complex 

(MHC) loci, but differs in numerous minor histocompatibility antigens (miHAs). The 

pathology of the model is based on CD4
+
 T cells releasing Th2 cytokines, which can stimulate 

other cells to release profibrotic cytokines, such as IL-13 and TGFβ. However, other 

leukocyte populations including B cells and monocytes also play important roles in the 

pathogenesis of the model. The fibrotic changes reach maximal levels after five weeks and no 

regression of the fibrotic changes are observed until nine weeks. This model resembles 

patients with early inflammatory SSc and diffuse skin involvement. 

 

1.3.3. Tight skin-1 (Tsk-1) model 

In the murine Tsk-1 model of SSc [30-32], a dominant mutation as the result of a partial in-

frame duplication in fibrillin-1 gene (Fbn1Tsk +/-)  leads to increased activation of latent 

TGFβ [33]. This manifests as an SSc-like disease with minor inflammatory infiltrates, 

autoantibody production and massive fibrosis of the skin. However, in contrast to SSc, 

fibrosis of the skin is restricted to deeper layers of the skin. This model better mimics the later 

stages of SSc with less inflammation and the autoimmune features of SSc.  

 

1.3.4. Fra2 transgenic model 

Fra2 is a transcription factor of the AP-1 family, which is activated by profibrotic cytokines 

such as TGFβ and PDGF [34]. Transgenic overexpression of fra2 results in development of 

micro-vascular disease and pulmonary arterial hypertension (PAH) starting at an age of nine 

weeks [34-36]. The microvascular lesions are followed later by the development of fulminate 

fibrosis of the lungs and the skin as well as of other organs. This model is unique as it covers 



Introduction 

10 

 

vascular disease and fibrosis, the most striking features of SSc and allows investigation of the 

interplay between vascular disease and fibrosis.  

 

1.3.5. Adenoviral overexpression of a constitutively active TGFβ receptor type 1 

(TBRI
CA

) model 

TGFβ is considered as the core pathway of fibrotic diseases. Injections of replication-deficient 

type 5 adenoviruses encoding a constitutively active TBRI construct with mutation of T204D 

[37] lead to local dermal fibrosis. This model is driven by inflammation-independent 

activation of fibroblasts and therefore resembles later stages of SSc.   

 

1.4. Combination therapy and Poly-pharmacology 

'Combination therapy' can be used by two approaches: one is to prescribe combinations of 

different drugs that selectively inhibit different targets and the other one is to administer a 

single drug that possesses poly-pharmacologic properties and simultaneously targets several 

pathologically activated pathways [38].  

 

Given the complex pathogenesis of SSc and the limited success of selective inhibitors in 

fibrotic diseases so far, poly-pharmacological interventions are considered as promising in 

SSc despite the theoretically increased risk of adverse effects. One successful example is 

nintedanib, which has been approved for the treatment  of idiopathic pulmonary fibrosis (IPF) 

[39]. 

 

1.5. The mode of action of Nintedanib 

Nintedanib (also known as BIBF 1120) is a potent, indolinone-derived small molecule multi-

tyrosine kinase inhibitor (Figure 3).  
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Figure 3: Chemical structure of nintedanib. From [40] 

 

As shown in the figure 4, nintedanib targets several pro-fibrotic pathways such as platelet-

derived growth factor receptor (PDGFR)-α and β, fibroblast growth factor receptor (FGFR)-1, 

2, 3, vascular endothelial growth factor receptor (VEGFR)-1, 2, 3 and Src-family kinases Src, 

Lyn and Lck at low nanomolar concentrations by blocking the intracellular ATP-binding 

pocket [41]. 

 

 

Figure 4: Poly-pharmacology of nintedanib and the downstream signaling pathways.   

Binding of nintedanib to the intracellular ATP binding pocket of fibroblast growth factor receptors (FGFRs), platelet-derived 

growth factor receptors (PDGFRs) and vascular endothelial growth factor receptors (VEGFRs) leads to inhibition of the 

autophosphorylation of these receptors and the downstream signaling cascades. Nintedanib might also directly inhibit non-
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receptor kinases activity like Src. FAK: focal adhesion kinase; FGF: fibroblast growth factor; FRS2: FGFR substrate 2; Grb2: 

growth factor receptor-bound protein 2; MEK1/2: mitogen-activated protein kinase kinase 1/2; PDGF: platelet-derived 

growth factor; PI3K: phosphatidylinositol-4,5-bisphosphate 3-kinase; PIP2/3: phosphatidylinositol-2/3-phosphate; PKC: 

protein kinase C; PLC-γ: phospholipase C-γ; SOS: son of sevenless, a guanine nucleotide exchange factor that acts on the 

Ras GTPases. Modified and adapted from [41] 

 

Nintedanib has recently been shown in two phase 3 replication trials (INPULSIS-1 and -2) 

with more than 1000 patients to be effective for the treatment of patients with IPF [42]. 

Treatment with nintedanib significantly reduced the decline in forced vital capacity after 52 

weeks as compared to patients in the placebo arm. Based on those results, nintedanib was 

approved by the Food and Drug Administration (FDA) for treatment of IPF in October 2014 

and by the European Medicines Agency (EMA) in January 2015 [43].These findings in IPF 

may have direct implications for SSc, as several molecular targets of nintedanib such as 

PDGF-, VEGF- and Src-signaling cascades have also been shown to be involved in the 

pathogenesis of fibrosis in SSc [19, 23, 44-46]. PDGFR-, VEGFR- and Src-kinase activities 

are upregulated in SSc and have been shown to promote fibroblast activation. Moreover, 

pathologic activation of PDGFRs and VEGFRs are both sufficient to induce fibrosis in mice 

[23, 47]. 

 

The broad spectrum of pro-fibrotic targets inhibited by nintedanib may offer additive effects 

as compared to selective inhibition of individual pro-fibrotic molecules [48]. The option for 

combined inhibition of several central pro-fibrotic pathways, its anti-fibrotic effects in IPF 

patients and its approval for clinical use prompted us to evaluate the anti-fibrotic effects of 

nintedanib in in vitro and complementary in vivo models of SSc. 

 

1.6. Structure of SHP2 

SHP2, encoded by the PTPN11 gene, is a widely expressed non-receptor protein tyrosine 

phosphatase (PTP) that contains two N-terminal Src homology 2 (SH2) domains, a catalytic 

PTP domain, and a C-terminal tail with two tyrosyl phosphorylation sites as shown in the 

figure 5 [49].  
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Figure 5: Scheme of PTPN11 exons organization and SHP2 domain structure. 

At the top, the coding exons are shown as numbered filled boxes, and the positions for the start condon (ATG) and stop 

condon (TGA) are also denoted. The functional domains: two tandemly arranged SH2 domains at the N terminus (N-SH2 and 

C-SH2) followed by a protein tyrosine phosphatase (PTP) domain is shown below. Two tyrosyl phosphorylation sites lie 

within the C-terminal tail. Numbers underlying the domain structure show the amino-acid boundaries of those domains. 

Adapted and modified from [49] 

 

1.7. SHP2 mutations and human diseases 

A variety of mutations of SHP2 can cause Noonan syndrome [50], Leopard syndrome, 

leukemia, cancers [51]. Noonan syndrome is an autosomal dominant disorder characterized by 

dysmorphic facial features, short stature and heart disease (most commonly 

pulmonary valve stenosis and hypertrophic cardiomyopathy)[49]. Webbed neck, chest 

deformity, cryptorchidism, mental retardation and bleeding diatheses are also frequently 

associated with this disease. Germline missense mutations of human SHP2 are present in 50% 

of human patients with Noonan syndrome. Most mutations causing Noonan syndrome cluster 

in the N-SH2-PTP domain interface [52], thus disrupting the auto-inhibited, closed 

conformation of SHP-2 [53, 54].  

 

Leopard syndrome is a rare congenital developmental disorder characterized by multiple 

lentigines, cardiac abnormalities, facial dysmorphism, growth retardation and deafness, which 

is clinically similar to NS. Genetic mutations in SHP2 (mostly in Exons 7 and 12 or PTP 

domain) have also been identified in nearly 90 % of patients with Leopard syndrome. Unlike 

Noonan syndrome, in which mutations are distributed throughout both N-SH2 and PTP 

domains of SHP2, Leopard syndrome mutations are primarily located in the PTP domain. In 

contrast to Noonan syndrome, most SHP2 mutations seen in Leopard syndrome are 

inactivating mutations, resulting in catalytically dead SHP2. How does the catalytically 

impaired SHP2 activity in Leopard syndromes translate into gain-of-function (GOF) like 

phenotypes? It is not likely that Leopard syndrome is induced by SHP2 haplo-insufficiency, 
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because loss of one allele is well tolerated and fails to produce any developmental defects 

resembling Leopard syndrome in mice. Although Leopard syndrome mutants are catalytically 

impaired and adopt a closed conformation, they have an increased propensity for the open 

conformation. As a result, the Leopard syndrome mutants bind upstream activators with 

higher affinity and bind longer to the scaffold adapters thus prolonging specific substrate 

turnover, which may compensate for the reduced phosphatase activity. Thus, Leopard 

syndrome -associated SHP2 mutants with decreased phosphatase activity may engender GOF 

phenotypes [55, 56]. 

 

Patients with Noonan syndrome are also predisposed to juvenile myelomonocytic leukemia 

(JMML) [57]. Recently, acquired somatic mutations in SHP2 have been reported in about 

one-third of sporadic cases of JMML, in approximately 6 % of patients with childhood acute 

lymphoblastic leukemia (ALL) and in 4-5 % of acute myeloid leukemia (AML) patients [58]. 

Leukemia-associated mutations often involve the same residues as those associated with 

Noonan syndrome, but result in less conservative substitutions (Figure 6) [52], resulting in 

even more pronounced activation of SHP2. 

 

Figure 6: Schematic representation of SHP2 mutations shared by NS and JMML. Adapted and modified from [52] 

 

In addition, activating mutations in SHP2 have also been identified in sporadic solid tumors at 

low incidence, such as liver cancer [59], breast cancer [60], gastric cancer, lung cancer and 

neuroblastoma [61]. Similar to Noonan syndrome and leukemia mutations, SHP2 mutations 

identified in solid tumors also lead to increased SHP2 activity. Whether the SHP2 activating 

mutations play a causal role in the tumorigenesis remains to be determined.  
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1.8. Knockout of SHP2 and phenotype 

In addition to its association with various human diseases, the protein tyrosine phosphatase 

SHP2 plays an essential role in normal cellular function and physiology. Homozygous 

deletion of either Exon 2 or Exon 3 of the SHP2 gene generates truncated SHP-2 which lacks 

the amino-terminal SH2 (N-SH2) domain and leads to early embryonic lethality in mice [62]. 

SHP2 null mutant mice die during peri-implantation. An Exon 3 deletion mutation of SHP2 

inhibits the hematopoietic potential of embryonic stem cells both in vitro and in vivo [63], 

whereas SHP2 null mutation cause inner cell mass death and diminished trophoblast stem cell 

survival [64].  

 

The recent generation of mice with conditional alleles of SHP2 enabled targeting of SHP2 in 

selected cells and tissues.  Tissue or cell type specific deletion of SHP2 revealed a variety of 

important functions of this phosphatase in physiological processes of various cells. For 

example, deletion of SHP2 in the brain leads to defective proliferation and differentiation in 

neural stem cells and early postnatal lethality in mice [65]. Deletion of the tyrosine 

phosphatase SHP2 in Sertoli cells causes infertility in mice [66]. SHP2 deficiency in 

cardiomyocytes causes dilated cardiomyopathy, leading to heart failure and premature death 

[67, 68]. Mice with skeletal muscle specific deletion of SHP2 exhibit a reduction in both 

myofiber size and type I myofiber numbers [69]. Conditional knockout of SHP2 impairs 

lobulo-alveolar outgrowth in mammary glands [70]. Deficiency of SHP2 in osteoclasts 

prevents the fusion of preosteoclast [71]. Specific knockout of SHP2 in airway epithelial cells 

decreases TGFβ1 production and reduces collagen deposition [72]. 

 

1.9. SHP2 and cell signaling 

The role of SHP2 in cell signaling are complex as SHP2 appears to participate in a variety of 

signal transduction processes, like the Ras-Raf-MAP kinase, Jak-Stat, and PI3 kinase 

pathways. The Ras/ERK MAP kinase pathway is a major pathway downstream of receptor 

tyrosine kinases (RTKs). Accumulating evidence demonstrated that SHP2 is required for the 

full activation of Erk MAP kinase pathway in certain conditions. Several mechanisms have 

been identified by which SHP2 activates the Ras/ERK pathway(Figure 7) [73]. Furthermore, 

SHP2 has been reported to regulate activation of the Jak/Stat pathway [74]. In addition, 

receptor- and/or cell context-dependent effects of SHP2 on the PI3K/Akt pathway have been 

described [75-77]. 
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Figure 7: SHP2-regulated signaling pathways. 

The major signaling pathway activated by Shp2 downstream of receptor tyrosine kinases (RTKs) and growth factors (GF) is 

the Ras/ERK MAP kinase cascade. Shp2 activates Ras/ERK through different mechanisms: 1) dephosphorylation of RasGAP 

binding sites on specific receptors and adaptor proteins; 2) dephosphorylation of the negative Ras/ERK regulator, Sprouty; 3) 

regulation of Src kinase activity by Shp2 through either direct dephosphorylation of Src or through indirect regulation of the 

Src inhibitor Csk can enhance activation of the ERK pathway. Adapted and modified from [73] 

 

Even within a single signaling pathway, SHP2 may act at multiple sites to participate in the 

signal relay. For instance, SHP2 directly interacts with cytokine and growth factor receptors, 

such as PDGF, EGF, FGF, and EPO receptors. SHP2 can also bind with a variety of signaling 

intermediates such as Grb2, FRS-2, Jak2, p85 subunit of PI3 kinase, IRS-1, and Gab1 and 2. 

 

1.10. The Cre-loxP system-Fibroblast-specific knockout of SHP2 

Since germline deletion of SHP2 leads to early embryonic lethality in mice, we used an 

inducible Cre-loxP mediated approach to target SHP2 selectively in fibroblasts of adult mice. 

 

Cre recombinase, originally named because it “causes recombination” (although later referred 

to as the “cyclization recombinase”), is a 38 kDa protein responsible for intra- and inter-

molecular recombination at the loxP recognition sites [78, 79]. A key advantage of the system 

is that Cre acts independently of any other accessory proteins or co-factors, so it has been 

widely used in a variety of experimental model systems. 

 

LoxP (locus of X(cross)-over in P1) sites are 34-bp long recognition sequences consisting of 

an 8-bp nonpalindromic core region flanked by two 13-bp inverted repeats(Figure 8a). The 

loxP sequence does not occur naturally in any known genome other than P1 phage, and is 

long enough that there is virtually no chance of it occurring randomly. Cre-loxP mediated 
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recombination between two directly repeated loxP sites excises all DNA sequences located 

within the two sites as a covalently closed circle (Figure 8b).  In most cases, loxP sites are 

placed in the same chromosome in direct repeat position so that the intervening DNA 

sequence can be deleted [80]. 

 

 

 

Figure 8: Schematic representation of Cre-loxP mediated recombination.  

a: The loxP site consist of an 8-bp non-palindromic core region (underlined) flanked by two 13-bp inverted repeats. b: Cre-

loxP mediated recombination between two directly repeated loxP sites generates a linear product containing one loxP and a 

covalently closed circle containing deleted DNA sequence located between two loxP sites. Modified from [80] 

 

A few of the most common uses for Cre-loxP system are Cre-dependent gene expression, 

removal selection markers and Cre-dependent gene knockout. In our study, Cre-dependent 

gene knockout is employed.  Putting the loxP sites (called “floxp”, for “flanked by loxP”) on 

either side of a gene, for example, SHP2, will permit gene expression in the absence of active 

Cre, but will induce deletion of the sequence between the LoxP sites in the presence of active 

Cre. But which time the gene will be disrupted or deleted. Cre can be expressed under a 

variety of ubiquitous and regulated promoters. In addition, modified Cre-enzymes have been 

generated to enable its controlled activation. In our study, we used Col1a2 Cre-ER-transgenic 

mice [81], in which a fibroblast-specific enhancer of the mouse Col1a2 gene directs the 

expression of the polypeptide consisting of a fusion between Cre recombinase and a mutant 
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ligand-binding domain of the estrogen receptor. In these mice, administration of tamoxifen 

allows the Cre recombinase to enter the nucleus in fibroblasts with an active Col1a2 Cre 

promoter [82]. To generate mice with fibroblast-specific deletion of SHP2, Col1a2 Cre-ER 

mice were cross-bred with SHP2
fl/fl 

mice. To induce a fibroblast-specific deletion of SHP2, 3-

week-old, sex-matched SHP2
fl/fl

,
 
Col1a2 Cre-ER mice were injected intraperitoneally with 

tamoxifen for 5 days.  

