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Abbreviations and Definitions 

AHR: airway hyperresponsiveness 

AP-1: activator protein 1  

ASMC: airway smooth muscle cell 

ATF: activating transcription factor 

BAL: bronchoalveolar lavage 

BALF: bronchoalveolar lavage fluid 

BSA: bovine serum albumin 

CCL: CC-chemokine ligand 

CD: cluster of differentiation 

CD: cluster of differentiation  

cDNA: complementary DNA 

Clca1: chloride channel accessory 1 

CRE: cAMP-responsive element 

Crs: compliance of the respiratory system 

Ct: threshold cycle 

CTGF: connective tissue growth factor 

CXCL: CXC-chemokine ligand 

dcSSc: diffuse cutaneous systemic sclerosis 

DNA:  desoxyribonucleic acid 

ECM: extracellular matrix 

EDTA: ethylenediaminetetraacetic acid 

EGFP: enhanced green fluorescence protein 

ELISA: enzyme-linked immunosorbent assay 

ERK: extracellular signal regulated kinase 

Ers: elastance of the respiratory system 

FCS: fetal calf serum  

Foxa3: forkhead box A3  

Fra: Fos-related antigen 

Fra2:  Fos-related antigen 2 
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G: tissue damping 

H: tissue elastance 

IC: inspiratory capacity 

Ifnγ: interferon γ 

IL: interleukin 

JNK: c-Jun N-terminal kinase 

kDa: kilodalton 

lcSSc: limited cutaneous systemic sclerosis 

LPS: lipopolysaccharide 

MCP-1: monocyte chemoattractant protein 1 (also known as CCL2) 

Muc5: mucin 5 

OSM: oncostatin M 

PAH: pulmonary arterial hypertension 

PAS: periodic acid-Schiff staining 

PBS: phosphate-buffered saline 

PCR: polymerase chain reaction  

PDGF: platelet derived growth factor 
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PV-loop: pressure-volume loop 

qRT-PCR: quantitative real-time PCR 

Rn: Newtonian resistance 

RNA: ribonucleic acid 

Rrs: resistance of the respiratory system 

SDS-PAGE: sodium dodecyl sulfate polyacrylamide gel electrophoresis 

Spdef: SAM pointed domain containing ETS transcription factor 

SPF: specific pathogen free  

SRE: serum response element  

SSc: systemic sclerosis 

STAT6: signal transducer and activator of transcription 6 

TAD: transactivation domain 
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TG: transgene  

TGFβ: transforming growth factor β 

Th2: T-helper-cell type 2 

TPA:  12-O-tetradecanoylphorbol-13-acetate  

TRE: TPA-responsive element 

VWF: von Willebrand-factor 

WT: wild-type  

α: tumour necrosis factor  α 

α-SMA: α-smooth muscle actin   
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Abstract (German) 

Überexpression des Transkriptionsfaktors Fos-related antigen 2 (Fra2 TG) in 

Mäusen führt zu vaskulären Veränderungen, systemischer Entzündung und Fibrose 

der Lunge, Haut und anderer Organe – Kennzeichen von systemischer Sklerose 

(SSc). Fra2 TG Mäuse wurden daher in den letzten Jahren zunehmend als Modell 

zur Untersuchung von SSc und damit assoziierter Lungenfibrose und pulmonaler 

Hypertonie verwendet. Eine detaillierte Beschreibung des zeitlichen Ablaufs ihres 

Phänotyps wurde bisher allerdings noch nicht publiziert. Das Ziel dieser Studie war 

daher eine genaue Charakterisierung des Lungenphänotyps von Fra2 TG im 

Vergleich zu WT Mäusen, inklusive Lungenfunktion, struktureller Umbau und 

Entzündung in der Lunge, um ein besseres Verständnis der zugrunde liegenden 

Pathomechanismen zu erlangen.  

Vaskulärer Umbau in Fra2 TG Mäusen war in allen untersuchten Zeitpunkten (8, 16 

und >20 Wochen) evident, während parenchymale Fibrose/Kollagendeposition erst 

später auftrat, in älteren Mäusen zunahm und zu einer Verschlechterung der 

Lungenfunktion in >20 Wochen alten Mäusen führte. Histologisch war keine 

Entzündung in 8 Wochen alten Mäusen ersichtlich. Im Alter von 16 Wochen waren 

hingegen deutliche peri-vaskuläre und peri-bronchiale inflammatorische Infiltrate 

ersichtlich, die in älteren Mäusen weiter zunahmen. Expressionsanalyse und 

Proteinquantifizierung wichtiger Zytokine des angeborenen und adaptiven 

Immunsystems zeigten erhöhte Level der Th2-Mediatoren IL-4 und IL-13. 

Gleichzeitig hatten 16 und 20 Wochen alte Mäuse signifikant mehr inflammatorische 

Zellen in der Lunge und in der bronchoalveolären Lavage, hauptsächlich bestehend 

aus Eosinophilen.  

Nachdem erhöhte Typ 2 Immunität und Eosinophilie Markenzeichen von Asthma 

sind, wurde überprüft ob Fra2 TG Mäuse einen asthmatischen Phänotyp entwickeln. 

In der Tat zeigten Fra2 TG Mäuse peri-bronchiale Kollagendeposition, eine 

Verdickung der Glattmuskelzellenschicht, erhöhte Schleimproduktion und eine 

Hyper-Reaktivität der Atemwege. Behandlung mit Glucocorticoiden oder IL-13 

Blockade über neutralisierende Antikörper führte zu einer Abschwächung des 

Phänotyps. Zusammenfassend wurde in dieser Studie durch detaillierte 

Charakterisierung des Fra2-induzierten pulmonalen Phänotyps herausgefunden, 



 

13 
 

dass Fra2 TG Mäuse ein neues Modell für nicht-allergisches Asthma darstellen, die 

wichtige Charakteristika dieser Krankheit, wie Atemwegsentzündung, - umbau und 

Hyper-Reaktivität zeigen.   
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Abstract (English) 

Transgenic mice overexpressing the transcription factor Fos-related antigen 2 (Fra2 

TG) exhibit vascular changes, systemic inflammation and fibrosis of skin, lung and 

other organs, the main hallmarks of systemic sclerosis (SSc). In the recent years, 

these mice became a commonly used model for SSc and associated pulmonary 

fibrosis and hypertension. However, a detailed assessment of the time-dependent 

phenotype of Fra2 TG mice was not conducted. Therefore, this work aimed to 

assess in detail the pulmonary phenotype of Fra2 TG mice in comparison to WT 

littermate control mice, including pulmonary function, remodelling and inflammation, 

to gain a better understanding of the underlying pathomechanisms.  

Fra2 TG mice had increased vascular remodelling in all investigated time-points (8, 

16 and >20 weeks), whereas parenchymal remodelling developed later on in a time-

dependent manner, leading to increased collagen deposition and a concomitant 

decline in  lung function in mice older than 20 weeks. Histologically, inflammation 

was not apparent in the lungs of 8-week-old mice, but at 16 weeks perivascular and 

peribronchial inflammatory infiltrates were observed which advanced in old mice. 

Expression analysis of key cytokines of the innate and the adaptive immunity 

(known to be associated with SSc) revealed increased levels of the Th2 cytokines 

IL-4 and IL-13, which were confirmed on protein level. At the same time, 16- and 

>20-week-old Fra2 TG mice had a significant increase of inflammatory cells in 

bronchoalveolar lavage and lung tissue, with eosinophils as the most predominant 

cell type in both compartments.  

As increased levels of Th2 cytokines and eosinophils are hallmarks of allergic airway 

disease and asthma, the hypothesis that Fra2 TG mice have an asthmatic 

phenotype was investigated. Indeed, 16-week-old mice showed elevated 

peribronchial collagen deposition, smooth muscle thickening, mucus production and 

airway hyperresponsiveness in response to increasing doses of methacholine. 

Glucocorticoid treatment and blockade of IL-13 via neutralising antibodies partially 

ameliorated the asthmatic phenotype. In conclusion, by detailed characterisation of 

the Fra2-induced pulmonary phenotype, Fra2 TG mice were discovered as a novel 

model for non-allergic asthma that mimics key features of the disease, such as 

airway inflammation, remodelling and hyperresponsiveness.   
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1. Introduction 

1.1. Activator protein-1 transcription factors  

1.1.1. The AP-1 family of transcription factors  

The activator protein-1 (AP-1) family of transcription factors is involved in a broad 

variety of physiological and cellular processes, such as tissue development and 

homeostasis. It directly couples extra- or intracellular stimuli and regulates genes 

involved in cellular proliferation, differentiation and apoptosis (1). It consists of Jun 

proteins (v-Jun, c-Jun, JunB, JunD) and Fos proteins (c-fos, FosB, Fra1, Fra2). AP-

1 proteins form either homo- or heterodimers which then bind to their DNA 

consensus sequence (TGAG/CTCA) to activate or repress transcription (2) (Figure 

1).  