 

1.11. SHP inhibitor NSC-87877 

Development of protein tyrosine phosphatases (PTP) inhibitor is an emerging area in the field 

of drug discovery [83]. A large body of molecular biology and genetic evidence demonstrate 

that SHP2 is a critical regulator of growth factor and cytokine signaling and aberrant SHP2 

signaling has been linked to a variety of diseases. Therefore, SHP2 has been considered as an 

attractive target for pharmaceutical intervention. One of the first rather selective SHP2 

inhibitors was NSC-87877 (Figure 9), which is used in this thesis. NSC-87877 was identified 

through a combination of experimental and virtual screenings of the NCI Diversity Set 

chemical library [84]. NSC-87877 binds to the catalytic cleft of SHP2 PTP and cross-

inhibited SHP1 in vitro, but it was selective for SHP2 over other PTPs (PTP1B, HePTP, 

DEP1, CD45, and LAR).IC50 values are 0.318, 0.355, 1.691, 7.745, 65.617, 84.473 and 

150.930 μM for SHP2, SHP1, PTP1B, HePTP, DEP1, CD45 and LAR, respectively.  

 

Figure 9: Chemical structure of NSC-87877. From [84] 
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1.12. Aims of the study 

Nintedanib is a small molecular tyrosine kinase inhibitor, which is already approved for the 

treatment of IPF, another fibrotic disease. Given the high medical need for effective therapies 

and the fact that the key targets of nintedanib have been shown to play a role in the 

pathogenesis of SSc, we aimed to evaluate the effects of nintedanib in several preclinical SSc 

models. 

This includes the following readouts:  

1: Assessment of the effects on proliferation, migration and on the release of extracellular 

matrix of cultured dermal fibroblasts from SSc patients and healthy individuals stimulated 

with TGFβ and PDGF in vitro. 

2: Effects of preventive as well as therapeutic application on inflammation-driven models of 

early inflammatory stages of SSc mimicked by the mouse models of bleomycin induced 

dermal fibrosis and by the model of sclerodermatous chronic graft-versus host disease 

(cGvHD). 

3: Evaluation of the effects in the Tight skin-1 mouse (Tsk-1) model of SSc as a model of late, 

inflammation-independent stages of SSc. 

4: Analyses of the effects on fibrotic as well as vascular changes in the Fra-2 tg mouse model. 

 

In the second part of the thesis, we aimed to investigate the role of SHP2 in the pathogenesis 

of SSc and to analyse the anti-fibrotic effects of targeting SHP2. We considered SHP2 as an 

interesting candidate as it has been shown to regulate growth factor pathways that are 

aberrantly activated in SSc. 

The second part of the thesis is comprised of: 

1: Expression pattern analysis of SHP2 in human SSc skin and experimental fibrotic skin. 

2: Assessment of the regulation of SHP2 by TGFβ, a central pro-fibrotic cytokine. 

3: Analysis of the regulator effects of SHP2 on fibroblasts and assessment of the intracellular 

targets of SHP2. 

4: Fibroblast-specific inactivation of SHP2 in murine models of SSc. 

5: Evaluation of the anti-fibrotic effects of pharmacological inhibition of SHP2. 
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1.13. Declaration 

The present thesis is in part based on results which are already published in a peer-review 

journal. Huang J, Beyer C, Palumbo-Zerr K, Zhang Y, Ramming A, Distler A, et al. 

Nintedanib inhibits fibroblast activation and ameliorates fibrosis in preclinical models of 

systemic sclerosis. Annals of the rheumatic diseases. 2015 Apr 9 and referenced in the thesis 

as follows: (Huang J et al., 2015). 

 

The necessary permissions to re-publish this work were acquired and have been awarded from 

the responsible publishers. 

 

I declare that the thesis work is done by me independently under the supervision of my 

supervisors and some of the lab members show me techniques for some experiments. 
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1.14. Statement of contribution for the results in the thesis 

 

Some results of the first part of the thesis have been published as: Nintedanib inhibits 

fibroblast activation and ameliorates fibrosis in preclinical models of systemic sclerosis 

Publication details: Huang J, Beyer C, Palumbo-Zerr K, Zhang Y, Ramming A, Distler A, et 

al. Nintedanib inhibits fibroblast activation and ameliorates fibrosis in preclinical models of 

systemic sclerosis. Annals of the rheumatic diseases. 2015 Apr 9. 

The contribution of the individual coauthors is listed below. 

 

Jingang Huang: performed all experiments for this publication by his own, in part supported 

and supervised by coauthors   

Christian Beyer: contributed to acquisition and interpretation of data: supervised Jingang 

Huang during his first time in the laboratory and introduced him in novel techniques 

Katrin Palumbo-Zerr: contributed to acquisition and interpretation of data: trouble shooting 

with scratch assays 

Yun Zhang: contributed to acquisition of data: helped with mouse experiments  

Andreas Ramming: contributed to acquisition of data: blinded quantification of skin fibrosis  

Alfiya Distler: contributed to acquisition of data: blinded quantification of skin fibrosis and 

myofibroblasts 

Kolja Gelse: provided skin samples 

Oliver Distler: contributed to the preparation of the manuscript 

Georg Schett: contributed to the preparation of the manuscript 

Lutz Wollin: Expertise on nintedanib, contributed to the design of the study and to the 

preparation of the manuscript 

Jörg H W Distler: interpretation of results, design of the study and preparation of the 

manuscript 

 

We are aiming to publish other results of the first part and are currently preparing a 

manuscript entitled: Nintedanib ameliorates vascular and fibrotic manifestations in the 

Fra2 mouse model of systemic sclerosis with the following coauthors. The contribution of 

the individual coauthors is listed below. 

  

http://ard.bmj.com/search?author1=Kolja+Gelse&sortspec=date&submit=Submit
http://ard.bmj.com/search?author1=Georg+Schett&sortspec=date&submit=Submit
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Jingang Huang: performed all experiments for this publication, in part supported and 

supervised by coauthors 

Yun Zhang: contributed to acquisition and interpretation of data: introduced Jingang into the 

evaluation of the vascular readouts, served as a second independent evaluator of the vascular 

changes and of pulmonary fibrosis 

Clara Dees: contributed to acquisition and interpretation of data: helped to establish the 

immunofluorescence staining protocols 

Christian Beyer: served as a second independent evaluator for dermal fibrosis 

Katrin Palumbo-Zerr: helped to establish the protocols for quantification with image J 

Oliver Distler: contributed to the preparation of the manuscript 

Georg Schett: contributed to the preparation of the manuscript 

Lutz Wollin: Expertise on nintedanib, contributed to the design of the study and to the 

preparation of the manuscript 

Jörg H.W. Distler: interpretation of results, design of the study and preparation of the 

manuscript 

 

We are also aiming to publish the results of the second part. We are currently planning with 

the following authors. The contribution of the individual coauthors is listed below. 

 

Jingang Huang: performed all experiments for this publication 

Clara Dees: Provided help with cloning, supervised experiments, blinded quantification of 

experimental fibrosis 

Tatiana Mallano: blinded quantification of experimental fibrosis, helped with mouse 

experiments 

Georg Schett: contributed to the design of the study 

Jörg H.W. Distler: interpretation of results, design of the study and preparation of the 

manuscript 

Herein, I confirm that the statements above are correctly reflecting Jingang Huang’s 

contribution. 

 

 

 

Prof. Dr. Jörg Distler 
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2. Materials and Methods 

2.1. Materials 

2.1.1. Chemicals 

Chemical  Source 

2-Propanol Roth, Germany 

3,3’-Diaminobenzidine-tetrahydrochloride dihydrate 

(DAB) 

Sigma Aldrich, USA 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (HEPES) 

Life technologies, Germany 

4',6-diamidino-2-phenylindole (DAPI) Santa Cruz, Germany 

4-(Dimethylamino)benzaldehyde Fluka, Germany 

Acetic acid Merck, Germany 

Xylene Roth, Germany 

Acid chloride Merck, Germany 

Trypsin/EDTA Gibco® Life technologies, Germany 

Hydrogen peroxide 30 % Roth, Germany 

Ethylenediaminetetraacetic acid (EDTA) Roth, Germany 

Amphotericin B Gibco® Life technologies, Germany 

Ascorbic acid Roth, Germany 

Bleomycin dissolved in 0.9 % sodium chloride Uniklinikum Erlangen, Germany 

Bovine serum albumin (BSA) Roth, Germany 

Chloramine T Sigma, Germany 

Citric acid monohydrate Roth, Germany 

Deoxyribonucleoside triphosphates 

(dNTPs) 

Roche Diagnostics, Germany 

Dimethyl sulfoxide (DMSO) Roth, Germany 

di-Sodium hydrogen phosphate dehydrate Merck, Germany 

DMEM/F12 (1:1) Gibco® Life technologies, Germany 

Sodium chloride 0.9 % Uniklinikum Erlangen, Germany 

Rhodamine Phalloidin Life technologies, Germany 

Tri-Sodium citrate dihydrate Merck, Germany 

Ethanol Roth, Germany 
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Chemical  Source 

Gibco® Phosphate buffered saline (PBS) Life technologies, Germany 

Glacial acetic acid Merck, Germany 

Haematoxylin Merck, Germany 

Goat serum  Life technologies, Germany 

HEPES Sigma, Germany 

Horse serum Life technologies, Germany 

Histokitt Roti® Roth, Germany 

Hydrochloric acid  Roth, Germany 

Hydroxyproline (cis-L) Sigma, Germany 

Isoflurane Abbott, Canada 

L-glutamine Life technologies, Germany 

Magnesium chloride Applied Biosystems, Germany 

Magnesium chloride 25mM Applied Biosystems, Germany 

Methanol Roth, Germany 

Methoxyethanol Sigma, Germany 

Prednisone Hexal, Germany 

Methyl red, Indicator pH 4.2-6.2 Roth, Germany 

Microscopy aquatex Merck, Germany 

Penicillin Life technologies, Germany 

Streptomycin Life technologies, Germany 

Trypan blue solution 0.4% Sigma, Germany 

Transforming Growth Factor β (TGF-β) R&D Systems, Germany 

Platelet derived growth factor(PDGF) R&D Systems, Germany 

Perchloric acid Roth, Germany 

Sodium acetate Roth, Germany 

Random Hexamers Applied Biosystems, Germany 

Sodium chloride Roth, Germany 

Sodium dodecyl sulfate (SDS) Sigma, Germany 

Sodium hydroxide Roth, Germany 

Triton X-100 

 

Sigma, Germany 
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Chemical  Source 

Potassium chloride Merck, Germany 

Potassium sulfate dodecahydrate Roth, Germany 

Sodium dihydrogen phosphate dihydrate Merck, Germany 

Tris-(hydroxymethyl)-aminomethane (Tris) Roth, Germany 

Weigert’s Iron-Hematoxylin-Set Sigma, Germany 

30% Acrylamide/Bis-acrylamide Sigma, Germany 

Amido black 10B Serva, Germany 

Tween 20 Roth, Germany 

Tris-(hydroxymethyl)-aminomethane (Tris) Roth, Germany 

  

Table 1| Chemicals 
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2.1.2. Auxiliary materials 

Material Source 

6-well plate NalgeNunc International, Denmark 

70 µm nylon meshes BD Biosciences, Germany 

96-well filter plate Millipore GmbH, Germany 

96-well plate NalgeNunc International, Denmark 

Amersham Hyperfilm ECL Amersham Biosciences, UK 

Biopsy Punch 3 mm pfm medical AG, Germany 

Cell strainer 70 μm Nylon BD falcon, Germany 

Cellstar® polystyrene conical tubes 

(15 ml, 50 ml) 

BD falcon, Germany 

Cellstar® serological pipette (2 ml, 5 ml, 

10 ml, 25 ml) 

Greiner, Germany 

Cellstar® tissue culture flask (T25, T75, T175) Greiner, Germany 

Chamber slides, 8 well NalgeNunc International, Denmark 

Cover glass 24x500 mm Menzel-Gläser, Germany 

Cryo tube vials NalgeNunc International, Denmark 

Dako Faramount Aqueous Mounting medium Dako, USA 

Dako Faramount Fluorescent mounting 

medium 

Dako, USA 

Petri dish Greiner bio-one GmbH, Germany 

Disposable Sterile filter (0.22 μm pore size) Schleicher & Schüll, Germany 

Discardit™II syringe BD falcon, Germany 

Dual Gel Caster (SE 245) Hoefer, USA 

Eppendorf reaction tubes  

(0.2 ml, 1.5 ml, 2 ml) 

Eppendorf AG, Germany 

Eppendorf research pipettes  

(2.5 μl,10 μl, 100 μl, 1000 μl) 

Eppendorf AG, Germany 

Eppendorf tips Eppendorf AG, Germany 

Feather disposable scalpel (No11, No21) pfm medical AG, Germany 

RNase Zap Applied Biosystems, Germany 
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Material Source 

Filter CA-membrane 0.45 μm; 0.20 μm BD falcon, Germany  

Freeze box for cryo vials NalgeNunc International, Denmark 

Inject®-F, single use syringe B.Braun Melsungen AG, Germany 

Microlance™ 3 needle  

(0.4 mmx19 mm,0.9 mmx40 mm) 

BD falcon, Germany  

Neubauer counting chamber Paul Marienfeld GmbH & Co KG, 

Germany 

Optical 8 cap strip, Micro Amp® Applied Biosystems, Germany 

Optical 96-well reaction plate, Micro-Amp® Applied Biosystems, Germany 

pH indicator paper Carl Roth, Germany 

Safe Seal-Tips professional Biozym, Germany 

Steritop® and Stericup® Millipore GmbH, Germany 

X-Ray cassettes Amersham Biosciences, UK 

PCR reaction tubes, single cap Biozym Scientific GmbH, Germany 

Table 2| Auxiliary materials 
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2.1.3. Instruments 

Instrument Source 

ABI Prism 7300 Sequence Detection System Applied Biosystems, USA 

Biofuge fresco Heraeus, Germany 

Biological safety cabinet Class II ESCO, UK 

Camera DXC-390P Sony, Germany 

Centrifuge 5417R Eppendorf , Germany 

Centrifuge function line Heraeus, Germany 

Digital block heater HX-2 Peqlab, Germany 

GraphPad Prism V. 5.03 software GraphPad Prism, USA 

Heraeus Megafuge 1G Thermo Scientific, Germany 

Hettich Rotixal P Andreas Hettich GmbH & Co KG, 

Germany 

ImageJ V. 1.49n software  National Institutes of Health, USA 

Incubator Heraeus, Germany 

Total body irradiation with Cs 137 Buchler GmbH, Germany 

Microscope Axiovert 25 Zeiss, Germany 

Microscope Eclipse 80i Nikon, Germany 

Microscope Primo Vert Zeiss, Germany 

MP-3AP power supply Talron Biotech. L.T.D., Israel 

pH-Meter pH340 WTW, Germany 

Pipet boy Integra Biosciences, USA 

Serva Blue Power Serva, Germany 

Spectra Max 190 GMI, inc, USA 

Thermocycler T personal 

Eppendorf centrifuge 5417R 

Biometra GmbH, Germany 

Eppendorf, Germany 

TKA Micropure water purification system Thermo Scientific, Germany 

Table 3| Instruments 
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2.1.4. Commercially available systems (kits) 

System Source Application 

TACS 2TdT-Fluor In Situ 

Apoptosis Detection Kit 

Trevigen, Gaithersburg, 

MD, USA Apoptosis detection 

NucleoSpin® RNA II 

Machery-Nagel GmbH & 

Co. KG, Germany RNA isolation 

MESA FAST qPCR Master Mix 

Plus for SYBR® No ROX 

Eurogentec Deutschland 

GmbH, Germany 

RT-PCR 

 

SirCol™ Soluble Collagen 

Assay 

 

Biocolor, UK 

 

Determination of collagen 

Concentration 

 

Avidin/Biotin Blocking Kit Linaris GmbH, Germany IHC 

ECL Plus™ Qiagen GmbH, Germany WB 

IDetect Super stain System 

HRP ID Labs
TM

, Canada IHC 

PureYield™ Plasmid Miniprep 

System Promega, USA Plasmid Mini Preparation 

QIAGEN Plasmid Maxi Kit,  Qiagen, Germany Plasmid Maxi Preparation 

Table 4| Commercially available systems (kits) 
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2.1.5. Antibodies 

Antibody Source Dilution/Applicati

on 

Alexa Fluor 488 goat anti-mouse IgG Invitrogen™, Germany 1:200/ IF 

Alexa Fluor 594 goat anti-rabbit IgG Invitrogen™, Germany 1:200/ IF 

Alexa Fluor 594 donkey anti-goat IgG Invitrogen™, Germany 1:200/ IF 

Polyclonal rabbit Ki67 antibody Novus Biologicals 1:20/IF 

Monoclonal mouse anti-SM22 α Abcam, UK 1:100/IF 

Polyclonal rabbit anti-CD31(PECAM-1) Abcam, UK 1:20/IF 

Monoclonal mouse anti-α smooth 

muscle actin (α-SMA) 

Sigma, Germany 1:1000/ IHC 

Monoclonal mouse IgG antibodies Calbiochem, USA 1:1000/ IHC 

Polyclonal rabbit anti-Shp2 Santa Cruz, Germany 1:1000/WB 

1:50/IHC&IF 

Polyclonal rabbit anti-p4Hβ Acris Antibodies, Germany 1:50/IF 

Monoclonal mouse anti-Vimentin  Abcam, UK 1:500/IF 

rabbit polyclonal anti-pJak2 Santa Cruz, Germany 1:250/WB 

rabbit polyclonal anti-Jak2 Santa Cruz, Germany 1:250/WB 

Rabbit monoclonal anti-pStat3 Cell signaling, Germany 1:1000/WB 

Mouse monoclonal anti-Stat3 Cell signaling, Germany 1:2000/WB 

rabbit polyclonal anti-Smad3 Cell signaling, Germany 1:1000/WB 

Table 5| Antibodies 
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2.1.6. Primers 

Primers Sequence 

human β-actin forward 5’-AGA AAA TCT GGC ACC ACA CC-3’ 

human β-actin reverse 5’-TAG CAC AGC CTG GAT AGC AA-3’ 

human col1a1 forward 5’-ACG AAG ACA TCC CAC CAA TC-3’ 

human col1a1 reverse 5’-ATG GTA CCT GAG GCC GTT C-3’ 

human fibronectin forward 5’- TTC TAA GAT TTG GTT TGG GAT CAA T -3’ 

human fibronectin reverse 5’- TCT TGG TTG GCT GCA TAT GC -3’ 

human MMP1 forward 5’-TGT GGA CCA TGC CAT GAG AA-3’ 

human MMP1 reverse 5’-TCT GCT TGA CCC TCA GAG ACC-3’ 

human TIMP-1 forward 5’-AGT GGC ACT CAT TGC TTG TG-3’ 

human TIMP-1 reverse 5’-TTT TCA GAG CCT TGG AGG AG-3’ 

human α-SMA forward 5’-AAG AGG AAT CCT GAC CCT GAA-3’ 

human α-SMA reverse 5’-TGG TGA TGA TGC CAT GTT CT-3’ 

human shp2 forward 5’-TAT CCT CTG AAC TGT GCA GAT CC-3’ 

human shp2 reverse 5’-TCT GGC TCT CTC GTA CAA GAA AA-3’ 

human smad3 forward 5’-GCTGGGCTGAAGCGCACTGA-3’ 

human smad3 reverse 5’-GGCTGCGAGGCGTGGAATGT-3’ 

human PAI-1forward 5’-TCA TTG CTG CCC CTT ATG A-3’ 

human PAI-1reverse 5’-GTT GGT GAG GGC AGA GAG AG-3’ 

human Smad7 forward 5’-TAC TCC AGA TAC CCG ATG GAT T-3’ 

human Smad7 reverse 5’-TCT GGA CAG TCT GCA GTT GG-3’ 

murine β-actin forward 5’-TCT TTG ATG TCA CGC ACG AT-3’ 
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murine β-actin reverse 5’-TAC AGC TTC ACC ACC ACA-3’ 

murine shp2 forward 5’-GGA GAG CAT CGT GGA TGC -3’ 

murine shp2 reverse 5’-TCC CAG CGC TGC AGT GAA-3’ 

murine col1a1forward 5’-GAA GCA CGT CTG GTT TGG A - 3’ 

murine col1a1reverse 5’- ACT CGA ACG GGA ATC CAT C-3’ 

murine α-SMA forward 5’-ATG CCT CTG GAC GTA CAA CTG-3’ 

murine α-SMA reverse 5’-CAC ACC ATC TCC AGA GTC CA-3’ 

murine PAI-1 forward 5’-ACG TTG TGG AAC TGC CCT AC-3’ 

murine PAI-1 reverse 5’-AGC GAT GAA CAT GCT GAG G-3’ 

murine Smad7 forward 5’-GCT CAA TTC GGA CAA CAA GAG-3’ 

murine Smad7 reverse 5’-TCT TGC TCC GCA CTT TCT G-3’ 

murine CTGF forward 5’-CTG CCT ACC GAC TGG AAG AC-3’ 

murine CTGF reverse 5’-TCG CAT CAT AGT TGG GTC TG-3’ 

Table 6| Primers 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Materials and Methods 

33 

 

2.1.7. Media, buffers and solutions 

Fibroblast growth media 

10 % DMEM/F-12 0.1 % DMEM/F-12 

10 % (v/v) FBS 10 % (v/v) FBS 

50 units/ml Penicillin 50 units/ml Penicillin 

50 µg Streptomycin 50 µg Streptomycin 

1 mM L-Glutamine 1 mM L-Glutamine 

0.5 µg/ml Amphotericin 0.5 µg/ml Amphotericin 

 
HPASMC culture reagents 

Medium 231 supplemented with SMGS 

10 % (v/v) FBS 

50 units/ml Penicillin 

50 µg Streptomycin 

1 mM L-Glutamine 

0.5 µg/ml Amphotericin 

Trypsin/EDTA solution  

Trypsin Neutralizer solution  

 

Bone marrow transplantation 

RBC lysis buffer 

10 mM HEPES, pH 7.2 

10 mM NaCl 

1.5 mM MgCl2 

 

Hematoxylin-Eosin Staining 

Hematoxylin solution  Eosin solution  

3.3 mM Hematoxylin 4.8 mM Eosin 

1 mM sodium iodate 0.1 % (v/v) glacial acetic acid 

105.5 mM potash alum   

stir o.n.    

303 mM chloral hydrat   
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5.2 mM citric acid   

1 % HCl (37 %) in 70 % 2-Propanol   

 

Hydroxyproline assay 

HP buffer (pH 6.0)  p-Dimethylaminobenzamide solution  

260 mM citric acid monohydrate 15 % w/v) p-DMBA 

1.46 M sodium acetate trihydrate 60 % (v/v) Methoxyethanol 

850 mM sodium hydroxide 26 % (v/v) Perchloric acid 

303 mM chloral hydrate   

12 % (v/v) glacial acetic acid   

Chloramine T solution 

0.05 mM Chloramine T 

 

Immunohistochemistry 

10x PBS (pH 7.2) sodium citrate buffer (pH 6.0) Tris/ EDTA buffer (pH 9.0)  

1.37 M NaCl 10 mM sodium citrate 10 mM Tris 

27 mM KCl 0.05 % Tween 20 1 mM EDTA 

100 mM Na2HPO4 ad H2O  ad H2O  

18 mM KH2PO4     

ad H2O      

 

BSA blocking solution Horse serum blocking solution Peroxidase blocking solution 

2-10 % (v/v) BSA 5 % (v/v)   horse serum         3 % (v/v) 30 % H2O2 

in 1 x PBS   in 1 x PBS in 1 x PBS 

 

DAB stock solution DAB peroxidase substrate solution  

1 % (w/v) DAB 5 % (v/v)   DAB 

ad H2O  5 % (v/v)  0,3 % H2O2 

  in 1 x PBS 
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Buffers and solutions 

Amido black assay 

Amido black solution Washing solution Elution solution  

1.3 % Amido black 10B 9 : 1  MeOH / HOAc 0.1 M    NaOH 

in 9 : 1  MeOH / HOAc     

 

 

     

SDS-PAGE and Western Blot 

5x Laemmli buffer  Washing buffer (PBS-T)  

300 mM Tris/HCl 0.1 % (v/v) Tween 20 

10% (w/v) SDS in 1x PBS 

50% (v/v) Glycerine   

0.05% (w/v) Bromphenol blue   

5 % (v/v) β-Mercaptoethanol   

 

 

 

4x Stacking buffer (pH 8.8)  4x Resolving buffer (pH 6.8)  

1.88 mM Tris/ HCl 1.88 mM Tris/ HCl 

 

10 % Resolving gel 5% Stacking gel  

33 % (v/v) 30 % Acrylamide/Bis-

acrylamide 

 

13.3 % (v/v) 30 % Acrylamide/Bis- 

acrylamide 

 

25 %(v/v) 4x resolving buffer 25 %(v/v) 4x stacking buffer 

0.1 % (v/v) SDS 0.1 % (v/v) SDS 

41 % (v/v) ddH2O 57 % (v/v) ddH2O 

0.08 % (v/v) APS 1.2 % (v/v) APS 

0.05 % (v/v) TEMED 0.08 % (v/v) TEMED 
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10x Running buffer (pH 8.8)  10x Transfer buffer (pH 8.0) 1x Transfer buffer (pH 8.0)  

2 M glycine 1.05 M glycine 10 % (v/v) 10x Transfer buffer 

0.25 M Tris/ HCl 0.5 M Tris/ HCl 20 % (v/v) Methanol 

1 % (w/v) SDS 13 mM SDS 70 % (v/v) ddH2O 
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2.2. Methods 

2.2.1. Human samples and human fibroblast cultures 

All patients fulfilled the ACR/EULAR 2013 criteria for SSc [4]. Biopsies from SSc patients 

(n = 5) were taken from involved skin (Table 7). Fibroblasts from healthy controls (n = 5) 

were obtained from skin biopsies of age- and sex-matched volunteers. All SSc patients and 

healthy volunteers provided written informed consent as approved by the institutional ethics 

committee. 

 

Human fibroblast cell were generated from skin biopsies by digestion with 0.1 % type I 

collagenase at 37°C for 2 h. After inactivation with normal medium and centrifugation (1400 

r.p.m, 5 min), the cell pellets were washed with sterile PBS. After an additional centrifugation 

step, the cell pellets were resuspended and grown in DMEM/F12 medium containing 10 % 

heat inactivated fetal calf serum (FCS), 25 mM HEPES, 100 U/ml penicillin, 100 g/ml 

streptomycin, 2 mM L-glutamine, 2.5 g/ml amphotericin B (all Gibco BRL, Basel, 

Switzerland) and 0.2 mM ascorbic acid (Sigma-Aldrich, Steinheim, Germany). Fibroblasts 

from passages 4-8 were used for all experiments. 

 

2.2.2. Human Pulmonary Artery Smooth Muscle Cells (HPASMC) culture 

HPASMC were cultured similar to human fibroblasts except for the following differences. 

HPASMC were cultured in Medium 231 supplemented with SMGS. For passaging of the 

cells, Trypsin/EDTA solution (Cat. no. R-001-100) and Trypsin Neutralizer solution (Cat. no. 

 

No DMARDS, 

corticosteroids 

or NSAIDs 

5 years 

(1-12) 

2/3 48 years 

(22-61) 

4/1 

Medications Disease 

Duration 

(median/ 

range) 

Disease subset 

(limited/ 

diffuse) 

Age 

(median/ 

range) 

Gender 

(F/M) 

Table 7| F = female, M = male. The disease subset was determined according to the criteria proposed by LeRoy et al. 

Disease duration was measured from the onset of the first non-Raynaud symptoms attributable to SSc. 
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R-002-100) were used instead of 0.05 % Trypsin-EDTA (Cat. no. 25300-062) and instead of 

normal medium. Otherwise, HPASMC were handled as described for human fibroblasts. 

  

2.2.3. Murine fibroblast culture  

Murine fibroblasts were isolated from skin biopsies of SHP2
fl/fl

 mice [24]. After enzymatic 

digestion of the skin biopsies with dispase II (Boehringer-Mannheim, Biberach, Germany), 

the samples were filtered, centrifuged, resuspended and cultured with DMEM/F12 medium 

containing 10 % heat inactivated fetal calf serum (FCS), 25 mM HEPES, 100 U/ml penicillin, 

100 g/ml streptomycin, 2 mM L-glutamine, 2.5 g/ml amphotericin B (all Gibco BRL, 

Basel, Switzerland) and 0.2 mM ascorbic acid (Sigma-Aldrich, Steinheim, Germany). 

Fibroblasts from passages 4-8 were used for all experiments. Cre mediated recombination in 

murine fibroblasts isolated from SHP2
fl/fl

 mice were induced by infection with adeno-

associated viruses encoding for Cre recombinase at an ifu /fibroblast ratio of 250. Adeno-

associated virus encoding for LacZ served as controls. In selective experiments, cells were 

incubated with recombinant TGFβ (10 ng/ml) (R&D Systems, Abingdon, UK).  

 

2.2.4. Incubation of human dermal fibroblasts with tyrosine kinase inhibitors 

Dermal fibroblasts from patients with SSc and healthy individuals were incubated with 

nintedanib (Boehringer Ingelheim, Biberach, Germany) at concentrations ranging from 100 

nM to 1000 nM, with mitomycin C in doses of 8 mg/ml (Tocris Bioscience, Wiesbaden-

Nordenstadt, Germany), with the PDGFR α/β inhibitor CP-6734561 (Selleckchem, Munich, 

Germany), the FGFR-1, FGFR-2 and FGFR-3 inhibitor: NVP-BGJ398 (MedChem Express, 

Beutelsbach, Germany) and the VEGFR-1, VEGFR-2 and VEGFR-3 inhibitor Axitinib 

(Tocris Bioscience). In subsets of experiments, fibroblasts were stimulated with recombinant 

TGFβ at 10 ng/mL or PDGF-BB at 40 ng/mL (R&D Systems) after incubation with 

nintedanib for 1 h. 

 

2.2.5. Microtiter-tetrazolium (MTT) assay 

The colorimetric MTT [3, (4, 5-dimethylthiazol-2-yl) 2, 5-diphenyl-tetrazolium bromide] 

assay is an established method to analyze the cell proliferation. Cultured fibroblasts were 

incubated with nintedanib in concentrations from 100-1000 nM. Vehicle-treated fibroblasts 

were used as negative controls. Fibroblasts incubated with 50 % dimethyl sulfoxide (DMSO) 

served as positive controls. On the first day, 5000 fibroblast cells/well were seeded into 96-
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well plates. On the second day, cells were washed with PBS and then starved with 0.1 % 

medium for 24 h.  Then, we pre-incubated fibroblast with 0.1 % medium which contained 

different concentrations of nintedanib or vehicle for 1 h. Thereafter, recombinant TGFβ at 10 

ng/ml or PDGF-BB at 40 ng/ml were added and cells were incubated for another 24 h. 

Afterwards, MTT was added at a final concentration of 1 mg/ml and the cells were incubated 

at 37 °C for 4 h. The metabolic activity was analyzed using the ELISA-Reader at a test 

wavelength of 570 nm with a control wavelength of 630 nm [85]. 

 

2.2.6. Scratch assays 

Scratch assays are simplified in vitro wound healing assays. Scratch assays were performed as 

a combined readout for migration and proliferation. Primary human dermal fibroblasts from 

SSc patients and controls were grown to confluence in 6 well plates and scratches to the cell 

layers were induced by 1000 μl filter tips. The subsequent closure of the scratch was 

monitored under the microscope. The distance between both sites of the scratches was 

determined after 48 h or 36 h by measuring the maximal distance for each scratch. The 

migration rate was calculated as (the width of wound at 0 h - the width of wound at 48 h)/ the 

width of wound at 0 h or (the width of wound at 0 h - the width of wound at 36 h)/ the width 

of wound at 0 h. The following conditions were analyzed: 1) The effect of different 

concentrations of nintedanib on PDGF stimulated fibroblasts; 2) The effect of nintedanib on 

TGFβ stimulated fibroblasts; 3) The effect of mitomycin C on normal cultured fibroblasts; 4) 

Selective inhibition of individual tyrosine kinase families with selective inhibitors of 

PDGFRs, VEGFRs and FGFRs on normal cultured fibroblasts.  

 

2.2.7. Quantitative Real time PCR 

Total RNA was isolated with the NucleoSpin RNA II extraction system (Machery-Nagel, 

Düren, Germany). Reverse transcription into cDNA was performed using random hexamers. 

Gene expression was quantified by SYBR green real-time PCR on a Stratagene Mx3005 

System (Agilent Technologies, Santa Clara, CA, USA). Samples without enzyme in the 

reverse transcription reaction (Non-RT controls) were used as negative controls. Unspecific 

signals caused by primer dimers were excluded by dissociation curve analysis and samples 

without cDNA (No template controls) [86]. To normalize for the amounts of loaded cDNA, β-

actin was used as an internal control. All samples were measured in duplicates. Differences 
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were calculated with the comparative CT method (also referred to as the 2
−ΔΔCT

 method) [87] 

for relative quantification.  

 

2.2.8. Quantification of soluble collagen 

Total soluble collagen in cell culture supernatants was quantified using the SirCol collagen 

assay (Biocolor, Belfast, Northern Ireland) according to the instruction of the manufacturer 

[25, 88]. In detail, 1 ml of Sircol Dye Reagent, an anionic dye that reacts specifically with 

basic side chain groups of collagens under assay conditions was added to the 400 μl collected 

supernatant. Then the mixture solution was incubated in a gentle mechanical shaker for 30 

min at room temperature (RT). During this time period, a collagen-dye complex will form and 

precipitate out from the soluble unbound dye.  After centrifugation at 12,000 rpm for 10 min, 

the collagen-bound dye precipitation was washed with 500 μl ice-cold acid wash reagent. 

Centrifuge at 12,000 rpm. for 10 min. Drain the wash into a waste container and carefully 

remove any fluid from the lip of the tubes using cotton wool buds. Collagen-dye complex was 

dissolved with 250 μl Alkali Reagent and the absorbance was measured at 555 nm in amicro 

well plate MRX ELISA reader (Dynex Technologies, Chantilly, USA). 