 

Figure 1: Structure of the AP-1 dimer bound to DNA. Jun (blue) and Fos (red) proteins bound 

to the DNA (green) consensus sequence A) 5´ TGACTCA 3´ or B) 5´ TGAGTCA 3´. Figure taken 

from reference (3) with permission of publisher (Springer Nature). 

1.1.2. Structure and DNA binding properties of AP-1  

AP-1 was first identified as the transcription factor inducing gene expression upon 

stimulation with the phorbol ester TPA (12-O-tetradecanoylphorbol-13-acetate), 

therefore the DNA consensus sequence (TGAG/CTCA) bound by AP-1 is called 

TPA-responsive element (TRE) (2). AP-1 proteins form dimers through leucine 

zipper motifs and bind to the DNA through positively charged basic regions (3). Jun 

proteins can either form heterodimers with members of the Fos family (Fos-Jun) or 

homodimerize with other Jun proteins (Jun-Jun), while Fos proteins can only form 
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heterodimers (Fos-Jun) and are not able to dimerise with other Fos proteins (4, 5). 

AP-1 proteins can also dimerize with ATF proteins (ATF2, ATF3/LRF1, B-ATF). 

Jun/Fos-ATF dimers have an altered DNA binding specificity and preferentially bind 

to cAMP-responsive elements (CRE; TGACGTCA). Additionally, Jun and Fos 

proteins can dimerize with Maf proteins (c-Maf, c-Maf) or JDP (Jun dimerizing 

partners) and bind to TRE, CRE or asymmetric DNA sequences (6). 

The structure of different AP-1 proteins is partially highly conserved. However, they 

differ in some crucial aspects. In addition to the leucine-zipper dimerization domain 

and the basic DNA binding domain, the presence of a transactivation domain (TAD) 

is crucial for the transcription-activating properties of an AP-1 protein (Figure 2). 

While all Jun proteins possess a TAD, in the Fos family only c-Fos and FosB have 

one (7). Fra-1 and Fra-2 lack a transactivation domain and depend on their 

interaction partner to acquire transactivating properties (7).  

 

Figure 2: Schematic representation of the structure, dimerization and DNA binding properties 

of AP-1 proteins. Different domains within Jun and Fos proteins: TAD: transcription-

activating domain; DBD: DNA binding domain; LZD: leucine-zipper domain.  

Depending on the dimer composition, different DNA sequences around the 

consensus site are favoured and influence AP-1 binding to the DNA. The differential 

abundance and expression of specific AP-1 members upon intra- or extracellular 

stimuli in diverse cell types leads to a specific set of AP-1 dimers and allows for 

distinct time-, tissue- and cell-dependent regulation of specific sets of target genes 

(8). 
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1.2. The AP-1 subunit Fra2 

1.2.1. Regulation of Fra2 

Fra2 was the last member of the Fos family of proteins to be identified in 1990 as a 

46 kDa protein in growth stimulated chicken embryo fibroblasts. At the same time, 

the human FRA2 gene was cloned from a cDNA library (9, 10). Due to its homology 

to c-fos and its identification through an anti-fos antiserum, it was termed fos-related 

antigen 2 (Fra2) (10). In contrast to c-fos which is only detectable after stimulation, 

low levels of Fra2 can also be detected in unstimulated cells under basal conditions 

(11). Fra2 is expressed in response to phorbol esters (such as TPA), cAMP, Ca++ 

and serum. Compared to c-fos expression, Fra2 expression is delayed and more 

prolonged in stimulated cells. Furthermore, the time-period of Fra2 induction varies 

depending on the stimulus acting on a cell (12).  

Several regulatory elements can be found in the Fra2 promoter region such as SCM-

like (sis-conditioned medium) elements, SRE (serum response element), CRE 

(cyclic AMP response element) and several GC boxes. Further two putative AP-1 

binding sites can be found. The AP-1 binding site found in the promoter regions of 

the Fra2 and other AP-1 genes indicates auto-regulatory mechanisms or cross-

regulation of different AP-1 subunits (12). Indeed, it has been shown that c-fos/c-jun 

dimers bound to the Fra2 promoter strongly activate its expression. The c-fos/c-jun 

dimer is then exchanged with a fra-2/c-jun dimer, which has a lower transcriptional 

activity (13). Fra2 supresses the transactivational activity of c-jun, indicating a 

potential negative feedback loop in the regulation of Fra2 (14).  

1.2.2. Target genes of Fra2 

Fra2 forms stable heterodimers with all member of the Jun family, namely c-Jun, 

JunD and JunB (14), and can therefore act on a broad variety of target genes, 

involved in tissue homeostasis, extracellular matrix  (ECM) production or 

inflammatory responses. It is activated and acts downstream of several stimuli such 

as growth factors like TGFβ (15) or PDGF-BB (16), and inflammatory mediators like 

IL-13 (17). Although Fra2 is one of the downstream mediators of TGFβ signalling, 

TGFβ1 in turn is regulated by Fra2 bound to its promoter site. Deletion of the AP-1 

site in the TGFβ1 promoter inhibits transcriptional activity (18). Several cytokines 

such as IL-6 (19) or IL-13 (17) can activate AP-1. On the other hand, AP-1 binding 
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sites can be found in the promoter regions of typical Th2 cytokines such as IL-4, IL-

5 or IL-13 and their expression can be regulated by AP-1 (20-23). Fra2 itself has 

been implicated in the regulation of IL-11 (24). In response to toxins, such as 

tobacco smoke, several pathways are activated, namely activation of ERK as well 

as JNK, which converge to Fra2 activating airway mucus production (25).  

In fibroblasts Fra2 expression and activation leads to the production and release of 

collagen. Knockdown of Fra2 decreased the basal expression of COL1A1, COL1A2 

and COL5A1 in SSc dermal fibroblasts (26). Overexpression of Fra2 in mice also 

led to the production of meprinβ (16), a metalloproteinase supporting collagen 

maturation and deposition in the lung (27). An additional mechanism by which Fra2 

drives the maturation of collagen is via regulation of TGFβ-induced expression of 

lysyl oxidase-like 4 (LOXL4), an enzyme initiating the cross-linking and thereby 

stabilization of collagen fibrils (28). Fra2 is further involved in regulation of LAMA3A 

expression, a constituent of laminin-5 that is a major adhesion ligand expressed by 

keratinocytes anchoring them to the basal membrane (15).  

Through this variety of actions including several feedback loops, Fra2/AP-1 is 

involved in pathways crucial for cell and tissue homeostasis which if erroneously 

regulated can significantly contribute to the development of disease and pathologic 

remodelling processes.  

 

1.3. Fra2 in disease 

1.3.1. Fra2/AP-1 in tumorigenesis 

Both Jun and Fos proteins are important modulators in the development of tumours 

and can act both tumour-promoting or –repressing (29). Altered AP-1 expression 

has been implicated in several cancers, such as breast, endometrial, ovarian and 

gastric carcinomas, colorectal cancer and in diverse forms of leukaemia and 

lymphoma (30). Due to the lack of a transactivation domain, Fra1 and Fra2 

themselves do not possess transforming properties in rodent fibroblasts, however, 

they can be found abundantly in transformed cells and may play a role in the 

maintenance and progression of the transformed state in cells (31). For example, in 
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transformed chicken embryo fibroblasts, Fra2 was hyper-phosphorylated and led to 

increased Fra2 and c-Jun expression via an auto-regulatory loop (32).  

1.3.2. Fra2/AP1 in inflammation 

In recent years, the use of AP-1 subunit-specific knock-out or overexpressing mice 

has led to a better understanding of the role of distinct AP-1 subunits and their 

implications in disease development beyond cancer. Jun proteins were found to be 

important for immune cell differentiation and regulation of the immune system (33). 

For example, c-Jun is critically involved in the regulation of T-cell development and 

differentiation (34).  