 

2.2.9. Chamber slides for stress fibers staining and quantification 

Fibroblasts were incubated for 24 h with 0.1 % DMEM/F12. The cultured fibroblasts were 

first washed with 1x PBS and then fixed with 4 % methanol free paraformaldehyde at RT for 

20 min. Fixed cells were permeabilized for 10 min at RT with 0.25 % Triton X-100. Cells 

were incubated either with 5 % (v/v) horse serum or with 2 % BSA blocking solution at RT 

for 1 h. For visualizing stress fiber formation, rhodamine-conjugated phalloidin (Molecular 

Probes, Eugene, OR) which labels cytoskeletal F-actin was used. After blocking, cell were 

stained with rhodamine phalloidin (1:40 dilution in 2 % BSA, #R415, Sigma-Aldrich) at RT 

for 20 min . In addition, cell nuclei were stained with DAPI. Images were captured at a 200-

fold magnification. Fluorescence intensity was quantified in a blinded manner using the image 

J software (V. 1.49n, National Institutes of Health, USA).  A density threshold was set and the 

same thresholds and system settings were used for all different conditions.  
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2.2.10. Immunohistochemistry and immunofluorescence staining 

Formalin-fixed, paraffin-embedded skin sections or fibroblasts fixed in 4 % PFA and 

permeabilized by 0.25 % Triton X-100 were stained with primary antibodies against α-SMA 

(Life Technologies), SHP2 (#sc-280, Santa Cruz Technologies, Heidelberg, Germany) , p4Hβ 

(#AP08767PU-N,Acris Antibodies, Herford, Germany),Vimentin (#20346, Abcam) at 4 °C 

overnight. After washing with 1X PBS, HRP-conjugated or Alexa Fluor antibodies (Life 

Technologies) were used as secondary antibodies at RT for 1 h. Irrelevant isotype matched 

antibodies served as controls. Nuclei were counterstained using DAPI (#3598, Santa Cruz 

Biotechnology). The staining was analyzed using a Nikon Eclipse 80i microscope (Nikon, 

Badhoevedorp, Netherlands). 

 

2.2.11. Western blot analysis   

The protein concentration of cell lysates was determined by amido black assays. Proteins 

were separated by SDS-PAGE and transferred to a polyvinylidene difluoride (PVDF) 

membrane. The membrane was blocked with 2 % BSA at RT for 1h. Afterwards, the 

membrane was incubated with primary antibodies against SHP2, pJAK2, JAK2 (#sc-280, #sc-

16566R, #sc-278, Santa Cruz Technologies, Heidelberg, Germany), pSTAT3, STAT3 (#3399, 

#9145, #9139, Cell Signaling, Boston, USA) at 4 °C overnight. After washing the membrane 

with 1XPBST for 3 times, 10 min each, the membrane was incubated with HRP-conjugated 

secondary antibodies (1:5,000 in 2 % BSA, Dako, Hamburg, Germany) at RT for 1 h. Lastly, 

the membrane was washed with 1X PBST for 3 times, 10 min each. Blots were visualized by 

ECL. β-actin antibody was used as loading control. Western Blots were quantified using the 

ImageJ Software. 

 

2.2.12. Plasmid isolation (Mini Prep) 

Plasmid Mini Prep for all used plasmids followed the manufacture’s protocol (PureYield™ 

Plasmid Miniprep System, Promega, USA). 600 μl of bacterial culture were transferred to 

1.5ml tubes with 100 μl lysis buffer and inverted several times. 350 μl of cold neutralization 

solution was added immediately and mixed. After centrifugation (15,000×g, 3 min, 4 °C), the 

supernatant (~900 μl) was pipetted into a mini-column, placed in a collection tube and 

centrifuged again (15,000×g, 30 s, 4 °C). Several washing steps with endotoxin removal 
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washing solution and column wash solution were conducted before the DNA was eluted out 

of the column using 30 μl of nuclease-free water. The DNA yield was determined using the 

Nano drop and plasmid DNA was stored at -20 °C. 

 

2.2.13. Plasmid isolation (Maxi Prep) 

Plasmid Maxi Prep followed the manufacture’s protocol (QIAGEN Plasmid Maxi Kit, 

Qiagen, Duesseldorf ,Germany). Single colonies were picked from selection plates and 

inoculated in a starter culture of 3 ml LB medium containing ampicillin antibiotics. LB 

medium was incubated for ~8 h at 37 °C with vigorous shaking at 300 rpm. The starting 

culture was then added into 300 ml selective LB medium and kept under growth conditions 

for 18 h at 37 °C and 125 rpm. Bacteria were harvested by centrifugation at (6,000×g, 30 min, 

4 °C) and the pellet was resuspended in 10 ml Buffer P1 containing RNase A. Cells were 

lysed using 10 ml Buffer P2, mixed gently but thoroughly by inverting 4-6 times and 

incubated at RT for 5 min. 10 ml of chilled Buffer P3 was added to the cells, mixed 

immediately but gently by inverting 4-6 times, and incubated on ice for 20 min. The lysate 

was applied to the equilibrated column (QIAGEN-tip 500). After washing twice with 30 ml 

Buffer QC, the plasmid DNA was eluted using 15 ml Buffer QF. The DNA was precipitated 

by adding 10.5 ml isopropanol and subsequent centrifugation (15,000×g, 30 min, 4 °C). The 

supernatant was carefully discarded and the pellet was resuspended in 5 ml of RT 70 % 

ethanol and centrifuged again (15,000×g, 10 min, RT). Ethanol was removed carefully and 

the pellet was dried at RT for 5-10 min and finally DNA was dissolved in 0.1 ml nuclease-

free water. The DNA yield was determined using a Nano drop device. 

 

2.2.14. Nucleofection 

pJ3 SHP2
C459S

 (Addgene plasmid #8319) and pJ3 SHP2
WT

 (Addgene plasmid #8317) were 

gifts from Ben Neel [89]. Empty vector was digested out from pJ3 SHP2
WT

 using enzyme 

EcoRI-HF® (NEB#R3101S). Fibroblasts were transfected with 10 μg of plasmid using the 

Amaxa 4D-Nucleofector (Amaxa, Cologne, Germany). The transfection efficiency was 

determined by co-transfection with vectors encoding for β-galactosidase (Promega, 

Mannheim, Germany) [90]. Briefly, 5 x 10
5 

fibroblasts were resuspended in Nucleofection 

solution containing 10 μg of either empty vectors, pJ3 SHP2
WT

 or pJ3 SHP2
C459S

 plasmids 

and transferred into a Nucleocuvette [91]. A predefined Nucleofector program for human 

dermal fibroblasts (program number DT-130 provided by the manufacturer with unspecified 
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assay conditions) was used to perform the transfection. After transfection, fibroblasts were 

recovered from the cuvette with plastic pipettes and immediately transferred into 6-well or 12-

well plates with prewarmed cell-culture medium. The medium was changed after 12 h to 

DMEM with 0.1% FCS and cells were serum-starved for 12 h. After stimulation with 

recombinant TGF-β for 24 h, RNA and protein was isolated and medium was collected for 

further evaluation. 

 

2.2.15. Mice 

DBA/2 and B6.Cg-Fbn1tsk+/+Pldnpa/J (Tsk-1) mice with age-matched pa/pa (wildtype) mice 

were obtained from Janvier (Le Genest-Saint-Isle, France) and Jackson Laboratories (Bar 

Harbor, Maine, USA), respectively. Female BALB/c (H-2d) mice were purchased from 

Janvier (Le Genest St. Isle, France). B10.D2 (H-2d) mice were purchased from Jackson 

Laboratory. Fra2-tg mice were bred and maintained at the central animal facility of the 

University of Erlangen-Nuremberg (Franz-Penzoldt-Zentrum) under pathogen-free 

conditions. The study on mice was carried out in strict accordance with international 

guidelines for animal care and use, in accordance with the guidelines of the Animal Care and 

Use Committee of the Government of Bavaria and the institutional guidelines of the 

University of Erlangen-Nuremberg. The protocol was approved by the Governments of 

Mittel- and Unterfranken. 

 

2.2.16. Bleomycin-induced skin fibrosis 

The mouse model of bleomycin-induced skin fibrosis was used to evaluate the effects of 

nintedanib on prevention of fibrosis and regression of pre-established fibrosis [16]. To 

evaluate the effects of nintedanib on prevention, skin fibrosis was induced by subcutaneous 

injections of bleomycin (2.5 mg/kg) every other day for three weeks. Treatment was initiated 

simultaneously with the first bleomycin injection. An aqueous solution of nintedanib was 

administered orally. The application volume was 5 ml/kg body weight in this mouse model as 

well as in all other mouse models. The outcome was analyzed three weeks after the first 

injection of bleomycin.  

 

The following five groups were analyzed: 1) Control group: Intradermal injection of NaCl. 

Application of ddH2O, the solvent of nintedanib. 2) Vehicle-treated bleomycin group: 

javascript:parent.onLocalLink('_ENREF_16',window.frameElement)


Materials and Methods 

44 

 

Intradermal injection of bleomycin. Application of ddH2O.3) Nintedanib low dose group: 

Intradermal injection of bleomycin. Application of nintedanib 30 mg/kg qd.4) Nintedanib 

medium dose group: Intradermal injection of bleomycin. Application of nintedanib 60 mg/kg 

qd.5) Nintedanib high dose group: Intradermal injection of bleomycin. Application of 

nintedanib 50 mg/kg bid.  

 

To evaluate the effects of nintedanib on established fibrosis, robust fibrosis was first induced 

by injections of bleomycin for three weeks in the absence of treatment. Thereafter, treatment 

was initiated, while injections of bleomycin were continued. The outcome was analyzed six 

weeks after the first injection of bleomycin. 

 

The following six groups were analyzed: 1) Control group: Intradermal injection of NaCl for 

six weeks. Application of ddH2O.2) Vehicle-treated bleomycin group 1 (regression): 

Intradermal injection of bleomycin for three weeks followed by intradermal injection of NaCl 

for another three weeks. Application of ddH2O.3) Vehicle-treated bleomycin group 2 

(prevention of progression): Intradermal injection of bleomycin for six weeks. Application of 

ddH2O.4) Nintedanib low dose group: Intradermal injection of bleomycin for six weeks. 

Application of 30 mg/kg qd nintedanib.5) Nintedanib medium dose group: Intradermal 

injection of bleomycin for six weeks. Application of 60 mg/kg qd nintedanib.6) Nintedanib 

high dose group: Intradermal injection of bleomycin for six weeks. Application of 50 mg/kg 

bid nintedanib. 

 

2.2.17. Murine sclerodermatous chronic graft-versus host disease (cGvHD) 

In the mouse model of cGvHD, fibrosis is induced in BALB/c (H-2d) mice by allogeneic 

transplantation of 1x10
6
 bone marrow cells and 2x10

6 
splenocytes from B10.D2 (H-2d) donor 

mice (minor HLA mismatch). Recipient mice develop an inflammation driven fibrosis 

resembling early inflammatory stages of SSc [92]. To study the efficacy of nintedanib in a 

therapeutic setting, treatment with nintedanib started only after clinical manifestation of 

cGvHD at day 21 post transplantation. Mice were treated from day 21 to day 42 post 

transplantation. An aqueous solution of nintedanib was administered orally.  

 

The following four groups were analyzed: 1) Syngeneically transplanted control group: 

Syngeneic bone marrow and splenocyte transplantation (BALB/c (H-2
d
) to BALB/c (H-2

d
)). 

Application of ddH2O, the solvent of nintedanib.2) Vehicle-treated fibrosis group: Allogeneic 
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bone marrow and splenocyte transplantation (B10.D2 (H-2
d
) to BALB/c (H-2

d
)). Application 

of ddH2O.3) Treatment group 1: Allogeneic bone marrow and splenocyte transplantation 

(B10.D2 (H-2
d
) to BALB/c (H-2

d
)). Application of 60 mg/kg qd nintedanib.4) Treatment 

group 2: Allogeneic bone marrow and splenocyte transplantation (B10.D2 (H-2
d
) to BALB/c 

(H-2
d
)). Application of 50 mg/kg bid nintedanib. 

 

2.2.18. Clinical score of cutaneous cGvHD 

Recipient mice were clinically monitored once daily from the day of transplantation to the 

indicated days after transplantation to determine the incidence and severity of cutaneous 

cGvHD as well as mobility, diarrhea and weight loss. The following scoring system for 

cutaneous cGvHD was used: healthy appearance = 0; skin lesions with alopecia < 1 cm
2
 in 

area = 1; skin lesions with alopecia 1-2 cm
2
 in area = 2; skin lesions with alopecia > 2 cm

2
 in 

area = 3 [93]. 

 

2.2.19. Tight skin mouse-1 (Tsk-1) model  

In the murine Tsk-1 model of SSc, a dominant mutation in the fibrillin-1 gene (Fbn1
Tsk +/-

) 

leads to a SSc like disease with minor inflammatory infiltrates, autoantibody production and 

massive fibrosis of the skin [94-96]. Treatment started at an age of five weeks. The outcome 

was evaluated at an age of ten weeks.  

 

The following groups were analyzed:1) Vehicle-treated pa/pa control group: Application of 

ddH2O, the solvent of nintedanib.2) Vehicle-treated Tsk-1 group: Application of ddH2O.3) 

Treatment group 1: Tsk-1 with application of 60 mg/kg qd nintedanib.4) Treatment group 2: 

Tsk-1 with application of 50 mg/kg bid nintedanib. 

  

2.2.20. Fra-2 tg mouse model  

Transgenic (tg) overexpression of Fra-2 results in spontaneous development of microvascular 

disease and pulmonary hypertension with typical vascular lesions [97, 98]. The vascular 

alterations are followed by the development of fulminate fibrosis of the lungs and the skin 

[35]. Treatment was initiated at an age of ten weeks and mice were sacrificed at an age of 16 

weeks. 
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To study the effects of nintedanib in vivo, the following groups with each six mice were 

analyzed: 1) Non-transgenic control group with wildtype littermates lacking the transgene: 

Application of ddH2O, the solvent of nintedanib. 2) Transgenic vehicle-treated group with 

Fra-2 tg mice. Application of ddH2O.3) Treatment group 1: Fra-2 tg mice with application of 

60 mg/kg qd nintedanib.4) Treatment group 2: Fra-2 tg mice with application of 50 mg/kg bid 

nintedanib. 

 

2.2.21. Trichrome staining  

For direct visualization of collagen fibers, trichrome staining was performed. After 

deparaffinization and rehydration, skin sections were incubated in Bouin’s Solution for 15 

min at 56°C and then stained with Weigert’s iron hematoxylin and Biebrich Scarlet-Acid 

Fuchsin solution. Treatment of the sections with phosphotungstic and phosphomolybdic acid 

was followed by incubation with aniline blue for two min at RT. Lastly, sections were 

dehydrated and covered with permanent mounting medium.  

 

2.2.22. Histological evaluation of dermal thickening and fibrotic area of the lungs 

Skin and lungs were excised, fixed in 4 % formalin for 6 h and embedded in paraffin. 5 μm 

sections were cut and stained with hematoxylin and eosin, with trichrome and with Sirius 

Red. The dermal thickness was measured at 100-fold magnification by measuring the distance 

between the epidermal-dermal junction and the dermal-subcutaneous fat junction at a 

minimum of three different sites with two measurements each from each mouse. The 

hypodermal thickness was measured at 40-fold magnification. The analysis was performed in 

a blinded manner [99]. 

 

For lung sections, images from sections stained with Sirius Red were captured using a Nikon 

Eclipse 80i  microscope at 40-fold or 100-fold magnification and the fibrotic area in each 

image was calculated using Image J with Threshold Color plugin [100]. Briefly, the relative 

of fibrotic area was calculated by dividing the area, in which the intensity is above a threshold 

set by the threshold color menu divided by the total area. The same thresholds and system 

settings were used for all mice within the same experiment.  
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2.2.23. Hydroxyproline assay 

The amount of collagen protein in skin samples was determined via hydroxyproline assay. 

After digestion of punch biopsies (Ø 3 mm) in 6 M HCl for three hours at 120 °C, the pH of 

the samples was adjusted to 6 with 6 M NaOH. Afterwards, 0.06 M chloramine T was added 

to each sample and incubated for 20 min at RT. Next, 3.15 M perchloric acid and 20 % p-

dimethylaminobenzaldehyde were added and samples were incubated for additional 20 min at 

60 °C. The absorbance was determined at 557 nm with a Spectra MAX 190 microplate 

spectrophotometer. 

 

The amount of collagen protein in lung samples was also measured by hydroxyproline assay. 

The lung samples were heated at 80 °C until the weight did not decrease any more. The net 

weight of lung was measured and the dry lungs were digested in 6 M HCl at 120 °C for 

overnight. After digestion, the solution was centrifuged 12,000 rpm for 5 min to put down the 

dirt and solid pieces. The supernatant was collected for pH adjustment with 6 M NaOH. The 

following steps were the same as hydroxyproline assay for skin. 

 

2.2.24. Detection of myofibroblasts 

Myofibroblasts are characterized by the expression of α-smooth muscle actin (α-SMA). After 

deparaffinization and rehydration, samples were incubated with 2% BSA/PBS followed by 

incubation with mouse monoclonal anti-Alpha smooth muscle actin antibody (clone 1A4, 

Sigma-Aldrich, Steinheim, Germany) at 4 °C overnight.  The antibody is diluted at 1:1000 in 

2 % BSA/PBS. Irrelevant isotype antibodies in the same concentration were used as control. 

After washing with PBS, samples were incubated with 3 % H2O2 for 10 min at RT for 

blocking of endogenous peroxidase. Goat anti-mouse antibodies labeled with horseradish 

peroxidase (HRP) were used as secondary antibodies (1:200 in 2 % BSA/PBS). The 

expression of α-SMA was visualized with DAB peroxidase substrate solution. Thereafter, 

samples were washed with ddH2O and counterstained with Mayer's Hematoxylin Solution. 

Lastly, sections were covered with aqueous mounting medium and dried overnight. The 

number of myofibroblasts was counted by an examiner blinded to the treatment of the mice. 
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2.2.25. Evaluation of vascular remodeling of the pulmonary arteries 

The vessel wall thickness of pulmonary arteries was assessed by measuring the thickness of 

SM22α-positive vessel walls. An average vessel wall diameter >10 % of total vessel diameter 

was considered pathological. The thickness of vessel walls was evaluated by a minimum of 

three measurements per vessel [36]. As an additional method of measuring vascular 

remodeling, the degree of luminal occlusion of pulmonary arteries was examined by manually 

counting the numbers of arteries with occluded lumina [36]. The percentage of proliferating 

vascular smooth muscle cells was evaluated by triple staining for DAPI (visualization of 

nuclei), Ki67 (proliferation marker) and SM22α. Briefly, the following procedures were 

performed: After deparaffinization and rehydration, the slides were put in boiled citrate buffer 

(pH 6) for 10 min and then cooled down for 20 min for epitope retrieval. The samples were 

blocked by incubation with 2 % BSA/ PBS at RT for 1 h. Sections were incubated with 

polyclonal mouse anti-SM22 antibodies (1:100 in 2 % BSA/PBS) at 4 °C overnight. After 

washing with PBS, the slides were incubated with polyclonal Alexa Flour 488 anti-mouse 

antibody (1:200 in 2 % BSA/PBS) at RT for 1 h. After blocking, slides were incubated with 

polyclonal rabbit anti-Ki67 antibodies (1:20 in 2 % BSA/PBS) at 4 °C overnight. After further 

washing with PBS, sections were incubated with polyclonal Alexa Flour 594 anti-rabbit 

antibodies (1:200 in 2 % BSA/PBS) at RT for 1 h and then counterstained with DAPI (1:800 

in 2 % BSA/PBS) at RT for 10 min. Lastly, the slides were covered with florescence 

mounting medium. 

 

2.2.26. TUNEL assay for apoptosis detection 

Trevigen’s TACS ® 2 TdT-Fluor In Situ Apoptosis Detection Kit (#4812-30K, Trevigen, 

Gaithersburg,  MD) was used to detect apoptosis in paraffin-embedded skin tissue. According 

to the manufacturer’s instructions, the following procedures were performed: Samples were 

placed in 1X PBS for 10 min at RT after rehydration in ethanol. The samples were then 

covered with 50 µl of Proteinase K Solution and incubated 30 min at RT. After washing twice 

in ddH2O, for two min each, the slides were immersed in 1X TdT Labeling Buffer for 5 min. 

Then, samples were covered with 50 µl of Labeling Reaction Mix and incubated at 37 ˚C for 

1 h. Samples were afterwards immersed in 1X TdT Stop Buffer at RT for 5 min to stop the 

labeling reaction. After washing twice in 1X PBS each at RT for 5 min, samples was covered 

with 50 µl of Strep-Fluor solution and incubated at RT for 1 h in the dark. After washing 
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twice in 1X PBS for 2 min each, the slides were covered with florescence mounting medium 

and analyzed under the microscope. 

  

2.2.27. Assessment of microvascular changes  

The percentage of apoptotic endothelial cells in the skin of Fra2-tg mice was determined by 

triple staining with the endothelial cell (EC) marker CD31, DAPI and with the TUNEL assay 

[90, 101] in five fields per mouse. Skin sections were deparaffinised and boiled for 10 min in 

10 mM sodium citrate buffer (pH 6.0). The slides were rinsed twice with PBS and TUNEL 

assay was performed as described above. After extensive washing in PBS, the sections were 

blocked at RT for 1 h with 2 % BSA in PBS, and subsequently incubated with a polyclonal 

rabbit anti-CD31 antibody (1:20 dilution) overnight at 4°C. The CD31 immunoreaction was 

visualized using Alexa Flour 594 polyclonal goat anti-rabbit antibodies (1:200 dilution). 

Nuclei were counterstained with DAPI. The percentage of apoptotic endothelial cells was 

calculated semi-quantitatively as TUNEL/DAPI/CD31-positive cells in proportion to all 

DAPI/CD31-positive cells [102]. Counting of positive cells was performed by an independent 

blinded examiner. 

 

2.2.28. Fibroblast-specific inactivation of SHP2 in murine models 

Mice carrying two conditional alleles of SHP2 (SHP2
fl/fl

) (provided by Walter Birchmeier, 

Max Delbrück Center for Molecular Medicine, Berlin, Germany) were crossbred with 

Col1a2-CreER mice [103, 104]. Cre-mediated recombination was induced by repeated i.p. 

injections of 2 mg/ml tamoxifen over 5 days. Control groups were injected with corn oil. The 

role of SHP2 mediated signaling in fibrosis was investigated in three different mouse models. 

In the model of bleomycin-induced dermal fibrosis, fibrosis was induced by local injections of 

bleomycin for four weeks. Subcutaneous injections of 0.9 % NaCl served as controls. The 

following four groups were analyzed: 1) SHP2
fl/fl

 X Col1a2 CreER mice administered with oil 

were injected with NaCl. 2) SHP2
fl/fl

 X Col1a2 CreER mice administered with oil were 

injected with bleomycin. 3) SHP2
fl/fl

 X Col1a2 CreER mice administered with tamoxifen were 

injected with NaCl. 4) SHP2
fl/fl

 X Col1a2 CreER mice administered with tamoxifen were 

injected with bleomycin.  

In the TBRI
CA

 model, injections of replication-deficient type 5 adenoviruses encoding for a 

constitutively active TBRI construct with mutation of T204D induced localized skin fibrosis, 



Materials and Methods 

50 

 

as this mutation product has elevated in vitro kinase activity in the absence of ligand and TGF 

β R-II [37]. Mice injected with type 5 adenoviruses encoding for Lac Z served as controls. Ad 

TBRI or Ad LacZ was prepared in a final concentration of 6.67x10
7
 ifu diluted in 250 μl 

sterile PBS for each mouse. For injections, mice were shaved and an injection area of 1cm 

x1cm was marked and injected at five predefined sites with 50 μl each as shown in the figure 

10. 

Figure 10: A picture was drawn by our group for showing points of virus injection. 

 

The following four groups were analyzed: 1) SHP2
fl/fl

 X Col1a2 CreER mice injected with 

corn oil (solvent of tamoxifen) and injected with Ad LacZ. 2) SHP2
fl/fl

 X Col1a2 CreER mice 

injected with corn oil and injected with Ad TBRI. 3) SHP2
fl/fl

 X Col1a2 CreER mice injected 

with tamoxifen and with Ad LacZ. 4) SHP2
fl/fl

 X Col1a2 CreER mice injected with tamoxifen 

and with Ad TBRI. 

 

Tsk-1 mice are a genetic model of stiff skin syndrome and mimic later less inflammatory 

stages of SSc with progressive accumulation of extracellular matrix in the hypodermal layer 

in the skin. The following groups were analyzed: 1) SHP2
fl/fl

, pa/pa, Col1a2 CreER mice 

injected with oil. 2) SHP2
fl/fl

, Tsk1/+, Col1a2 CreER mice injected with oil 3) SHP2
fl/fl

, pa/pa, 

Col1a2 CreER mice injected with tamoxifen.  4) SHP2
fl/fl

, Tsk1/+, Col1a2 CreER mice 

injected with tamoxifen. Mice were analyzed at an age of ten weeks.   

 

2.2.29. Treatment with SHP inhibitor NSC-87877 

The effect of SHP inhibitor NSC-87877(#sc-204139, Santa Cruz Technologies) on 

experimental fibrosis was evaluated in three animal models. NSC-87877 was administered by 

intraperitoneal injection at doses of 5 mg/kg once daily. Mice injected with the solvent ddH2O 

served as controls. 
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In the bleomycin-induced dermal fibrosis model, treatment with NSC-87877 was initiated 

simultaneously with the first bleomycin injection and the outcome was analyzed after three 

weeks. The following three groups were analyzed: 1) Non-fibrotic control group: Intradermal 

injection of NaCl. Application of ddH2O, the solvent of NSC-87877. 2) Vehicle-treated 

bleomycin group: Intradermal injection of bleomycin. Application of ddH2O.3) Treatment 

group: Intradermal injection of bleomycin. Application of NSC-87877.  

In the TBRI
CA

 virus induced dermal fibrosis model, NSC-87877 treatment was started 

simultaneously with the first virus injection and the outcome was analyzed after eight weeks. 

1) Control group: Intradermal injection of Ad LacZ. Application of ddH2O, the solvent of 

NSC-87877. 2) Vehicle-treated Ad TBRI group: Intradermal injection of Ad TBRI. 

Application of ddH2O.3) NSC-87877 treatment group: Intradermal injection of Ad TBRI. 

Application of NSC-87877.  

Bleomycin-induced pulmonary fibrosis was induced by a single intra-tracheal (I.T.) 

application of bleomycin in C57BL/6 mice (eight weeks of age) using a high pressure syringe 

(Penn-Century, Wyndmoor, PA, USA). Instillation of equal volumes of 0.9 % NaCl served as 

controls. Treatment with NSC-87877 was started twelve days after instillation of bleomycin 

and analyses were performed four weeks after bleomycin-challenge. The following three 

groups were analyzed: 1) Control group: I.T. injection of NaCl. Application of ddH2O, the 

solvent of NSC-87877. 2) Vehicle-treated bleomycin group: I.T. injection of bleomycin. 

Application of ddH2O.3) NSC-87877 treatment group: I.T. injection of bleomycin. 

Application of NSC-87877. All animal experiments were approved by the local animal 

welfare committees. 

 

2.2.30. Statistics 

All data are presented as median ± IQR, and differences between the groups were tested for 

their statistical significance by paired student t-tests for related samples and Mann-Whitney U 

non-parametric test for non-related samples. P-values of less than 0.05 were considered as 

statistically significant; p-values are expressed as follows: 0.05 >p> 0.01 as *; 0.01 >p> 0.001 

as **; p< 0.001 as ***. 
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3. Results 

In this thesis, we first evaluated the efficacy of multi-tyrosine kinase inhibitor nintedanib in 

preclinical in vitro and in vivo models of SSc with the aim to provide further rationale for 

clinical trials with nintedanib in patients with SSc. 

 

3.1. Nintedanib inhibits fibroblast activation and ameliorates fibrosis in 

preclinical models of systemic sclerosis 

3.1.1. Nintedanib inhibits proliferation and migration of dermal fibroblasts 

To evaluate the effects of nintedanib on cultured fibroblasts, we first performed scratch 

assays. With this assay, we aimed to assess whether nintedanib inhibits the PDGF- and TGFβ-

induced proliferation and migration of human dermal fibroblasts. Nintedanib was added in 

concentrations ranging from 100 nM to 1000 nM. As fibroblasts from SSc patients are known 

to be endogenously activated, we tested fibroblasts derived from SSc patients and healthy 

controls. In these assays, the artificial scratch is closed by migration and proliferation of the 

cultured cells. PDGF and to a less extent TGFβ promoted closure of scratch in SSc and 

healthy dermal fibroblasts (Figures 11A-D). Nintedanib significantly reduced the stimulatory 

effects of PDGF and TGFβ and dose-dependently delayed closure of the scratch with 

increased distance between both borders of the scratch after 48 h. Significant inhibitory 

effects were already observed in concentrations of 100 nM. Maximal effects were observed 

with nintedanib in concentrations of 1000 nM.  No differences in responsiveness were 

detected between fibroblasts from SSc patients and healthy individuals (Figures 11A-D).  

 

We next performed MTT assays to assess the metabolic activity, which is often used to assess 

proliferation in conditions with clearly defined cell numbers. PDGF and TGFβ both 

stimulated the activity of SSc and control fibroblasts in MTT assays (Figures 11E and F). 

Nintedanib in concentrations from 100-1000 nM dose-dependently inhibited MTT 

incorporation in PDGF-stimulated fibroblasts. Significant decreases were already at the 

lowest concentration of 100 nM (Figures 11E). Similar results were also obtained for TGFβ-

stimulated fibroblasts (Figures 11F). As for PDGF, significant inhibitory effects were already 

observed in concentrations of 100 nM and maximal effects were observed with 1000 nM of 

nintedanib. 
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Figure 11: Nintedanib inhibits PDGF- and TGFβ-induced migration- and proliferation of dermal fibroblasts. 

A-D: Scratch assays: Effects of nintedanib on closure of the scratch in PDGF- (A, B) and TGFβ- (C, D) stimulated dermal 

fibroblasts from healthy individuals (A, C) and from SSc patients (B, D) with nintedanib. Representative images are shown at 

50-fold magnification on the left. Quantitative analyses of the effects of nintedanib are shown in the bar graphs on the right. 

The edges of the scratch are indicated by black bold lines. The rate of migration was calculated by (the width of wound at 0 h 

- the width of wound at 48 h)/ the width of wound at 0 h. 

E-F: MTT assays: Changes of cell growth and proliferation of PDGF- (E) and TGFβ- (F) stimulated dermal fibroblasts from 

healthy individuals and from SSc patients. n = 5 fibroblast lines from different donors for all groups and readouts. *: 001 < p 

< 0.05, **: 0.001 < p < 0.01, ***: p < 0.001 vs. fibroblasts incubated with PDGF or TGF-β and solvent. (From: Huang J et 

al., 2015). 
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To better distinguish between proliferation-driven and migration-driven closure of the scratch, 

we incubated fibroblasts with mitomycin C, which inhibits proliferation by interfering with 

DNA synthesis. Although incubation with mitomycin C in rather high concentrations of 8 

mg/ml delayed closure of the scratch, the effects were modest and less pronounced than with 

higher doses of nintedanib. The effects of mitomycin C were comparable to the effects of 

nintedanib in concentrations of 100 nM, whereas higher concentrations of nintedanib were 

more effective. These findings may suggest that migration may be more important than 

proliferation for the inhibitory effects of nintedanib in scratch assays (Figure 12). 

 

 

Figure 12: Mitomycin C-induced inhibition of proliferation moderately affects the outcome of scratch assays.  

Effects of mitomycin C, an inhibitor of proliferation, on closure of the scratch in fibroblast-scratch assays as compared to 

nintedanib. Representative images are shown at 50-fold magnification. The edge of the scratch is indicated by black bold 

lines (upper panel). The rate of migration was calculated by (the width of wound at 0 h - the width of wound at 36 h)/ the 

width of wound at 0 h (lower panel).  *: p < 0.05 as compared to controls. (From: Huang J et al., 2015). 



Results 

56 

 

To dissect the relative contribution of the different profibrotic targets to the inhibitory effects 

of nintedanib, fibroblasts were incubated with selective inhibitors of PDGFRs, FGFRs and 

VEGFRs. Selective inhibition of PDGFRs (CP-6734561, 5 nM and 50 nM), FGFRs (NVP-

BGJ398, 1 nM and 10 nM) and VEGFRs (Axitinib, 0.5 nM and 5 nM) kinase activity all 

delayed closure of the scratch. These doses are thought to rather completely inhibit the 

respective signaling pathways under culture conditions. Inhibition of PDGFRs signaling was 

more effective than of FGFR and VEGFR signaling with a mean reduction of 68.1 % for 

PDGFRs inhibition, 43.5 % for FGFRs inhibition and 53.4 % for VEGFRs inhibition in 

scratch assays. However, none of the selective inhibitors was as effective as nintedanib in 

pharmacologically relevant doses, indicating that the combined targeting of all three kinase 

families contributes to the potent effects of nintedanib (Figure 13). 

 

 

 



Results 

57 

 

 

Figure 13: Targeting of PDGFR, FGFR and VEGFR kinases individually is less effective than combined inhibition by 

nintedanib in scratch assays.  

Selective inhibition of PDGFR, FGFR or VEGFR in fibroblast scratch assays as compared to combined inhibition of all three 

pathways by nintedanib. An artificial wound was induced in confluent monolayer primary human fibroblasts from healthy 

individuals and SSc patients. Fibroblasts were incubated with different inhibitors and the images were captured after 0 h and 

36 h. Representative images are shown at 50-fold magnification. The edge of the scratch is indicated by black bold lines 

(upper panel). The rate of migration was calculated by (the width of wound at 0 h - the width of wound at 36 h)/ the width of 

wound at 0 h (lower panel). *: p < 0.05 as compared to controls without kinase inhibitors, #: p < 0.05 as compared to 

nintedanib 333 nM, §: p < 0.05 as compared to nintedanib 1000 nM. w/o: without. (From: Huang J et al., 2015). 

 

 

 

 

 

 

 



Results 

58 

 

3.1.2. Incubation with nintedanib inhibits fibroblast activation 

The endogenous activation of SSc fibroblasts even after several passages in vitro with 

upregulation of growth factor pathways such as TGFβ [105] prompted us to analyze the effect 

of nintedanib on SSc fibroblasts in the absence of exogenous stimulation. Incubation of SSc 

fibroblasts with nintedanib in the absence of recombinant cytokines reduced the basal mRNA 

levels of col 1a1, col 1a2 and fibronectin-1 as well as the release of collagen protein into the 

supernatant in a dose-dependent manner. Maximal effects with inhibition of col 1a1 of 42.3 

%, of col 1a2 of 40.8 % and of collagen protein by 46.2 % were observed in concentrations of 

1000 nM. Nintedanib also decreased the basal mRNA levels of α-SMA, the levels of stress 

fibers dose-dependently by up to 34 % and 72.9 % at 1000 nM (Figure 14). 