Fos proteins, especially c-fos, play important roles in bone formation and 

homeostasis, by controlling osteoclast differentiation and extracellular matrix gene 

expression (35, 36). Mice lacking Fra2 die shortly after birth (37) and display 

impaired chondrocyte differentiation and matrix deposition in the growth plates of 

femur and tibia (38). Bone development and homeostasis are also closely linked to 

the immune system. In the bone marrow, immune cells exist in close proximity to 

osteoclasts and osteoblasts and they share a wide range of receptors, signalling 

molecules such as cytokines, and transcription factors (39). One of these 

transcription factors is AP-1. Throughout osteoblast differentiation, all AP-1 

components are expressed, but in differentiated osteoblasts Fra2 and JunD are the 

major AP-1 components present (40). Indeed the close link between bone and 

immune system becomes apparent in a recent study showing that Fra2 

overexpression in osteoblasts alone is sufficient to induce a systemic inflammatory 

state with high levels of pro-inflammatory cytokines and aggravates LPS-induced 

lung injury (41). The role of Fra2 in the development of inflammation and pulmonary 

pathologies also becomes apparent in mice overexpressing Fra2. 

1.3.3. Fra2 overexpressing mice  

In 2008, Eferl and colleagues created mice globally overexpressing Fra2 (Fra2 TG) 

(42). The whole genomic region of the Fra2 gene was fused to the major 

histocompatibility complex class I promoter H2Kb and combined with a downstream 

EGFP reporter gene (Figure 3). To increase stability and expression of the Fra2 

mRNA, the 3’ long terminal repeat sequence including a poly-adenylation sequence 

of the FBJ murine sarcoma virus was fused to the construct (37, 42). 
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Figure 3: Genetic construct for the ectopic overexpression of Fra2 in mice. H2Kb: major 

histocompatibility complex class I antigen promoter; E1-4: exon 1-4; pA: polyadenylation 

sequence; IRES: internal ribosomal entry site; EGFP: enhanced green fluorescence protein; 

LTR: 3’ long terminal repeat. (Figure from (42). © 2008 National Academy of Sciences of the 

USA).   

Fra2 TG mice were fertile, and the transgene was passed on to the offsprings in a 

mendelian ratio. Although no obvious developmental defects were observed until an 

age of 12 weeks, and lung morphology looked normal, Fra2 TG mice developed 

severe pulmonary fibrosis within a few weeks and died at a median age of 17 weeks 

(42). In these mice, not only the lungs were affected, but they also developed fibrosis 

of skin and other internal organs such as liver, stomach, oesophagus, thymus and 

heart. Of note, Fra2 TG mice also exhibited increased bone mass and in rare cases 

tumour formation (42). Follow-up studies showed that Fra2 TG mice show a 

phenotype similar to that of systemic sclerosis patients (26, 43).  

 

1.4. Fra2 TG mice as a model of pulmonary fibrosis associated 

with systemic sclerosis 

It was shown that Fra2 is overexpressed in dermal fibroblasts from systemic 

sclerosis (SSc) patients compared to fibroblasts from healthy donors (26). Increased 

expression and nuclear localisation of Fra2 can be observed in skin biopsies from 

SSc patients, especially in endothelial and vascular smooth muscle cells (26). 

Furthermore, Fra2 levels were highly elevated in the lungs of patients with 

pulmonary fibrosis, in idiopathic disease as well as in SSc-associated lung fibrosis 

(42).  

1.4.1. SSc pathology and pulmonary involvement 

Systemic sclerosis (SSc) is a rare connective tissue disease with involvement of 

multiple organs, such as the skin, heart, lungs, kidneys, the gastrointestinal tract 

and the musculoskeletal system. It is characterized by aberrant immune activation 

and autoimmunity, fibrosis of the skin and internal organs, and vascular pathology 
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with damage and loss of microvasculature. The extent of fibrosis, organ involvement 

or vasculopathy can vary and disease manifestation can even change over time 

compared to its initial presentation (44). SSc is classified into two major subtypes, 

depending on the extent of skin involvement: limited cutaneous (lcSSc) or diffuse 

cutaneous SSc (dcSSc). LcSSc patients mostly show slow disease progression with 

skin fibrosis isolated to the lower extremities, dcSSc patients have a more rapid 

progression, generalized skin fibrosis and frequent organ involvement. SSc is a 

clinically complex and heterogeneous disease and can overlap with other 

autoimmune disorders. The American College of Rheumatology and the European 

League against Rheumatism (ACR/EULAR) have provided criteria to classify SSc 

(45-47).  

Lung involvement occurs in about 50% of SSc patients and can manifest as 

pulmonary fibrosis or pulmonary arterial hypertension (PAH). While pulmonary 

fibrosis is more common in dcSSc patients, PAH is more frequently found in lcSSc 

patients (48). In general, lung involvement – present as pulmonary fibrosis or as 

PAH - is a severe complication of SSc and the most common cause of SSc-related 

death (49, 50).  

1.4.2. Pathomechanisms of SSc 

Several cell types are involved in the pathological changes of lung remodelling in 

SSc. Repeated injury of alveolar epithelial cells (AECs) is a crucial factor in the 

development of pulmonary fibrosis (51). Depending on the microenvironment AECs 

can undergo apoptosis or acquire a phenotype similar to mesenchymal cells, which 

is termed epithelial-to-mesenchymal transition. During this process, AECs lose their 

polarity and increase migratory capacity, apoptosis-resistance and extracellular 

matrix production (51). EMT has been implicated in the development of pulmonary 

fibrosis associated with SSc (52), however this concept is debatable, as other 

studies have shown that several cell types contribute to pulmonary fibrosis and did 

not find indications for EMT (53).  

Another crucial cell type in the development of fibrosis is the myofibroblast. These 

cells can arise from resident fibroblasts, circulating fibrocytes or by 

transdifferentiation of other cell types (54). Current concepts on the development of 

myofibroblasts are depicted in Figure 4.  
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Figure 4: Current concepts on the cellular origins of myofibroblasts. Cell types and key 

mediators leading to the formation of myofibroblasts are depicted. (Figure from (54)). 

Due to their contractile and ECM-producing properties, myofibroblasts are crucial in 

wound healing processes, but can contribute and lead to the development of tissue 

fibrosis if not tightly regulated (reviewed in (54)). They not only produce high 

amounts of ECM proteins, but also express and secrete several ECM-maturation 

enzymes such as transglutaminase-2 and lysyl oxidases (LOX) which post-

translationally covalently crosslink collagen, thereby increasing the strength of 

collagen networks and the ECM structure (55).   

SSc patients at risk for pulmonary involvement are mostly identified by the presence 

of inflammation in the lung. Increased levels of neutrophils and eosinophils can be 

found in the bronchoalveolar lavage fluid of SSc patients with lung involvement 

compared to healthy controls (56, 57). SSc patients with pulmonary inflammation 

further had a worse prognosis. However, risk stratification of patients was not 

possible as the presence/severity of pulmonary inflammation did not correlate with 

disease deterioration (57). Furthermore, end-stage lung disease can present 
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completely without pulmonary inflammation solely as severe fibrosis and 

remodelling of the lung.  

One of the major cell types seen in inflammatory infiltrates in SSc lungs are alveolar 

macrophages, which undergo alternative activation and produce high amounts of 

pro-fibrotic cytokines and growth factors, and can stimulate collagen production by 

fibroblasts (58). Increased numbers of alternatively activated macrophages have 

been reported in patients with SSc (59) as well as in the Fra2 TG mouse (60).They 

further can produce IL-13 and activate Th2 cells which in turn produce pro-fibrotic 

cytokines such as IL-4  (61-64). In addition to Th2 cells, CD8+ memory T-cells can 

be found in lungs of SSc patients. In SSc patients, these cells are more prone to 

produce pro-fibrotic factors IL-4 and IL-5 compared to cells from healthy controls 

and increased numbers are associated with more severe pulmonary fibrosis (65). In 

addition to macrophages and T-cells, mast cells are implicated in the development 

of pulmonary fibrosis in SSc. Their numbers are elevated in the bronchoalveolar 

lavage fluid (BALF) of SSc patients, especially in those patients who have interstitial 

fibrosis (66). Mast cells can stimulate collagen production by fibroblasts via the 

release of CCL2, also known as monocyte-chemotactic protein (MCP)-1 (67), 

enhance fibroblast proliferation through histamin production (68) and contribute to 

elevated levels of IL-4 (69). In fibrotic lung tissue of SSc patients, increased 

degranulation of eosinophils can be observed, leading to high levels of eosinophil-

derived major basic protein. Increased levels of this protein as well as eosinophil 

numbers in the BALF are associated with decreased lung function and more fibrosis, 

respectively (70, 71). Additionally, eosinophils can adhere to fibroblasts, thereby 

stimulating fibroblast proliferation and collagen production and contributing to 

pulmonary fibrosis (72).  