 

 
  

 

Figure 14: Nintedanib reduces the basal activation of SSc fibroblasts. 

Effects of different concentrations of nintedanib ranging from 100 nM to 1000 nM on the mRNA levels of col 1a1(A), col 

1a2 (B), collagen protein release (C), fibronectin(D), α-SMA (E), and on the formation of stress fibers (F) in SSc fibroblasts. 

Representative images of fibroblasts stained with rhodamine phalloidin (red, cytoskeletal F-actin probe) and DAPI (blue, 

nuclear marker staining) are shown at 200-fold magnification (G). *: 0.01 < p < 0.05, **: 0,001 < p < 0.01, ***: p < 0.001 vs. 

vehicle-treated controls. (From: Huang J et al., 2015).  
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In addition to reducing the basal activation of SSc fibroblasts, nintedanib also inhibited the 

stimulatory effects of PDGF and TGFβ on dermal fibroblasts. Incubation of fibroblasts from 

healthy individuals with nintedanib dose-dependently reduced the stimulatory effects of 

PDGF on mRNA levels of col 1a1, col 1a2 and fibronectin-1 as well as on the release of 

collagen protein with maximal reduction by 91.2 %, 72.6 %, 107.8 % and 165.6 % 

respectively (Figure 15A). Moreover, nintedanib inhibited PDGF-induced myofibroblast-

differentiation and decreased the mRNA levels of α-SMA as well as the formation of stress 

fibers by up to 52.4 % and 170.4 % at 1000 nM (Figure 15A and B). Nintedanib also 

effectively inhibited TGFβ-induced fibroblast activation and decreased the synthesis of 

extracellular matrix and inhibited myofibroblast differentiation (Figure 15C and D).  
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Figure 15: Nintedanib reduces the PDGF- and TGFβ-induced activation of normal dermal fibroblasts.  

Effects of nintedanib on the mRNA levels of col 1a1, col 1a2, fibronectin-1 and α-SMA, release of collagen protein and the 

formation of stress fibers in fibroblasts from healthy individuals stimulated with PDGF (A, B) or TGFβ (C, D). 

Representative images of fibroblasts stained with rhodamine phalloidin (red, cytoskeletal F-actin probe) and DAPI (blue, 

nuclear marker staining) are shown at 200-fold magnification (B, D). *: 0.01 < p < 0.05, **: 0,001 < p < 0.01, ***: p < 0.001 

vs. vehicle-treated controls. (From: Huang J et al., 2015). 
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Potent inhibitory effects of nintedanib were also obtained with SSc fibroblasts stimulated with 

PDGF and TGFβ (Figures 16A and B). 
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Figure 16: Nintedanib reduces the PDGF- and TGFβ-induced activation of SSc fibroblasts.  

Effects of nintedanib on the mRNA levels of col 1a1, col 1a2, fibronectin-1 and α-SMA, on collagen release in fibroblasts 

from SSc patients incubated with PDGF (A) or TGFβ (B). *: 0.01 < p < 0.05, **: 0,001 < p < 0.01, ***: p < 0.001 vs. 

vehicle-treated controls. (From: Huang J et al., 2015). 

 

 

3.1.3. Nintedanib prevents bleomycin-induced dermal fibrosis 

Injection of bleomycin induced prominent skin fibrosis with dermal thickening, deposition of 

collagen and myofibroblast differentiation. All doses of nintedanib were well tolerated 

without obvious clinical signs of toxicity such as loss of body weight or changes in texture of 

the fur, activity or consistency of the stool. Treatment with nintedanib that started at the first 

day of bleomycin-challenge ameliorated bleomycin-induced fibrosis in all doses tested 

(Figure 17A). The most potent anti-fibrotic effects were observed in doses of 50 mg/kg bid 

with decreases in dermal thickening of 57 % (Figure 17B), in hydroxyproline content of 

lesional skin of 67 % (Figure 17C) and in myofibroblasts counts of 54 % (Figure 17D) (p < 

0.001 for all outcomes) as compared to vehicle-treated mice injected with bleomycin.  
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Figure 17: Nintedanib prevents bleomycin-induced skin fibrosis. 

(A) Representative images of Masson trichrome-stained sections at 100-fold magnification. Changes in dermal thickness (B), 

hydroxyproline content (C) and myofibroblast counts (D). n = 8 mice per group. *: 0.01 < p < 0.05, **: 0.001 < p < 0.01, 

***: p < 0.001 vs. vehicle-treated mice challenged with bleomycin. (From: Huang J et al., 2015). 
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3.1.4. Nintedanib induces regression of pre-established bleomycin-induced skin fibrosis 

Preventive application of therapeutic agents may not mimic the clinical situation in patients. 

In most cases, significant fibrotic changes have already manifested, when the patient is first 

seen by a physician and when treatment is started. To better mimic this situation in mice, we 

used a modified model of bleomycin-induced skin fibrosis, in which robust fibrotic changes 

are induced before treatment is started. Prolonged injection of bleomycin for six weeks further 

increases the severity of skin fibrosis as compared to injections of bleomycin for three weeks 

followed by injections of NaCl for additional three weeks. Treatment with nintedanib 

prevented progression of fibrosis in all doses tested as compared to vehicle-treated mice 

challenged with bleomycin for six weeks (Figures 18A). Treatment with 50 mg/kg bid 

nintedanib exerted the strongest anti-fibrotic effects with decreases in dermal thickness by 

60.0 %, in myofibroblast counts by 57.8 % and in hydroxyproline content by 46.7 % (Figures 

18B-D). Moreover, at doses of 50 mg/kg/bid, nintedanib also induced regression of pre-

established fibrosis and reduced the dermal thickness, myofibroblast counts and 

hydroxyproline content below the levels of vehicle-treated mice injected with bleomycin for 

three weeks followed by injections of NaCl for additional three weeks (Figures 18A-D). 
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Figure 18: Nintedanib induces regression of pre-established bleomycin-induced skin fibrosis.  

Mice were pre-challenged with bleomycin for three weeks, before treatment with nintedanib was initiated. (A) Representative 

images of Masson trichrome-stained sections at 100-fold magnification. Changes in dermal thickness (B), hydroxyproline 

content (C) and myofibroblast counts (D). n = 8 mice per group. *: 0.01 < p < 0.05, **: 0.001 < p < 0.01, ***: p < 0.001 vs. 

vehicle-treated mice challenged with bleomycin for six weeks. (From: Huang J et al., 2015). 
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3.1.5. Nintedanib ameliorates experimental sclerodermatous cGvHD 

In the mouse model of bleomycin-induced skin fibrosis, the fibrotic changes of the skin are 

mainly restricted to injected area. In patients with diffuse-cutaneous SSc, however, the 

fibrotic changes may affect wide areas of the skin. We thus aimed to confirm the anti-fibrotic 

effects of nintedanib in experimental models of SSc with generalized skin involvement. For 

this purpose, we used a model of murine cGvHD. For these experiments, we focused on 

nintedanib in doses of 60 mg/kg/qd and 50 mg/kg/bid, which were most effective in 

bleomycin-induced-skin fibrosis. Allogeneic transplantation of bone marrow cells and 

splenocytes with a minor HLA-mismatch induced skin fibrosis with increased dermal 

thickness, differentiation of resting fibroblasts into myofibroblasts and accumulation of 

hydroxyproline in the skin (Figures 19A-D). Treatment of allogeneically transplanted mice 

with nintedanib in both doses ameliorated cGvHD-induced skin fibrosis and significantly 

reduced dermal thickening, myofibroblast counts, and hydroxyproline content of the skin and 

clinical score as compared to vehicle-treated, allogeneically transplanted mice (Figures 19E). 

At higher doses of 50 mg/kg/bid, dermal thickness, myofibroblast counts, and hydroxyproline 

content were reduced by 86.0 %, 86.2 % and 31.0 %, respectively (Figures 19B-D). No 

significant differences in efficacy were observed between both doses of nintedanib. As in 

bleomycin-induced fibrosis, treatment with nintedanib was well tolerated.  
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Figure 19: Nintedanib ameliorates fibrosis in murine sclerodermatous cGvHD.  

(A) Representative images of Masson trichrome-stained sections at 100-fold magnification. Changes in dermal thickness (B), 

hydroxyproline content (C) and myofibroblast counts (D). (E) Effects of nintedanib on the clinical cGvHD score. n = 8 mice 

per group. *: 0.01 < p < 0.05, **: 0,001 < p < 0.01, ***: p < 0.001 vs. Vehicle-treated, allogeneically transplanted mice. 

Syngeneic controls: synBMT, mice receiving alloBMT: alloBMT. (From: Huang J et al., 2015). 
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3.1.6. Nintedanib reduces fibrosis in Tsk-1 mice 

After the inflammation-driven bleomycin- and cGvHD models that resemble early stages of 

SSc, we next investigated the effects of nintedanib in Tsk-1 mice. In this model, inflammatory 

infiltrates are absent and fibroblasts are endogenously activated, thus resembling later stages 

of SSc. Treatment of Tsk-1 mice with nintedanib significantly reduced hypodermal 

thickening, myofibroblast counts and hydroxyproline content of the skin as compared to 

vehicle-treated Tsk-1 mice in doses of 60 mg/kg qd and 50 mg/kg bid without adverse effects 

(Figures 20A-D). The higher doses of nintedanib reduced hypodermal thickening by 43.0 %, 

myofibroblast counts by 57.1 % and hydroxyproline content of the skin by 75.1 % (Figures 

20B-D). 
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Figure 20: Treatment with Nintedanib reduces skin fibrosis in Tsk-1 mice. 

(A) Representative images of Masson trichrome-stained sections at 40-fold magnification. Changes in hypodermal thickness 

(B), hydroxyproline content (C) and myofibroblast counts (D). n = 6 mice per group.  *: 0.01 < p < 0.05, **: 0.001 < p < 

0.01, ***: p < 0.001 vs. vehicle-treated Tsk-1 mice. (From: Huang J et al., 2015). 

 

3.1.7. Treatment with nintedanib reduces dermal and pulmonary fibrosis in Fra2-

transgenic mice 

Previous models resemble the fibrotic changes of different stages of SSc, but do not show the 

typical vascular changes of SSc. The vascular changes in SSc are, however, thought to 

promote fibroblast activation in SSc. We thus aimed to investigate the effects of nintedanib in 

a mouse model that resembles vascular as well as fibrotic changes of SSc by using Fra2 tg 

mice. 

 

We first evaluated the effect of nintedanib on fibrosis of the skin and the lungs. Doses of 60 

mg/kg qd or 50 mg/kg/bid strongly ameliorated skin fibrosis. Both doses of nintedanib were 

equally effective and significantly reduced dermal thickening, collagen accumulation and 

myofibroblast differentiation as compared to vehicle-treated Fra2-transgenic mice (Figures 21 

A-D).  
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Figure 21: Nintedanib reduces dermal fibrosis in Fra2-tg mice. 

Effects of nintedanib treatment on skin fibrosis: Representative images of Masson trichrome-stained skin sections at 100-

fold magnification (A) and quantification of dermal thickening (B), hydroxyproline content (C) and myofibroblast counts 

(D).  
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Nintedanib-treated mice also demonstrated reduced pulmonary fibrosis with decreased 

fibrotic area, lower hydroxyproline content and decreased myofibroblast counts compared to 

control mice (Figures 22A-D).  In addition, treatment with nintedanib was well-tolerated 

doses and reduced the weight loss in Fra2-transgenic mice (Figure 23). 
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Figure 22: Nintedanib reduces pulmonary fibrosis in Fra2-tg mice. 

Effects of nintedanib on pulmonary fibrosis: Representative images of Sirius-red stained sections of lungs at 40-fold 

magnification (A) and quantification of the fibrotic area (B), of the hydroxyproline content (C) and of myofibroblast counts 

(D). n = 6 mice per group. *: 0.01 < p < 0.05, **: 0.001 < p < 0.01, ***: p < 0.001 vs. vehicle-treated Fra2-tg mice.  

 

Figure 23: Treatment with nintedanib ameliorates weight loss in Fra2-transgenic mice.  

Relative changes in body weight over time are shown. *: 0.01 ≤ p < 0.05 
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3.1.8. Nintedanib inhibits remodeling of the pulmonary arteries  

Fra2-transgenic mice also develop pulmonary arterial hypertension with extensive remodeling 

of the pulmonary arteries. Both doses of nintedanib significantly reduced thickening of the 

walls of pulmonary arteries (Figures 24A and B) and decreased the number of occluded 

vessels compared to vehicle-treated Fra2-transgenic mice (Figures 24C). Consistent with 

these findings, the number of proliferating vascular smooth muscle cells was strongly 

decreased in nintedanib-treated mice (Figures 24D and E). We observed a trend towards 

higher efficacy with nintedanib in doses of 50 mg/kg/bid as compared to 60 mg/kg/qd, which 

did, however, not reach statistical significance. Nintedanib in concentrations from 100-1000 

nM dose-dependently inhibited proliferation of pulmonary vascular smooth muscle cells in 

vitro, with maximal reduction by 25.4 % under basal conditions (Figures 24F) and by 148 % 

upon stimulation with PDGF at the highest concentration (Figures 24G). 
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Figure 24: Treatment with nintedanib reduces vascular remodeling of the pulmonary arteries in Fra2-transgenic 

mice.  

 (A) Representative images of H&E stained lung sections with thickened vessel walls shown at 200-fold magnification. 

Arrows indicate thickened vessel walls, stars indicate occluded vessels. (B) Percentage of occluded vessels. (C) Average 

thickness of the vessel wall. (D) Representative examples of triple staining for DAPI (blue, nuclear marker staining), Ki67 

(red, proliferation marker) and SM22α (green, vascular smooth muscle cells) at 400-fold magnification. (E) Relative 

proportion of proliferating vascular smooth muscle cells per total number of vascular smooth muscle cells. (F-G): Effects of 

nintedanib on the proliferation of human pulmonary artery vascular smooth muscle cells at basal conditions (F) and upon 

stimulation with PDGF (G). *: 0.01 ≤ p < 0.05, **: 0.001 ≤ p < 0.01, ***: p < 0.001 vs. vehicle-treated Fra2-transgenic mice. 
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3.1.9. Nintedanib ameliorates microvascular disease in Fra2-transgenic mice  

Another characteristic feature of Fra2-transgenic mice is apoptosis of endothelial cells with 

subsequent loss of capillaries. The number of apoptotic endothelial cells in the skin of Fra2-

transgenic mice was reduced by treatment with nintedanib (Figures25 A and B). Consistently, 

capillary loss was reduced and increased numbers of vessels in the skin were observed in the 

dermis of nintedanib-treated mice (Figures 25C). As for remodeling of pulmonary arteries, 

doses of 50 mg/kg/bid tended to be more effective than 60 mg/kg qd and statistically 

significant differences were found for total microvessel counts between both groups.  
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Figure 25: Nintedanib ameliorates microvascular manifestations in Fra2-transgenic mice.  

(A) Representative images of skin sections stained for TUNEL (green, apoptosis marker), CD31 (red, endothelial cells) and 

DAPI (blue, nuclear marker staining) shown at 400-fold magnification and the merge picture showing the positive apoptotic 

endothelial cells. (B) Quantification of apoptotic microvascular endothelial cells in the skin. (C) Relative numbers of CD31-

positive vessels. n = 6 mice per group. *: 0.01 ≤ p < 0.05, **: 0.001 ≤ p < 0.01, ***: p < 0.001 vs. vehicle-treated Fra2-

transgenic mice. 
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In the second part of this thesis, we characterized the role of SHP2 in the fibrosis and 

evaluated the effect of SHP2 inhibitor on experimental skin and lung fibrosis. 

 

 

 

 

3.2. SHP2 regulates TGFβ-induced JAK2/ STAT3 signaling and fibrosis  

3.2.1. Decreased expression of SHP2 in SSc   

To investigate the role of SHP2 in the pathogenesis of SSc, we first analyzed the expression 

pattern of SHP2 in SSc. The mRNA levels of SHP2 were significantly decreased by 31.4 % in 

fibrotic skin of SSc patients compared to matched healthy individuals (Figure 26A). Semi-

quantitative analyses further highlighted the prominent decrease of SHP2 in SSc fibroblasts 

compared to those in healthy skin (Figures 26 B and C). A downregulation was also observed 

by immunofluorescence staining. Double staining with the fibroblast marker prolyl-4-

hydroxylase-β (P4Hβ) (Figure 26D) demonstrated that SSc fibroblasts express reduced levels 

of SHP2. In cultured SSc fibroblasts, mRNA and protein levels of SHP2 were decreased by 

38 % and 30 %, respectively, as compared to fibroblasts from healthy individuals (Figures 

26E and F).  
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Figure 26: Decreased expression of SHP2 in SSc. 

A: The mRNA levels of SHP2 in SSc skin as compared to healthy skin (n=7). B: Immunohistochemistry for SHP2 in SSc 

skin and matched healthy controls. Representative images are shown at 200- and 1000-fold magnification. C: Semi-

quantitative analyses of the SHP2 staining in healthy and SSc skin (n≥6). D: Immunofluorescence staining of SHP2 (red) 

with co-staining for P4Hβ (green, human fibroblast marker) and DAPI (blue, nuclear marker staining). Representative images 

are shown at 400-fold magnification. E-F: The mRNA (n=5) (E) and protein level (n=4) (F) of SHP2 in cultured SSc 

fibroblasts. *: 001 < p < 0.05, **: 0.001 < p < 0.01. 