1.4.3. Growth factors and inflammatory mediators associated with SSc 

lung involvement 

Growth factors 

Transforming growth factor β (TGFβ) has long been associated with fibrosis 

development in SSc (73). It is produced by a variety of cell types, including 

inflammatory cells such as macrophages and lymphocytes as well as structural cells 

as fibroblasts, endothelial and epithelial cells. TGFβ is a potent activator of ECM 
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production stimulating the expression of collagens, fibronectin, fibrillin and 

proteoglycans (74, 75) and drives the development of fibroblasts into myofibroblasts 

(54). 

Connective tissue growth factor (CTGF) can be induced and acts downstream of 

TGFβ. It induces proliferation of fibroblasts and expression of ECM proteins such 

as collagen and fibronectin (76). CTGF levels in the sera of SSc patients are 

elevated and correlate with the extent of fibrotic skin and the severity of pulmonary 

fibrosis (77).   

In the BAL fluid of SSc patients, elevated levels of platelet-derived growth factor 

(PDGF)-AA and PDGF-BB can be found (78). Similar to TGFβ, PDGF induces ECM 

production in fibroblasts, and may additionally contribute to fibrosis development by 

stimulation expression of the pro-fibrotic chemokine monocyte chemoattractant 

protein (MCP)-1 (79).  

Pro-inflammatory cytokines 

The interleukin (IL)-1 family members IL-1α and IL-1β are strongly increased in the 

serum of SSc patients (80, 81). IL-1β levels are further increased in the 

bronchoalveolar lavage fluid (BALF) of SSc patients and negatively correlate with 

lung function (80). Fibroblasts isolated from SSc patients constitutively express IL-

1α leading to increased levels of PDGF-A and IL-6 thereby contributing to the 

development of fibrosis (82). IL-1 does not stimulate the production of extracellular 

matrix, however it increases fibroblast proliferation (83).  

Similarly to IL-1, tumour necrosis factor α (TNFα) stimulates fibroblast chemotaxis, 

while inhibiting collagen production (84). However, in rats lung-specific 

overexpression of TNFα led to inflammation followed as well as fibrosis due to the 

upregulation of TGFβ (85). In SSc patients, TNFα levels in the serum are elevated 

and correlate with pulmonary fibrosis and decreased lung function (86).  

Macrophages, T-cells and also fibroblasts are a source of cytokines of the IL-6 

family, such as IL-6 or oncostatin M (OSM). Upon stimulation with OSM, fibroblasts 

increase proliferation and extracellular matrix production (87, 88). The pro-fibrotic 

properties of IL-6 in SSc have been well documented, as not only its plasma levels 
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are elevated in patients (89), but also several animal studies highlight its crucial role 

in the development of pulmonary fibrosis (90).  

Type 1 and type 2 cytokines 

Activated T helper cells can be categorized into 3 main categories (reviewed in (91)): 

1) Th1 cells, which protect against intracellular pathogens, produce high levels of 

interferon γ (Ifnγ) and lead to the activation of phagocytes and the production of 

opsonizing antibodies. 2) Th2 cells, which are the first line of defence against 

extracellular parasites such as helminths and crucial in allergic reactions. They 

produce large amounts of IL-4 and IL-13, cytokines inducing the class switch in B-

cells enabling mast cell and basophil sensitization, and IL-5, a mediator that 

stimulates eosinophil activation, recruitment and proliferation. 3) Th17 cells that lead 

to recruitment and activation of neutrophils and produce IL-17 (IL-17A and IL-17F), 

IL-8, IL-21 and IL22. Th17 responses are involved in the clearance of extracellular 

pathogens, especially fungi. The differentiation of T-helper cells is defined by 

specific sets of transcription factors that are activated in response to the cytokine 

microenvironment during the antigen-mediated activation of naïve T-cells.  Whereas 

Th2 immunity is typically involved in allergic responses, Th1 and Th17 immune 

responses are more often associated with autoimmune disorders (91).  

Studies on the balance of type 1/type 2 inflammation in SSc lung disease are 

controversial (reviewed in (92)), however it was reported that a shift towards type 2 

inflammation is associated with a decline in lung function (65). Whereas interferon 

γ (IFNγ), the hallmark cytokine of the type 1 immune response, inhibits fibroblast 

proliferation and collagen production, type 2 cytokines such as IL-4, IL-13 and IL-10 

are mostly exerting pro-fibrotic effects (93). For example, IL-4 and IL-13 stimulate 

proliferation of fibroblasts and their differentiation towards myofibroblasts (94). IL-4 

itself has a potent pro-fibrotic effect (95, 96) and its levels are significantly increased 

in the serum of SSc patients (97). In addition to the direct pro-fibrotic effects, IL-4 

can lead to alternative activation of macrophages which are in turn involved in the 

development of fibrosis (98) and stimulate TGFβ as well as CTGF production by 

fibroblasts (99, 100). 
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Chemokines  

Chemokines play an important role in immune cell homeostasis as well as in 

infection and inflammatory diseases, and can actively contribute to the accumulation 

of extracellular matrix. They are critical for the function of the innate immunity as 

they control migration and positioning of inflammatory cells through their 

chemotactic properties. Several chemokines such as the CC-motif Chemokines: 

CCL2, CCL3 or CCL5 are elevated in SSc patients (101). CCL2 (also known as 

MCP-1) also exerts direct pro-fibrotic effects on fibroblasts. It can be found in 

increased levels in the BAL fluid of SSc patients (63) and upregulates collagen 

production in lung fibroblasts (102). Elevated CCL2 serum levels are linked to the 

presence of pulmonary fibrosis in SSc patients (103). 

 

1.5. Asthma bronchiale 

Asthma bronchiale, in short asthma, is one of the most common chronic 

inflammatory diseases and is in the vast majority of cases caused by airway 

inflammation. Its symptoms are acute dyspnoea, coughing, chest tightness and 

wheezing and are usually caused by triggers such as allergens, common colds or 

exercise (104). Asthma affects all age groups and has a global prevalence ranging 

from 1% to 21% with over 300 million people worldwide being affected (104). It is a 

very heterogeneous disease with several phenotypes that were originally defined by 

clinical characteristics. Recent advances have tried to link the underlying 

pathobiology to the phenotype (105). Most asthma patients suffer from 

allergic/atopic asthma, with a strong Th2-driven inflammation, however there are 

also asthma phenotypes with little or no Th2 inflammation (105). Elevated levels of 

eosinophils, T-cells and the Th2 cytokines, interleukin (IL)-4, IL-5 and IL-13, cause 

remodelling and bronchoconstriction (106), and aberrant mucus production (107), 

leading to hyperresponsiveness of the airways, and to obstruction and severe 

airflow limitation (104). While most patients respond to non-specific anti-

inflammatory drugs, such as corticosteroids, some patients with very high Th2 or 

neutrophilic inflammation display steroid-refractory asthma. These severe and 

poorly controlled asthma phenotypes remain a crucial unmet medical need (105).  
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Several studies indicate involvement of AP-1 in the development of asthma (108-

110) and even highlight its potential as a therapeutic target for the treatment of 

asthma and allergic airway disease (109, 111). Another study showed increased 

DNA-binding activity of AP-1 in peripheral blood mononuclear cells of steroid 

refractory patients (112). Concomitantly there was a decreased interaction of the 

glucocorticoid receptor (GR) and AP-1 indicating that this might be the cause for the 

altered response to glucocorticoids and thus steroid refractory asthma (112). 

However, studies on the role of AP-1 and especially its specific subunits in the 

development of asthma are scarce. Further investigations might therefore help to 

identify new therapeutic applications for the treatment of severe asthma.  

 

1.6. Rationale of this study  

The complex interplay between different inflammatory and structural cells, as well 

as signalling mediators such as growth factors, cytokines and chemokines indicate 

that the pro-fibrotic network leading to pulmonary fibrosis in SSc patients is very 

complex and still requires further investigations.  Very few drugs successfully tested 

in animal models of pulmonary fibrosis translated into clinical trials with beneficial 

patient outcome (113). This might be due to limited comparability of human disease 

and attempts to reproduce disease mechanisms in animal models. A better/detailed 

understanding of pathomechanisms in human as well as in disease models is crucial 

to better predict the potential beneficial effects of specific compounds in clinical trials 

(113).  

We hypothesised that a thorough characterisation of the time-dependent Fra2-

induced pulmonary inflammation and phenotype in mice will delineate the role of 

specific cytokines in the development of pulmonary fibrosis associated with systemic 

sclerosis and their potential as therapeutic targets. A detailed characterization of the 

inflammatory profile in the lung interstitial and alveolar space of Fra2 TG mice over 

a time period of 3 months was performed. This profiling was corroborated by 

thorough assessment of pulmonary remodelling and lung function testing to get a 

comprehensive understanding of the time-dependent lung pathology.  