 

 

 

In addition to human SSc, the expression of SHP2 was also downregulated in murine models 

of skin fibrosis. The mRNA and protein levels of SHP2 were decreased in the skin of mice 

challenged with bleomycin and in Tsk-1 mice. Co-staining of fibrotic murine skin with 

vimentin demonstrated reduced expression of SHP2 in fibroblasts (Figures 27 A and B).  
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Figure 27: Decreased expression of SHP2 in experimental skin fibrosis. 

Expression of SHP2 in the skin of bleomycin-challenged mice (A) and Tsk-1 mice (B) as analyzed by immunofluorescence 

with co-staining for SHP2 (red), vimentin (green, murine fibroblast marker) and DAPI (blue, nuclear marker staining)  

(representative images shown at 200- and 600-fold magnification) and real-time PCR (n≥5).*: 001 < p < 0.05, **: 0.001 < p 

< 0.01. 

 

 

 

3.2.2. TGFβ downregulates the expression of SHP2  

We next investigated the molecular mechanisms underlying the decreased expression of SHP2 

in fibrotic conditions. As activation of TGFβ signaling is a common denominator of fibrotic 

conditions, we analyzed potential effects of TGFβ on SHP2 expression. Indeed, stimulation of 

fibroblasts with recombinant TGFβ reduced the mRNA and protein levels of SHP2 with 

maximal decrease by 54 % after 24 h and by 45 % after 72 h, respectively (Figures 28A and 

B). Furthermore, constitutive activation of TGFβ signaling by overexpression of a 

constitutively active TGFβ receptor type I (TBRI) downregulated the SHP2 mRNA by 34 % 

and protein levels in murine skin (Figures 28C and D). In contrast, inhibition of TGFβ 

signaling by treatment with the selective TBRI inhibitor SD-208 completely prevented the 

downregulation of SHP2 in experimental fibrosis (Figures 28E-H). 
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Figure 28: SHP2 is downregulated in fibroblasts by TGFβ signaling.  

A-B: mRNA (n=6) (A) and protein (n=4) (B) levels of SHP2 in healthy fibroblasts stimulated with TGFβ for different time 

points as measured by RT-PCR and WB, respectively. C-D: Effects of the overexpression of TBRICA on SHP2 (red) in 

murine skin analyzed by immunofluorescence with co-staining for vimentin (green, murine fibroblast marker) and DAPI 

(blue, nuclear marker staining) (representative images are shown at 200- and 600-fold magnification) (n=5) (C) and by real-

time PCR (n=8) (D). E-F: Effects of treatment with the selective TGFβ receptor type 1 kinase inhibitor SD-208 on SHP2 

mRNA (n=6) (E) and protein (F) in bleomycin-challenged mice. G-H: Treatment with SD 208 in Tsk-1 mice (n≥6 per each 

group). *: 001 < p < 0.05, **: 0.001 < p < 0.01. 
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3.2.3. SHP2 regulates TGFβ induced fibroblast activation  

To investigate the functional effects of decreased SHP2 levels, we knocked out SHP2 by 

infecting dermal fibroblasts from SHP2
fl/fl

 mice with Ad Cre. Effective knockout of SHP2 

was demonstrated by Western Blot (Figure 29A). Knockout of SHP2 ameliorated the 

sensitivity of fibroblasts to the pro-fibrotic effects of TGFβ. The stimulatory effects of TGFβ 

on its target genes PAI1 and SMAD7 (Figures 29B and C) were reduced in SHP2-deficient 

fibroblasts as compared to fibroblasts transfected with Ad LacZ control viruses. Moreover, 

knockout of SHP2 ameliorated TGFβ-induced myofibroblast differentiation with reduced 

mRNA and protein levels of α-SMA and impaired formation of stress fibers (Figures 29D-G). 

The induction of COL1A1 mRNA and of collagen protein by TGFβ was also reduced in 

SHP2-deficient fibroblasts (Figures 29H and I).  
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Figure 29: SHP2 regulates TGF-β induced fibroblast activation. 

A: Western-blot to confirm the efficiency of Cre-mediated SHP2 knockout in murine SHP2fl/fl fibroblasts. B-F: Changes in 

the mRNA levels of the TGFβ target genes PAI-1 (B) and SMAD7 (C), on the myofibroblast marker α-SMA (green) and on 

stress fiber staining (red, cytoskeletal F-actin probe) (representative images are shown at 200-fold magnification) (D). 

Quantification of α-SMA staining intensity (E) and stress fiber staining intensity (F) (n=4 different lines). G-I: Effects of 

SHP2 knockout on the mRNA levels of α-SMA (G), col1a1 (H) and on the release of collagen protein (I) in TGFβ stimulated 

fibroblasts (n≥3 different lines with duplicates).*: 001 < p < 0.05, **: 0.001 < p < 0.01, ***: p < 0.001. 
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3.2.4. Fibroblast-specific knockout of SHP2 ameliorates experimental fibrosis 

To generate mice with fibroblast-specific, tamoxifen-inducible deletion of SHP2, we crossed 

mice harboring SHP2 alleles flanked by loxP sites (SHP2
fl/fl

) with mice expressing CreER 

under the control of a fibroblast-specific type I collagen promoter (Col1a2-CreER)[81]. 

Fibroblast-specific knockout of SHP2 ameliorated dermal fibrosis in three different murine 

models.  

 

In TBRI
CA

-induced fibrosis, the levels of TGFβ target genes PAI1, SMAD7 and CTGF were 

reduced in SHP2
fl/fl 

x Col1a2-CreER mice treated with tamoxifen (referred to as SHP2 Fib 

cKO mice) as compared to SHP2
fl/fl 

x Col1a2-CreER mice treated with corn-oil (referred to as 

control littermates) (Figures 30B-D). Specific knockout of SHP2 in fibroblasts also 

ameliorated dermal thickening, inhibited myofibroblast-differentiation and reduced the 

hydroxyproline content upon overexpression of TBRI as compared to control mice with 

normal expression of SHP2 (Figures 30E-G).   
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Figure 30: Conditional knockout of SHP2 protects from TBRICA-induced skin fibrosis. 

A: Representative images of Masson trichrome stained skin at 100-fold magnification. B-D: mRNA levels of CTGF (B), 

PAI-1(C) and SMAD7 (D). E-G: Dermal thickness (E), hydroxyproline content (F) and myofibroblast counts (G). All 

groups consisted of ≥ 6 mice each. *: 001 < p < 0.05, **: 0.001 < p < 0.01. 

 

 

 

SHP2 Fib cKO mice were also protected from bleomycin-induced skin fibrosis as an 

inflammation-driven model of fibrosis with reduced mRNA levels of PAI1, SMAD7 and 

CTGF, decreased dermal thickening, impaired myofibroblast differentiation and reduced 

hydroxyproline content as compared to control littermates (Figures 31A-G).   
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Figure 31: Mice lacking SHP2 are protected from bleomycin-induced skin fibrosis. 

A: Representative images of Masson trichrome stained skin at 100-fold magnification. B-D: mRNA levels of CTGF (B), 

PAI-1(C) and SMAD7 (D). E-G: Dermal thickness (E), hydroxyproline content (F) and myofibroblast counts (G). All 

groups consisted of ≥ 6 mice each. *: 001 < p < 0.05, **: 0.001 < p < 0.01, ***: p < 0.001 
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Fibroblast specific knock out of SHP2 in the Tsk-1 model also reduced the levels of TGFβ 

target genes like PAI1, SMAD7 and CTGF (Figures 32B-D) and protected from fibrosis with 

reduced hypodermal thickness, lower hydroxyproline content and decreased myofibroblast 

counts (Figures 32E-G).  

 

 

Figure 32: Deficiency in SHP2 reduces fibrosis in Tsk-1 mice. 

A: Representative images of Masson trichrome stained skin at 40-fold magnification. B-D: mRNA levels of CTGF (B), PAI-

1(C) and SMAD7 (D). E-G: Dermal thickness (E), hydroxyproline content (F) and myofibroblast counts (G). All groups 

consisted of ≥ 6 mice each. *: 001 < p < 0.05, **: 0.001 < p < 0.01, ***: p < 0.001 
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3.2.5. SHP2-dependant amplification of TGFβ-induced fibroblast activation requires the 

phosphatase-activity of SHP2 

SHP2 can regulate growth factor signaling by dephosphorylation of target protein, but 

phosphatase-independent effects have also been described [106]. To investigate whether the 

phosphatase activity of SHP2 is required to regulate TGFβ-signaling in fibroblasts, we 

overexpressed a phosphatase dead mutant of SHP2 (SHP2
C459S

) in cultured human fibroblasts 

and compared the effects on TGFβ signaling and fibroblast activation to that of non-mutated 

SHP2 (SHP2
WT

). Overexpression of SHP2
WT

 fostered TGFβ signaling with increased 

transcription of PAI-1, SMAD7 and COL1A1, upregulation of α-SMA and stress fibers 

(Figures 33B-G).In contrast, over-expression of SHP2
C459S

 did not enhance fibroblast 

activation, but rather acted in a dominant negative manner to suppress TGFβ-induced 

fibroblast activation (Figures 33B-G). 
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Figure 33: SHP2-dependant amplification of TGFβ-induced fibroblast activation requires the phosphatase-activity of 

SHP2.  

A: mRNA level of SHP2 after overexpression in human dermal fibroblasts. B-D: mRNA levels of PAI-1 (B), SMAD7 (C) 

and col1a1 (D) in empty vector, SHP2WT and SHP2C459S-transfected human fibroblasts, with or without TGFβ1 treatment 

(n=3 different lines with triplicates).E-G: Representative images of immunofluorescence staining of α-SMA (green) and 

stress fiber staining (red, cytoskeletal F-actin probe) shown at 200-fold magnification (E) with quantification of α-SMA 

staining intensity (F) as well as stress fiber staining intensity (G) (n=3 different lines with duplicates). *: 001 < p < 0.05, **: 

0.001 < p < 0.01, ***: p < 0.001. 

 

 

3.2.6. Knockout of SHP2 inhibits JAK2/STAT3 signaling 

SHP2 has been shown to regulate angiotensin II induced activation JAK/STAT signaling in 

vascular smooth cells [107] and mouse embryonic fibroblasts [83]. As JAK2 has recently 

been identified as a downstream mediator of TGFβ signaling in fibrosis [108], we aimed to 

investigate whether SHP2 may modulate TGFβ signaling by regulation of JAK2/STAT3 

signaling. We first analyzed whether inactivation of SHP2 may inhibit the activation of JAK2 

signaling. JAK2 activation was assessed by two approaches: First, by analysis of the 

phosphorylation status of JAK2 at Y1007/1008 (pJAK2
Y1007/1008

), as phosphorylation of JAK2 

is considered as key-step in the activation of JAK2. As a second readout, we analyzed 

phosphorylation of STAT3 at Y705 (pSTAT3
 Y705

), as STAT3 is a main downstream target of 

JAK2. Knockout of SHP2 in cultured fibroblasts reduced the TGFβ-induced Y1007/1008 

phosphorylation of JAK2 and also decreased the levels of Y705 of pSTAT3 (Figure 34A). 

The impaired activation of JAK2/STAT3 signaling upon inactivation of SHP2 was confirmed 

in experimental fibrosis. Fibroblast-specific knockout of SHP2 was associated with decreased 

levels of pJAK2
Y1007/1008 

and pSTAT3
Y705 

in TBRI
CA

-(Figure 34B) and bleomycin induced 
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fibrosis (Figure 34C) as well as in Tsk-1 mice (Figure 34D) compared to corresponding 

controls.  

 

Figure 34: Inactivation of SHP2 inhibits TGFβ-dependent Jak2/Stat3 signaling. 

A: TGFβ-dependent phosphorylation of Jak2 and Stat3 in cultured SHP2-deficient and wildtype fibroblasts (n=3 different 

lines with 3 independent experiments). B-D: Effects of fibroblast-specific knockout of SHP2 on the phosphorylation of Jak2 

and Stat3 in TBRICA-induced skin fibrosis (B), bleomycin induced skin model (C) and in Tsk-1 mice (D) (n≥3 mouse 

samples with 3 independent experiments). *: 001 < p < 0.05, **: 0.001 < p < 0.01 

 

3.2.7. Pharmacological inhibition of SHP2 exerts anti-fibrotic effects  

After demonstrating that fibroblast-specific inactivation of SHP2 ameliorates experimental 

fibrosis, we next aimed to investigate the anti-fibrotic potential of pharmacological inhibition 

of SHP2. Treatment with NSC-87877, a selective SHP inhibitor ameliorated bleomycin-

induced skin fibrosis as compared to vehicle-treated mice (Figures 35A-D). Dermal 

thickening, myofibroblast counts and hydroxyproline content were reduced by 82 %, 61 % 
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and 64 %, respectively. Similar results were obtained in the TBRI
CA

-induced skin fibrosis 

(Figures 35E-H).  

 

 

 
 

 

Figure 35: SHP inhibitor NSC-87877 ameliorates experimental skin fibrosis. 
 

A-D: TBRICA-induced skin fibrosis. Representative images of Masson trichrome stained skin are shown at 100-fold 

magnification (A). Dermal thickness (B). Hydroxyproline content (C). Myofibroblast counts (D).E-H: Bleomycin induced 

skin fibrosis. Representative images of Masson trichrome stained skin are shown at 100-fold magnification (E). Dermal 

thickness (F). Hydroxyproline content (G). Myofibroblast counts (H). 
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In addition, NSC-87877 also ameliorated bleomycin-induced pulmonary fibrosis and 

decreased fibrotic area, hydroxyproline content and myofibroblast counts with reduction of 60 

%, 78 % and 54 %, respectively (Figures 36A-D). 

 

Figure 36: Treatment with SHP inhibitor NSC-87877 ameliorates experimental lung fibrosis. 

A-D: Bleomycin induced lung fibrosis. A: Representative images of Sirius red stained lung shown at 100-fold 

magnification. B: Quantification of Sirius red positive area. C: Hydroxyproline content. D:  Myofibroblast counts. All groups 

consisted of ≥ 6 mice. *: 001 < p < 0.05, **: 0.001 < p < 0.01, ***: p < 0.001. 
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4. Discussion 

In this thesis, we evaluated two tyrosine kinase signaling related strategies to inhibit 

aberrant fibroblast activation and tissue fibrosis in SSc. 

 

In the first part of this thesis, the effect of nintedanib which inhibits the tyrosine 

kinases activity of PDFGR-α and β, FGFR-1, 2, 3, VEGFR-1, 2, 3 and Src was 

evaluated. We demonstrated in several preclinical models on multiple experimental 

levels that nintedanib effectively ameliorates fibroblast activation and skin fibrosis in 

pharmacologically relevant doses. Nintedanib inhibited PDGF- as well as TGFβ-

induced proliferation and migration of fibroblasts, inhibited myofibroblast 

differentiation and decreased the synthesis of major extracellular matrix proteins such 

as collagen type I and fibronectin. In addition to inhibition of cytokine-induced 

activation of fibroblasts, nintedanib also reduced the characteristic endogenous 

activation of SSc fibroblasts that may drive disease progression in later stages of the 

disease. Nintedanib reduced the expression of myofibroblast markers and collagen 

release in SSc fibroblasts in the absence of exogenous stimulation.  

 

Moreover, treatment with nintedanib exerted potent anti-fibrotic effects in 

complementary mouse models of SSc resembling different stages, subtypes and 

clinical scenarios of SSc. Nintedanib was effective not only in murine models 

resembling early and inflammatory stages of SSc with prominent inflammatory 

infiltrates in fibrotic skin such as bleomycin-induced fibrosis and murine cGvHD, but 

also in the Tsk-1 model, which resembles later, non-inflammatory stages of SSc 

[109]. Finally, nintedanib exerted anti-fibrotic effects in Fra2-tg mice with prominent 

vascular manifestations that are thought to promote fibrosis in later stages of SSc 

[109]. Moreover, nintedanib was effective not only with preventive application, but 

also with therapeutic dosing schedules when initiated after fibrosis had already been 

established. Finally, nintedanib is not only effective in models of skin fibrosis, but 
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also in experimental models of pulmonary fibrosis [110] that is a major organ 

manifestation of SSc.  

 

The broad anti-fibrotic effects of nintedanib in different model systems and 

experimental settings might be explained by its mode of action: nintedanib 

simultaneously inhibits several central mediators of fibroblast activation such as 

PDFGR-α and β, FGFR-1, 2, 3, VEGFR-1, 2, 3 and Src [40]. In addition, nintedanib 

may exert anti-inflammatory effects via inhibition of Lyn and Lck. The broad 

spectrum of inhibited pro-fibrotic mediators distinguishes nintedanib from other 

kinase inhibitors that have previously been tested in SSc such as imatinib. While 

imatinib rather selectively targets PDGF signaling and c-Abl as one of many 

intracellular mediators of TGFβ signaling [24, 111], nintedanib completely blocks 

PDGF and VEGF signaling, inhibits three out of four receptors for FGF and also 

targets Src-family kinases that transmit intracellular signals of several inflammatory 

and fibrotic cytokines including TGFβ. 