First results led to the hypothesis, that increased Th2 cytokines and eosinophilia 

leads to an asthmatic phenotype of Fra2 TG mice. This hypothesis was tested in the 
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second part of the thesis. Further, the impact of Th2 cytokines, in specific IL-13, 

signalling and the effect of systemic anti-inflammatory treatment using 

glucocorticoids on the Fra2 induced lung phenotype was characterized.  
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2. Material and Methods 

2.1. Animal experiments 

2.1.1. Animal strains, breeding and housing  

All animal experiments met the EU guidelines 2010/63/EU and were approved by 

the local authorities (Austrian Ministry of Education, Science and Culture, BMWF-

66.010/0086-11/3b/2012, BMWF-66.010/0138-II/3b/2013, BMWFW-66.010/0067-

WF/V/3b/2016, BMWFW-66.010/0069-WF/V/3b/2016).  

Fra2 TG mice (Tg(H2-K-Fosl2,EGFP)13Wag; Mouse Genome Informatics -

MGI:3813493) were obtained from Prof. Erwin Wagner at the Institute for Molecular 

Pathology Vienna. The strain of origin, with a mixed C57BL/6 x CBA background, 

was backcrossed with C57BL/6, without altering the phenotype (42).  Mice were 

kept under specific pathogen free (SPF) conditions in the animal facility of the 

Medical University of Graz (Biomedical Research). Fra-2 transgenic (TG) mice and 

wild-type (WT) littermates were maintained in isolated and ventilated cages with 12-

hour light/dark cycles. Water and chow were supplied ad libitum. Animals were 

looked after daily by experienced personnel. To assure animal well-being cages 

were supplied with nesting material and tunnels. Further, to evade stress it was 

avoided to keep single mice alone in cages and mice were transferred to the 

experimental animal facility a minimum of three days prior to the start of an 

experiment. All measures were taken to keep animal suffering to a minimum. 

2.1.2. Baseline lung function measurements  

Lung function of mice was measured in vivo using the FlexiVent FX Module 1 

(SciReq, Inc., Montreal, PQ, Canada) (114). The mice were anaesthetized via 

intraperitoneal injection of 0.05 ml Ketanest (150mg/ml Ketamin, Parke-Davis, 

Berlin) and Rompun (2% Xylazinhydrochlorid, Bayer Leverkusen) in a ratio of 1:1. 

Thereby animals were sedated, relaxed and analgised to allow tracheotomy.  A 

suture was pulled below the trachea and a small incision was made above the 

suture.  A canula was inserted into the trachea and fixed with the suture before 

attaching the mouse to the FlexiVent module.  Mice were mechanically ventilated at 

a frequency of 150 breaths/min with a tidal volume of 10 ml/kg and a positive end 

expiratory pressure of two cmH2O. During different lung function manoeuvres 
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mechanical ventilation was paused and either pressure- or volume-driven 

waveforms, called pertubations, were applied to the lungs. Throughout these 

manoeuvres, pressure, flow and volume were constantly recorded. Lung function 

measurements were performed using deep inflation, single frequency and 

broadband forced oscillation techniques, and pressure-volume loops (Figure 5). 

 

Figure 5: Overview of perturbations used for lung function measurements and calculated 

parameters.   

The deep inflation manoeuvre (Figure 6A) which gradually inflates the lung to the 

total capacity (defined as a pressure of 30 cmH2O) enables to measure the 

inspiratory capacity (IC) of mouse lungs. Furthermore, this manoeuvre was used to 

open closed areas of the lung and restore normal lung volume in between different 

doses during dose response measurements of airway hyperresponsiveness. Airway 

resistance (Rrs), compliance (Crs) and elastance (Ers) were obtained in a single 

frequency forced oscillation manoeuvre (Figure 6B). A signal containing a wide 

range of frequencies, both below and above the range of breathing frequency 

(broadband forced oscillation, Figure 6C), was applied to obtain respiratory system 
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input impedance, which was further analysed using a constant phase model (115). 

This model enables a parametric distinction between tissue and airway mechanics. 

The obtained parameters are as follows: The newtonian resistance (Rn), 

representing the resistance of the central or conducting airways, tissue damping 

(G), a parameter closely related to tissue resistance, and tissue elastance (H), a 

parameter reflecting the energy conservation in the alveoli.  

 

Figure 6: Deep inflation, single and broadband forced oscillation manoeuvres performed for 

lung function measurements. A) Deep inflation, B) single frequency and C) broadband forced 

oscillation manoeuvres with constant measurement of volume (upper panel; red line: volume 

displaced by the piston of the ventilator; grey line: volume delivered to the lung), cylinder 

pressure (middle panel; green line) and airway opening pressure (lower panel; blue line).  

Pressure-volume-loops, keeping the pressure constant (Figure 7A,B), were 

performed to obtain the quasi-static mechanical properties of the lung. The Salazar-

Knowles-equation was fit to the expiratory part of the PV-loop (red line, Figure 7A) 

and the quasi-static compliance (Cst) of the respiratory system was calculated. 

Further, the parameter A, an estimate of inspiratory capacity, the parameter K, a 

shape parameter indicating the curvature of the upper portion of the expiratory 

branch, also known as elasticity index (116), and the area enclosed by the pressure-

volume-loop, indicating the amount of airspace closure before the loop manoeuvre, 

were calculated.  
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Figure 7: Pressure-volume loop (PV-loop) performed during lung function measurement. A) 

The PV-loop manoeuvre plotted as pressure (x-axis) versus volume (y-axis). B) The PV-loop 

manoeuvre over time measuring volume (upper panel; red line: volume displaced by the 

piston of the ventilator; grey line: volume delivered to the lung), cylinder pressure (middle 

panel; green line) and airway opening pressure (lower panel; blue line).  

2.1.3. Assessment of airway hyperresponsiveness 

Airway hyperresponsiveness was measured as a response to increasing 

concentrations of methacholine (0, 1, 3, 10, 30 and 100 mg/ml, Sigma Aldrich). 

Different doses of methacholine were nebulized using the Aeroneb adapter of the 

flexiVent directly before lung function measurements. At one concentration 12 single 

frequency and broadband forced oscillation measurements were performed over a 

three-minute period following the methacholine dose. Before each set of repeated 

measurements, two deep inflation manoeuvres were performed to re-open closed 

airspace areas and normalise lung volume.  

2.1.4. Bronchoalveolar lavage 

To lavage the bronchial and alveolar compartment of the lung, one mL of sterile PBS 

supplemented with 2 mM EDTA and protease inhibitors (Sigma) was injected to the 

lung via a tracheal incision with a steady flow and carefully retrieved again. The 

obtained bronchoalveolar lavage (BAL) was kept on ice until further use.  

The BAL was centrifuged for 5 min at 500 g at 4°C. The supernatant, further on 

referred to as bronchoalveolar lavage fluid (BALF), was collected and stored 
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at -80°C until further use. The cell pellet was resuspended in 500 µl of 1% BSA in 

PBS and live cells were counted. 25,000 cells were used for cytospins, the rest of 

the cells were fixed in 1% PFA in PBS for 20 min, washed with MACS buffer and 

stored at 4°C for further staining and flow cytometric analysis.  

2.1.5. Organ collection 

Following lung function measurements, the thorax was opened and mice were 

exsanguinated by collecting the maximum amount of blood from the right ventricle. 

Blood was collected in tubes supplemented with 30µl  of 3.6% sodium citrate for the 

collection of plasma. In the next step, the lung was lavaged as described in the 

previous section. Following lavage, an incision was made into the left atrium and the 

lung was flushed with PBS through the right ventricle until it obtained a white colour. 

A suture was inserted below the right lung lobes and the lobes were tied off. The 

middle right lobe was collected in medium and stored on ice to further process for 

single cell lung homogenate preparation and flow cytometric analysis, the other 

lobes of the right lung were shock frozen in liquid nitrogen and stored at -80°C until 

further use.  

The left lung was inflated with formalin, to obtain the physiological structure during 

processing, removed from the thorax, separated from the heart and stored in 

formalin for fixation for 24 hours, before embedding in paraffin.  

2.1.6. Isolation of mouse ASMC 

Airway smooth muscle cells (ASMC) were isolated as described in (117): The 

trachea of eight week old Fra2 TG or WT mice was isolated, cleared from 

surrounding adipose and connective tissue and cut into two to three mm2 pieces. 

The tissue pieces were put into 6-well culture plates and kept in DMEM-F12  culture 

medium supplemented with 10% FCS, 1% glutamine and antibiotics/antimycotics 

(ThermoFisher Scientific) until outgrowth of smooth muscle cells (approximately two 

weeks). Cells and tissue pieces were detached using trypsin and put through a 100 

µm cell strainer to remove tissue pieces. The quality of ASMC isolation and purity 

was confirmed by  IF staining for smooth muscle cells, fibroblast and epithelial cell 

markers (117).  
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2.1.7. Single cell lung tissue homogenates 

After perfusion, a medium-sized lobe of the right lung was collected in 1 ml of RPMI 

medium supplemented with 10% FCS, 2 mM L-Glutamin and 1% 

penicillin/streptomycin (RPMI complete). The tubes with medium were weighed 

before and after lung collection to calculate lung weight used for analysis. The lung 

lobe was cut into small pieces approximately 1 mm3 in size using two scalpels. 

Obtained tissue pieces were transferred into a 1.5 ml tube. The dish used for cutting 

was flushed twice with 500 µl RPMI complete medium and medium was transferred 

into the same tube. The lung tissue was digested with 0.7 mg/ml collagenase and 

30 µg/ml DNase in RPMI complete medium at 37°C for 40 min while shaking.  

Following digestions, tubes were transferred on ice, lung fragments were 

resuspended and screened through a 100 µm cell strainer using the plug of a 5 ml 

syringe. The empty tube and cell strainer were washed with three to five ml of RPMI 

complete medium and cells were centrifuged at 4°C at 300 g. The supernatant was 

discarded, and the pellet was resuspended in 1 ml 1x ammonium chloride 

erythrolysis buffer, incubated on a roller for five minutes at room temperature and 

washed with 25 ml of RPMI complete medium. After centrifugation at 300 g for 10 

min at 4°C, the pellet was resuspended in 1 ml medium and cell number was 

counted.  

Cells were fixed using 2 ml of 1% PFA, incubated on ice for 20 min, centrifuged as 

described before and resuspended in 500 µl of MACS buffer. The fixed cells were 

stored at 4°C until staining and flow cytometric analysis.  

 

2.2. Flow cytometry 

Flow cyometric analysis of inflammatory cells was performed in cooperation with the 

translational platform of the LBI Lung Vascular Research with the help of Dr. Leigh 

Marsh and Eva Grasmann. Approximately 200.000 cells of the BAL or of single cell 

lung homogenates were used for staining. To block Fc-receptors, cells were pre-

incubated with CD16/CD32 (Clone 93, eBioscience/Thermo Fisher Scientific) in a 

dilution of 1:100, followed by a 20 minute incubation period at 4°C with the 

corresponding antibody panel for staining. Antibodies used to analyse lymphoid and 
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myeloid cell populations are shown in table 1. After incubation, cells were washed 

three times with MACS buffer and analysed on a LSRII flow cytometer (BD 

Biosciences). Cell singlets were initially gated on CD45 positivity and further defined 

as follows: CD11b+, CD11c−, Gr-1+ for neutrophils; CD11b low, CD11c+, Siglec-

F+ for macrophages; CD11b+, CD11c+,MHC-II high for dendritic cells; CD11b+, 

CD11c-, Siglec F+ for eosinophils; CD3+, CD4+ for T helper cells; CD3+, CD8+ for 

cytotoxic T cells; and CD19+ for B-cells. 

Table 1: Antibodies used for flow cytometry analysis of single cell lung homogenates and 

bronchoalveolar lavage of Fra2 TG and WT mice.  

Antigen Label  Company  Clone Isotype Dilution Factor 

CD3 FITC eBioscience 145-2C11 Hamster IgG 1:20 

CD4 APC Biolegend GK1.5 Rat IgG2b, κ 1:100 

CD8 PE Biolegend 53-6.7 Rat IgG2a, κ 1:200 

CD11b V500 BD Bioscience  M1/70 Rat IgG2b, κ 1:50 

CD11c ef450 eBioscience N418 Hamster IgG 1:50 

CD19 AF700 Biolegend 6D5 Rat IgG2a, κ 1:100 

CD45 PerCP-Cy5.5 eBioscience 30-F11 Rat IgG2b, κ 1:200 

CD45 FITC Biolegend 30-F11 Rat IgG2b, κ 1:200 

Gr-1 PE-Cy7 Biolegend RB6-8C5 Rat IgG2b, κ 1:800 

MHC-II APC-Cy7 Biolegend M5/114.15.2 Rat IgG2b, κ 1:400 

Siglec F PE BD Bioscience  E50-2440 Rat IgG2a, κ 1:20 

 

2.3. Histological analysis  

For histological analysis, formalin-fixed paraffin embedded tissue slices with a 

thickness of 2.5 µm were used. The paraffin was removed by overnight incubation 

at 60°C followed by two washes in Xylol, 10 min each. Tissue slices were rehydrated 

by an ethanol-gradient starting from 100%, to 90%, 70% and 50% ethanol. Slides 

were washed in water prior to subsequent staining procedures.  

If not otherwise indicated, slides were dehydrated following different staining 

procedures using the reverse ethanol gradient as described for rehydration and 

mounted with xylol based mounting medium. Images were taken using an Olympus 

VS120 slide scanning microscope at 40x magnification. 
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2.3.1. Haematoxylin and Eosin staining 

Rehydrated tissue slides were placed in Mayer’s haematoxylin solution (Gatt-Koller) 

for two minutes and rinsed in running warm tab water for approximately three to five 

minutes. Tissue was counterstained for one minute in eosin final staining solution 

(Gatt-Koller) and washed in distilled water for five minutes, dehydrated and mounted 

as described in the previous section.  

2.3.1. Masson’s trichrome staining 

Masson’s trichrome staining was used to visualise collagen fibres in blue, nuclei in 

black and other tissue (such as muscle or cell cytoplasm) in pink/red. Slides were 

placed in Bouin’s solution (Gatt-Koller) at 60°C for one hour and rinsed in running 

tap water until no colour was dissolving any more. Nuclei were stained in Weigert’s 

iron haematoxylin solution (Gatt-Koller) for ten minutes and blackened under hot 

running tap water for approximately ten minutes to stain nuclei. Tissue was 

counterstained in Biebrich-scarlet-acid fuchsin solution for 10 to 25 minutes. 

Staining time was determined by microscopic control of staining intensity. Following 

a washing step in distilled water, tissue staining was differentiated in 

phosphomolybdic-phosphotungstic acid solution until collagen fibres lost all staining 

(approximately 10 to 15 minutes). Slides were directly transferred to aniline blue 

solution (2.5% aniline blue w/v in 2% acetic acid solution) for 10 to 20 minutes, until 

collagen fibres were stained blue. Slides were shortly differentiated (approximately 

30 seconds) in 1% acetic acid solution, washed in distilled water and directly 

dehydrated and mounted. Staining and differentiation efficiency was controlled 

under the microscope at every step and incubation times were accordingly adapted 

to achieve optimal staining quality.  

2.3.2. Sirius red staining 

For the morphological assessment of collagen deposition in the lungs, collagen was 

visualised using picrosirius red staining. Slides were treated with freshly prepared 

0.2% phosphomyolybdic acid for 4 minutes, stained with Sirius red solution for 30 

to 35 min and washed for 3 minutes in 0.5% acetic acid before dehydration and 

mounting.  

 



 

37 
 

2.3.3. Periodic acid-Schiff staining 

Mucus production in the airways was investigated by periodic acid-Schiff staining 

for glycogen and mucin. For that, rehydrated tissue slides were oxidized in 0.5% 

periodic acid solution (Gatt-Koller) for five minutes, rinsed in distilled water for one 

minute and incubated in Schiff’s reagent (Merck) for 15 minutes. Slides were 

washed in lukewarm tap water for five minutes, counterstained for 45 seconds in 

Mayer’s haematoxylin solution and rinsed with warm tap water for five minutes 

before dehydration and mounting.   

 

2.4. Immunohistochemistry and immunofluorescence stainings 

2.4.1. Immunohistochemical staining 

Immunohistochemical and immunofluorescence staining was performed on 

deparaffinised and rehydrated formalin-fixed, paraffin embedded human and mouse 

lung tissue sections with 2.5 µm thickness. Heat-induced antigen retrieval was done 

using Citrate (pH6) or Tris-EDTA (pH9) buffer (both DAKO). The optimal antigen 

retrieval was tested together with the best dilutions for each antibody on trial 

sections. Slides were incubated in pre-heated antigen retrieval buffer in a 95°C 

water bath for 20 min. After cooling of the antigen retrieval buffer to room 

temperature, slides were removed and washed in PBS. Endogenous peroxidase 

activity in the tissue was blocked by incubating the slides in 3% H2O2 in methanol. 