 

The broad spectrum of cellular targets of nintedanib may raise concerns on the 

tolerability of SSc, in particular in multi-morbid patients with SSc and other fibrotic 

diseases. However, the results from the phase III studies in IPF patients the total 

number of severe adverse events was not different between treatment- and placebo 

arms [112]. Some adverse events were common in patients treated with nintedanib. 

Mild-to-moderate gastrointestinal adverse events occurred at high frequency with 

diarrhea in > 60 % of patients, nausea in > 20 % of patients, vomiting in > 10 % and 

unintended weight loss in approximately 10 % of IPF patients. Those gastrointestinal 

adverse events may further complicate gastrointestinal involvement in SSc and should 

thus be monitored carefully. Another adverse event that occurred at increased 

frequency was elevation of liver enzymes (appr. 5 %). In contrast to current treatment 

immunosuppressive approaches for SSc-interstitial lung disease (SSc-ILD) such as 

cyclophosphamide, no increased rate of infections occurred in patients treated with 
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nintedanib. Of note, vascular adverse events were not observed despite inhibition of 

major pro-angiogeneic factors by nintedanib [112]. However, given the pre-existing 

microvascular damage and the common complication of ischemic ulcers in SSc, 

careful monitoring for exacerbation of microvascular disease will be warranted in 

patients with SSc. 

 

Given these considerations, our findings that treatment with nintedanib did not only 

ameliorate fibrosis, but also improved vascular manifestations in the Fra2 are 

surprising on first look. Fra2-tg mice may resemble the clinical spectrum of SSc more 

closely than many traditional models as they not only develop a systemic fibrotic 

disease of the skin, lungs, heart and gastrointestinal tract, but also display an SSc-like 

microvascular disease and PAH [34, 97, 101, 113]. Moreover, evidence provided by 

studying PDGF- and c-Abl signaling and on the efficacy of imatinib indicates that 

Fra2-tg mice may reflect the activation levels of pro-fibrotic pathways in human SSc 

more closely and may thus better predict responses in SSc as compared to other 

mouse models [114]. Indeed, the tyrosine kinase inhibitor imatinib that did not reach 

its primary endpoint in clinical trials in SSc was also not effective in Fra2-tg mice, but 

reduced fibrosis induced by bleomycin [114]. We demonstrated that nintedanib 

effectively reduces dermal and pulmonary fibrosis in Fra2-tg mice at well-tolerated 

doses in those models.  

 

In addition to its anti-fibrotic effects, treatment with nintedanib inhibited the 

proliferation of pulmonary vascular smooth muscle cells and ameliorated the 

histological features of PAH. Further studies are required to confirm these findings on 

a functional level (e.g. by right heart catheterization) and to unravel whether those 

effects are solely mediated by inhibition of PDGFR or whether other targets of 

nintedanib contribute to the potent inhibitory effects. 
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Moreover, treatment with nintedanib also reduced apoptosis of microvascular 

endothelial cells and slowed the loss of capillaries in the skin of Fra2-tg mice. 

Inhibition of endothelial cell apoptosis by a drug that targets major angiogenic 

pathways seems unexpected on a first view. However, excessive upregulation of 

angiogenic factors such as VEGF has previously been shown to perturb, rather than to 

promote angiogenesis and to induce microvascular alterations reminiscent of those 

observed in SSc [44, 45]. Treatment with nintedanib may thus improve microvascular 

manifestations in Fra2-tg mice by preventing the deleterious effects of excessive, un-

ordered release of angiogenic factors. However, further studies are essentially 

required to dissect the molecular mechanism underlying the effects of nintedanib on 

microvascular disease. Moreover, it will be crucial to assess the effects of nintedanib 

on angiogenesis during wound healing that demands increased formation of new 

vessels to initiate tissue repair.  

 

In the second part of this thesis, the role of SHP2 in experimental fibrosis was 

characterized and inactivation of SHP2 was evaluated for its anti-fibrotic effects.  

 

We demonstrated that SHP2 is decreased in SSc fibroblasts in vitro, in SSc skin ex 

vivo and in fibroblasts of fibrotic murine skin. We further showed that this reduction 

of SHP2 is mediated by TGFβ. Incubation with recombinant TGFβ decreased the 

mRNA and protein levels of SHP2 in fibroblasts. The expression of SHP2 was also 

downregulated in cultured SSc fibroblasts, which is consistent with endogenous 

activation of TGFβ signaling in SSc fibroblasts in vitro [115, 116]. In contrast, 

treatment with SD-208, a selective inhibitor of TGFβ receptor type 1 [117] prevented 

the down-regulation of SHP2 in bleomycin-induced fibrosis and Tsk-1 mice, further 

highlighting that TGFβ signaling is required for downregulation of SHP2 in 

experimental fibrosis.  

The stimulatory effects of SHP2 on canonical TGFβ signaling directly translate into 

activating effects on fibroblasts. Fibroblasts overexpressing SHP2 are more 
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susceptible to the profibrotic effects of TGFβ, whereas the stimulatory effects of 

TGFβ on the release of collagen are blunted in SHP2 knockout fibroblasts in vitro. 

Knockdown of SHP2 also interfered with the pro-fibrotic effects of TGFβ in vivo. 

Mice with a fibroblast-specific knockout of SHP2 were protected from experimental 

fibrosis induced by overexpression of a constitutively active TGFβ receptor type I and 

demonstrated reduced skin thickening, impaired differentiation of resting fibroblasts 

into myofibroblasts and decreased accumulation of collagen compared to wildtype 

littermates. Mice with a fibroblast-specific knockout of SHP2 were also protected 

from bleomycin-induced skin fibrosis. Moreover, Tsk-1 with deficiency of SHP2 

developed less intense skin fibrosis. Together, these data demonstrate the central 

regulatory function of SHP2 on fibroblast activation in several complementary 

models. TBRI- and bleomycin-induced fibrosis as well as Tsk-1 mice resemble 

different aspects of SSc. The mouse model of bleomycin-induced dermal fibrosis 

mimics inflammatory stages of SSc, in which fibroblasts are pre-dominantly activated 

by pro-fibrotic mediators released from infiltrating leukocytes. In contrast, the mouse 

model of TBRI-induced fibrosis resembles SSc patients, in which inflammatory 

infiltrates have largely resolved and in which fibroblasts are endogenously activated 

due to persistent TGFβ signaling [29, 39]. Similarly, Tsk-1 mice are also absent of 

inflammatory infiltrates, but TGFβ signaling is endogenously activated. Extrapolating 

the findings from the mouse models to human, these findings may thus indicate that 

targeting of SHP2 might exert anti-fibrotic effects in a several subgroups of patients. 

 

Inhibition of SHP2 may not only be effective in skin fibrosis, but also ameliorate 

fibrosis in internal organs. Qin and colleagues have demonstrated that specific knock 

out SHP2 in airway epithelial cell reduced lung inflammation scores with impaired 

expression of the myofibroblast marker α-SMA and reduced collagen deposition in 

lung following ovalbumin (OVA) challenges, a model that is mainly used to mimic 

chronic asthma [118]. The authors also showed that the levels of TGFβ1 were reduced 

in knockout mice. In lung epithelial A549 cells, SHP2 siRNA or SHP2 inhibitor 



Discussion 

98 

 

blocked TGFβ1 induced collagen production and Epithelial-Mesenchymal Transition 

(EMT) [119]. Selective inhibition or conditional knockout of SHP2 in lung epithelia 

reduced IL-8 release and pulmonary inflammation in Cigarette Smoke (CS)-exposed 

mice via SHP2-regulated epidermal growth factor receptor/Grb-2-associated 

binders/MAPK signaling [120]. These studies provide additional evidence that SHP2 

may regulate fibrotic responses. 

 

Although those data provide first evidence for a role of SHP2 in the pathogenesis of 

SSc, further studies are required to better characterize the role of SHP2 in the 

pathogenesis of SSc. We focused on the role of SHP2 in skin fibrosis as the most 

commonly affected tissue. Additional studies should also analyze commonly affected 

internal organs such as lungs, gastrointestinal tract, or heart. Moreover, we focused on 

the role of SHP2 in the pathogenesis of fibrosis. However, SHP2 may also regulate 

other features of SSc. In particular, SHP2 may contribute to the vascular features of 

SSc. First, SHP2 has been reported to enhance platelet-derived growth factor (PDGF) 

signaling in vascular neointima formation via the reactive oxygen species-related 

pathway [121]. Second, SHP2 mediated Angiotensin-II-induced primary lung 

endothelial cell apoptosis [122]. A potential role of SHP2 in SSc-like vascular 

features could be further evaluated in murine models of SSc-associated vasculopathy 

such as Fra-2 transgenic mice or uPAR knockout mice, which have also been reported 

to develop SSc-like vascular changes and fibrosis [123, 124].   

 

Inhibition of Jak2/Stat3 signaling has been shown to ameliorate hepatic fibrosis [125], 

pulmonary fibrosis [126] and renal fibrosis [127, 128]. Moreover, our previous work 

has demonstrated that Jak2 is a novel mediator of the stimulatory effects of TGFβ on 

fibroblast activation and tissue fibrosis [108]. In the second part of the thesis, we 

demonstrate that SHP2 positively regulates the TGFβ-induced Jak2/Stat3 signaling. 

Inactivation of SHP2 reduced the stimulatory effects of TGFβ on Jak2/Stat3 

activation in cultured fibroblasts and in several murine models. The effects of SHP2 
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on TGFβ-induced Jak2/Stat3 activation required the phosphatase domain of SHP2 

suggesting that upon activation by binding of TGFβ to its cell surface receptor, SHP2 

might dephosphorylate inhibitory target sites on Jak2. Indeed, there are several 

tyrosine residues which negatively regulate Jak2 kinase activity. Tyr570 lies within 

the inhibitory JH2 domain of Jak2 and mutation of this site (Jak2 Y570F) results in 

constitutive Jak2-dependent signaling in the absence of cytokine stimulation and 

enhances and prolongs Jak2 activation during cytokine stimulation [129]. Mutation of 

Tyr317 also increases Jak2 activity, and the phosphorylation of Tyr317 during 

cytokine signaling requires prior phosphorylation of the activation loop, which is 

consistent with a role for Tyr317 in the feedback inhibition of Jak2 kinase activity 

after receptor stimulation [130]. In future experiments, we aim to selectively mutate 

these potential inhibitory tyrosine phosphorylation sites and determine whether these 

mutations can ameliorate or prevent the effects of SHP2 on Jak2 activation. 

 

Since aberrant activation of SHP2 has been linked to the pathogenesis of several 

diseases including various types of cancer, development of small SHP2 inhibitors has 

attracted considerable interest [131]. In our experiments, the SHP inhibitor NSC-

87877 ameliorated inflammation-driven and inflammation-independent experimental 

dermal fibrosis and pulmonary fibrosis. No toxic effects were observed in anti-fibrotic 

doses. Good tolerability of NSC-87877 was also reported in cell culture systems 

[132], murine [133] and rat models [121] by other authors. Moreover, more potent 

SHP2 inhibitors [134-136] are currently developed through structure based and 

computer aided virtual screening. Together, these findings indicate that SHP2 is a 

"druggable" target for the treatment of SHP2-associated diseases. So far, no SHP2-

specific inhibitors have advanced to clinical trials; however, a dual SHP1/2 and 

PTP1B inhibitor is currently in phase I clinical trial and its use does not seem to be 

limited by toxicity [137]. 
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In summary, we characterize SHP2 as an amplifier of TGFβ signaling in SSc 

fibroblasts. Knockout of SHP2 impairs TGFβ-induced fibroblast activation and 

ameliorates experimental fibrosis. Pharmacologic inhibition of SHP2 exerts anti-

fibrotic effect in experimental skin and lung fibrosis. These findings identify SHP2 as 

a potential molecular target to inhibit fibroblast activation and fibrotic diseases such 

as SSc. 
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Conclusion 

Tyrosine kinases are currently considered as attractive targets for pharmaceutical 

intervention [138]. Several tyrosine kinase inhibitors are already in clinical use for a 

variety of different diseases. In the first part of the thesis, we evaluated the effect of 

tyrosine kinase inhibitor nintedanib, which targets several core pathways of SSc. We 

demonstrate that nintedanib inhibits TGF, PDGF induced fibroblast proliferation, 

migration, activation and matrix gene expression. Nintedanib exerts anti-fibrotic 

effects in several complementary fibrosis models at well-tolerated doses. Treatment of 

nintedanib ameliorates fibrotic and vascular manifestations in Fra2-tg mice. As 

nintedanib is already approved for the treatment of idiopathic pulmonary fibrosis, 

these results may have direct translational implications for clinical trials with 

nintedanib in SSc. 

 

In the second part of the thesis, we characterized the tyrosine phosphatase SHP2 as a 

regulator of non-canonical TGF-β signaling. Inactivation of SHP2 prevented the TGF-

β mediated activation of JAK2/STAT3 in dermal fibroblasts thereby inhibiting 

myofibroblast differentiation and collagen release. Although SHP2 expression is 

decreased in SSc, this downregulation is not sufficient to counterbalance the 

characteristic hyper-activation of TGF-β signaling in SSc. However, augmentation of 

this endogenous regulatory mechanism by genetic or pharmacologic inactivation of 

SHP2 effectively inhibits TGF-β signaling, prevents fibroblast activation and exerts 

anti-fibrotic effects in preclinical models of SSc. Given the availability of SHP2 

inhibitors, SHP2 might thus be a potential target for the treatment of fibrotic diseases 

such as SSc.   

 

In conclusion, targeting phosphorylation at tyrosine residues is a key-regulatory event 

and modulation of tyrosine phosphorylation, either by kinase inhibitors or by 

modulation of tyrosine phosphatases might offer therapeutic potential in fibrotic 

diseases such as SSc. 
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6. ABBREVIATIONS 

α-SMA             α-smooth muscle actin 

ACR American College of Rheumatology 

ACA Anti-centromere antibodies 

ANAs Antinuclear antibodies 

ADP Adenosine di-phosphate 

alloBMT  allogeneic bone marrow transplantation 

AF Alexa Fluor 

AP    Alkaline Phosphatase 

ATP Adenosine tri-phosphate 

aGvHD Acute graft-versus-host disease 

ALL Acute lymphoblastic leukaemia 

AML Acute myeloid leukemia 

bid lat bis in die (twice daily) 

BMT Bone marrow transplantation 

BSA Bovine serum albumin 

e.g. lat. exempli gratia (for example)  

cDNA complementary DNA 

Ct Threshold cycle 

cGvHD chronic graft-versus-host disease 

CS Cigarette Smoke 

CTGF Connective tissue growth factor 

DAPI 4',6-diamidino-2-phenylindole 

DAB 3,3-diaminobenzidine tetrahydrochloride 

dcSSc diffuse cutaneous SSc 

ddH2O Double distilled water 

DMEM Dulbecco’s modified Eagle medium 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

dNTPs Deoxyribonucleoside triphosphates 

EC Endothelial cells 

ECM Extracellular matrix 

ECL  Enhanced chemiluminescence 
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EDTA Ethylenediamine tetraacetic acid 

EGF Epidermal growth factor 

EGTA Ethylene glycol tetraacetic acid 

EMA European Medicines Agency 

EMT Epithelial-Mesenchymal Transition 

ET-1        Endothelin-1  

Fbn-1       Fibrillin-1  

FCS Fetal calf serum 

FDA Food and Drug Administration 

FGFR Fibroblast growth factor receptor 

FN1 Fibronectin-1 

Fra2         Fos-related antigen 2 

GOF Gain of function 

HE Hematoxylin-eosin staining 

HRP Horseradish peroxidase 

HLA   Human Leukocyte Antigen 

HSCT        Haematopoietic stem-cell transplantation 

IC50 Half maximal inhibitory concentration  

JMML Juvenile myelomonocytic leukemia 

i.p.             Intraperitoneal 

lcSSc Limited cutaneous SSc 

LOF Loss of function 

LTBP Latent TGF-β binding proteins 

MHC Major histocompatibility complex 

MeOH Methanol 

MMP Matrix metalloproteinase 

MTT Microtiter tetrazolium 

mRNA Messenger ribonucleic acid  

NIH National Institutes of Health 

PAH Pulmonary arterial hypertension 

PAI-1 Plasminogen activator inhibitor 1 

PBS Phosphate buffered saline 

PCR Polymerase chain reaction  

PDGF Platelet-derived growth factor 
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PFA Paraformaldehyde 

pH Pondus Hydrogenii 

P4Hβ prolyl-4-hydroxylase-β 

PTP Protein tyrosine phosphatase 

RNA Ribonucleic acid 

RT Room temperature 

RTKs Receptor tyrosine kinases 

SRC Scleroderma Renal Crisis 

s.c.           Subcutaneous  

SM22α Smooth muscle protein 22α 

SSc Systemic sclerosis  

tg Transgenic 

TGFβ Transforming growth factor β 

TBRI TGF-β receptor type I 

TIMP Tissue inhibitor of matrix metalloproteinases 

Tsk-1 Tight-skin 1 

TUNEL 

Terminal deoxynucleotidyl transferase 

dUTP nick end labeling 

VEGF Vascular endothelial growth factor 

Vs Versus  

VSMC Vascular smooth muscle cell 

v/v            volume to volume  

w/v            weight to volume 

WT wildtype 
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