After washing twice in distilled water and twice in PBS, a hydrophobic barrier was 

drawn around the tissue sections using DAKO pen to reduce volumes needed for 

the following incubation steps. Unspecific binding sites on the tissue were blocked 

for 60 min at room temperature using 3% BSA in PBS, followed by 20 min 

serumblock using 2.5% normal horse serum (ImmPress Kit, Vector Laboratories). 

Primary antibodies were diluted in 3% BSA in PBS and the slides were incubated 

overnight at 4°C. Antibody dilutions used for immunohistochemical stainings are 

listed in table 2. The next day, slides were washed with PBS for approximately one 

to two hours exchanging the buffer every 15 to 20 minutes and incubated with 

secondary antibody conjugated to peroxidase (ImmPRESS reagent peroxidase) for 

30 min at room temperature. Following secondary antibody incubation, slides were 

washed, and staining was developed using the NovaRed substrate as described in 
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the manufacturer’s recommendations (Vector Laboratories). The colour reaction 

was stopped in distilled water and nuclear counterstain was performed for 45 s in 

haematoxylin. Slides were blackened under running warm tap water, dehydrated 

and mounted as described in the previous section. Stained slides were scanned 

using an Olympus VS120 slide scanning microscope (Olympus, Germany).  

2.4.2. Immunofluorescence staining 

Immunofluorescence staining was done following the same protocol with omission 

of the endogenous peroxidase block. Primary antibodies used for 

immunofluorescence stainings are listed in table 2. Following overnight incubation 

with the primary antibody and washing, the slides were incubated with Alexa Fluor 

(AF)488, AF555 or AF647-labelled secondary antibodies (ThermoFisher Scientific) 

for one hour at room temperature. Following a short wash in PBS the slides were 

mounted with aqueous DAPI containing mounting medium (Vectashield, Vector 

Laboratories) and the cover glass was sealed with transparent nail polish. 

Fluorescence images were taken with the Nikon A1R Ultra-Fast Spectral Scanning 

Confocal Microscope with a CFI Plan Apochromat Lambda 60x/1.4 oil immersion 

objective.  

Table 2: Antibodies and dilutions used for immunohistochemistry and immunofluorescence 

staining of mouse lung tissue.  

Antigen application Company 

catalogue 

number dilution  

aSMA IHC Sigma Aldrich A2547 1:3000 

VWF IHC DAKO/Agilent A0082 1:900 

CD45 IHC Abcam ab10558 1:250 

pSTAT6 IHC Cell Signaling #9361S 1:100 

MUC5AC IF Abcam ab212636 1:100 

CLCA1 IF Abcam ab180851 1:1000 

 

2.5. Morphological assessment of lung remodelling 

2.5.1. Quantification of vascular muscularisation 

Muscularisation of pulmonary vessels ranging from 10 to 250 µm in size was 

quantified using lung slides stained with the endothelial cell marker von Willebrand 
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factor (vWF) and the smooth muscle cell marker α-smooth muscle actin (α-SMA; 

Figure 8A) as previously described (118). Muscularisation was quantified using the 

visiopharm image analysis software (VIS version 5.2.). First, identification of vessels 

was performed automatically using vWF staining to identify circular structures and 

vessels were marked as regions of interest (ROI; Figure 8B). Vessel ROIs were 

controlled manually and incomplete vessels were removed. In a second step, 

automated colour recognition was used to identify endothelial cell and smooth 

muscle cell areas (Figure 8C). The length of α-SMA staining relative to the vessel 

circumference was calculated. Vessels were categorized as non-muscularised, 

partially muscularised and fully muscularised depending on their ration of 

muscularisation.    

 

Figure 8: Quantification of vascular muscularisation in Fra2 WT and TG mice. A) Lung slides 

were stained with von Willebrand-factor (light brown) and α-smooth muscle actin (purple) and 

muscularisation was quantified using automated colour recognition with the visiopharm 

integrated software. B) Vessels were marked as regions of interest (ROI). C) Endothelial 

(yellow) and smooth muscle cell (dark purple; arrowheads) staining was automatically 

labelled and analysed. The vessel lumen is shown in red. 

2.5.2. Quantification of parenchymal collagen deposition  

Due to less background and counterstaining, the sensitivity of collagen 

quantification using Sirius red stained lung sections is increased compared to using 

Masson’s trichrome staining. Therefore, parenchymal collagen deposition was 

measured on whole lung sections stained with Sirius red. To avoid bias due to 

different cutting depths within the tissue blocks and the concomitant variation of 

vessel numbers, all bronchi and vasculature >80 µm and their surrounding collagen 
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were excluded from the analysis. Furthermore, the pleura was excluded from the 

analysed Region of interest.  

 

Figure 9. Quantification of parenchymal collagen deposition in the lungs of Fra2 WT and TG 

mice. A) Raw image of Sirius red stained lung sections. B) Analysed image after automated 

colour recognition. Green label: tissue; red label: collagen. Arrows highlight Areas of 

collagen deposition.  

 

2.5.3. Quantification of airway remodelling 

Quantification of remodelling was performed as described in (117): Goblet cells and 

mucus volume were quantified on automatically selected, random regions of the 40x 

scanned sections stained with PAS, using the NewCast software (Visiopharm, 

Hoersholm, Denmark). Goblet and epithelial cells intersecting the airway basement 

membrane (Figure 10A) were counted and the percentage of goblet cells per mm 

basement membrane was calculated. Mucus volume in the airways determined by 

point counts was compared to the surface area of the airway basement membrane 

as determined by line probe intersections (119, 120).  

Peribronchial collagen deposition and airway smooth muscle thickness was 

analysed on Sirius red or α-SMA stained sections, respectively. For each animal 13 

± 7.8 bronchi, between 50 and 300 µm in size were analysed per slide using the 

Visiopharm image analysis software. For both protocols, bronchi were outlined to 

define regions of interest, and collagen or smooth muscle staining was marked by 

automated colour recognition (Figure 10B, C). Stained areas were skeletonized and 
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the width of peribronchial collagen or the bronchial smooth muscle layer was 

calculated as follows:  𝑊𝑖𝑑𝑡ℎ =
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑠𝑡𝑎𝑖𝑛𝑖𝑛𝑔
𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝑙𝑒𝑛𝑔𝑡ℎ

2

 

 

Figure 10: Quantification of goblet cells, peribronchial collagen and airway smooth muscle 

thickness. A) Goblet cells (purple; black arrowheads) and epithelial cells (no PAS staining) 

intersecting the airways were counted. B, C) Representative images of automated colour 

recognition and image analysis to determine peribronchial collagen (B) and airway smooth 

muscle thickness (C). Image adapted from (117). 

 

2.6. Cell culture 

2.6.1. Culturing of cells 

Mouse airway smooth muscle cells (ASMC) were grown in DMEM-F12 medium 

(Gibco) supplemented with 10% FCS, 1% glutamine and 0.2% 

penicillin/streptomycin in an 37°C incubator with 5% CO2. Cells were detached with 

trypsin (Gibco) before reaching confluency. Trypsin was neutralised with full medium 

and the cell number was determined by counting using a Neubauer chamber.  
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2.6.2. Cell proliferation  

For the measurement of proliferation, 5000 ASMC per well were seeded in a 96-well 

plate. On the second day, the medium was changed to basal medium (DMEM-F12 

supplemented with 0.2% penicillin/streptomycin, without FCS or L-Glutamine) and 

cells were starved overnight. The following day, cells were trested 3H-labelled 

thymidine (1 µCi/ml, BIOTREND Chemikalien, Germany) diluted in basal medium. 

Cell proliferation was measured after 24 hours as follows: Cells were harvested onto 

a 96-well filter plate. After letting the filter plate dry, 25 µl Beta Plate scintillation 

cocktail (Perkin Elmer, Waltham, MA) per well were added and radioactivity was 

counted on a Microbeta Trilux (PerkinElmer). 

 

2.7. RNA isolation and real-time PCR 

Total RNA was isolated from lung homogenate samples or cells using a peqGOLD 

Total RNA Kit (Peqlab, Erlangen, Germany) and reverse transcribed using the 

iScript™ cDNA Synthesis kit (Bio-Rad Laboratories, Hercules, CA, USA). qRT-PCR 

reaction was set up by applying the QuantiFast® SYBR® Green PCR kit (Qiagen, 

Hilden, Germany) and run on LightCycler® 480 System (Roche Applied Science, 

Wien, Austria). The cycling conditions were as follows: 5 minutes at 95°C followed 

by 40 cycles of 5 seconds at 95°C, 5 seconds at 60°C, and 10 seconds at 72°C. 

Due to the nonselective double-strand DNA binding of the SYBR® Green I dye, 

melting curve analysis and gel electrophoresis were performed to confirm the 

specific amplification of the expected PCR products. Primers and their respective 

sequences are listed in table 3. Hydroxymethylbilane synthase (HMBS/PBGD) and 

beta-2-microglobulin (B2M) were used as the reference genes. The difference in 

threshold cycle (Ct) values was calculated as follows: ΔCt = meanCt reference 

genes – Ct target gene. ΔCt values of WT and TG mice following treatment were 

normalised to the mean expression of untreated WT control mice (ΔΔCt): ΔΔCt = 

ΔCt – mean ΔCt of all WT mice. 

Table 3: Sequences of primers used for real-time PCR on mouse lung homogenates.  

Gene Forward (5'-3') Reverse (5'-3') 

Il1a CGAAGACTACAGTTCTGCCATT GACGTTTCAGAGGTTCTCAGAG 
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Il1b GCCACCTTTTGACAGTGATGAG GACAGCCCAGGTCAAAGGTT 

Col1a1 AATGGCACGGCTGTGTGCGA AACGGGTCCCCTTGGGCCTT 

Acta2 CAGCCAGTCGCTGTCAGGAACC CCAGCGAAGCCGGCCTTACA 

Il4 ATGGATGTGCCAAACGTCCT TGCAGCTCCATGAGAACACT 

Il13 GCCAAGATCTGTGTCTCTCCC CCAGGTCCACACTCCATACC 

I17 AGGACGCGCAAACATGAGTC GGACACGCTGAGCTTTGAGG 

Il12a (p35) GACCCTGTGCCTTGGTAGCATC TGCTTCTCCCACAGGAGGTTTC 

Ifng CAGCAACAGCAAGGCGAAAAAGG TTTCCGCTTCCTGAGGCTGGAT 

Hmbs GCCAGAGAAAAGTGCCGTGGG TCCGGAGGCGGGTGTTGAGG 

β2m CGGCCTGTATGCTATCCAGAAAACC TGTGAGGCGGGTGGAACTGTG 

Mmp12 TGATGCAGCTGTCTTTGACC GTGGAAATCAGCTTGGGGTA 

Tnfa CATCTTCTCAAAATTCGAGTGACAA TGGGAGTAGACAAGGTACAACCC 

Il6 ACAACCACGGCCTTCCCTACTT CACGATTTCCCAGAGAACATGTG 

Il5 AAGCAATGAGACGATGAGGCT CCCCACGGACAGTTTGATTCT 

Tbx21 CAACAACCCCTTTGCCAAAG TCCCCCAAGCAGTTGACAGT 

Gata3 AGAACCGGCCCCTTATCAA AGTTCGCGCAGGATGTCC 

Il10 AGGCGCTGTCATCGATTTCT ATGGCCTTGTAGACACCTTGG 

Tgfb GTGGACCGCAACAACGCCATCT GCAATGGGGGTTCGGGCACT 

 

2.8. Protein isolation and western blotting 

Proteins were isolated from lung homogenate samples using RIPA buffer (Sigma), 

separated by SDS-PAGE (8-12% polyacrylamide, depending on the size of the 

target protein) at 120 V for 1.5 hours, and transferred to PVDF membranes (GE 

Healthcare, Vienna, Austria) at 320 mA, 1.5 hours, 4°C. Following incubation with 

primary and secondary antibodies (table 4) membranes were incubated with ECL 

prime developing solution (GE Healthcare) and signal detection was done using a 

ChemiDoc TM Touch Imaging System (Bio-Rad). 

Table 4: Antibodies and their respective dilutions used for western blotting.  

Antigen Company catalogue number dilution  

Collagen I Southern Biotech 1310-01 1:1000 

aSMA Everest Biotech EB06450 1:1000 

a-Tubulin Cell Signaling #2125S 1:5000 

STAT6  Santa cruz #621 1:1000 

pSTAT6 Cell Signaling #9361S 1:1000 

Fra2 Atlas Antibodies HPA004817 1:1000 
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2.9. ELISA and multiplex assay 

Protein levels of cytokines in BAL fluid and lung homogenates of mice were 

analysed using FlowCytomix Multiple Analyte Detection (for TNFα, IL-6, IL-1α, IL-

1β, IFNγ, IL-17, IL-4, IL-5, IL-13, IL10; ThermoFisher Scientific) according to the 

manufacturer’s instructions and measured on a LSRII Flow Cytometer (BD 

Bioscicens). Enzyme-linked immunosorbent assays (ELISA; ThermoFisher 

Scientific) were used to measure eotaxin levels and for determination of IL-13 in 

BALF, lung homogenate and plasma levels after administration of an IL-13 

neutralising antibody to Fra2 TG mice. ELISAs were performed as described in the 

manual and measured using a SpectraMax Plus 384 spectrophotometer 

(ThermoFisher Scientific).  

 

2.10. Micro array analysis 

Micro array analysis was performed by the collaboration partner Dr. Jochen 

Wilhelm, at the Justus-Liebig-University in Gießen as described previously in detail 

(121). In short, RNA was isolated with the RNeasy Mini Kit (Peqlab, Erlangen, 

Germany) from lung tissue of Fra2 TG mice 16 weeks of age and WT littermate 

controls. Eight animals for each group were used. Using the Low-input QuickAmp 

Kit (Agilent Technology, Santa Clara, CA), 200 ng RNA were pre-amplified and 

labelled with Cy5 according to manufacturer’s protocol. Hybridizations on Agilent 

6x80K mouse microarrays were performed in Agilent hybridization chambers for 18 

h at 42°C. Data analysis was performed with the limma package in R and intensity 

values were background-corrected and quantile normalized. Using moderated t-

statistics, differential expression was estimated. Genes with a fold change >2 and a 

significance of p<0.05 were defined as regulated. A screening of gene names or 

corresponding aliases together with the search terms “asthma” and “airway disease” 

was conducted using PubMed or UniProt Knowledgebase to find associations of 

regulated with asthma.  
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2.11. In silico transcription factor binding site analysis 

In silico investigation of putative AP-1 binding sites was done with the ConTra v3 

web server (as described in (122)). Promoter regions 1000 base pairs upstream of 

the transcription start site were analysed using the mouse (mus musculus) genome 

as a reference sequence. The V$AP1_CM00199 positional weight matrix 

(TRANScription FACtor database) was selected for visualization with a core 

stringency of 0.90 and similarity stringency of 0.75. A graphical representation 

(sequence logo) of the positional weight matrix motif V$AP1_CM00199 is shown in 

Figure 11). 

 

Figure 11: Sequence logo of the positional weight matrix motif V$AP1_CM00199 

(TRANScription FACtor database) used for the in silico transcription factor binding site 

analysis.  

 

2.12. Statistics  

Statistical analysis was performed in R or Graphpad Prism 5 software (Graph Pad 

Software Inc., USA). Data are shown as single data points with lines indicating the 

mean or as scatterplots with a boxplot overlay showing median and interquartile 

range, if not indicated otherwise. Two groups with same variance, calculated using 

an F test to compare variances assuming normal distribution, were compared using 

unpaired, two-tailed Student’s t-test. For two groups with different variance a non-

parametric Mann-Whitney test was used. Comparison of more than two groups was 

done using One-way analysis of variance (ANOVA) with Bonferroni’s post hoc test 

for the comparison of selected groups. Dose response curves were analysed using 

two-way ANOVA with Bonferroni’s post hoc test to test for significance differences 

between WT and TG groups upon Methacholine treatment.   
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3. Results 

3.1. Development of pulmonary remodelling in Fra2 TG mice 

Mice with ectopic overexpression of Fra2 develop a phenotype resembling systemic 

sclerosis with fibrotic thickening of the skin (26, 43) and pulmonary fibrosis (42) 

without any second trigger necessary for disease induction. Fra2 TG mice 

spontaneously develop inflammation and fibrotic disease, making it a good model 

to study early phases of disease development and progression. To investigate these 

pathomechanisms, we conducted a detailed profiling of pulmonary histology, 

inflammation and function in Fra2 TG mice over a period of three months.  

3.1.1. Parenchymal remodelling starts at approximately 16 weeks and 

increases with age in Fra2 TG mice  

Histologic assessment of the lung (Figure 12) did not show any overt phenotype in 

eight-week-old Fra2 TG mice compared to the lungs of WT control mice.  At 16 

weeks of age, increased perivascular cell infiltrates (black arrowheads) and collagen 

deposition (white arrowheads) around the pulmonary vasculature as well as around 

the bronchi was observed. In mice older than 20 weeks of age, severe vascular and 

interstitial remodelling could be observed with cellular infiltrates and collagen 

deposition (white arrowheads, Figure 12) in the lung parenchyma and a concomitant 

loss of alveolar space. Further, vascular remodelling developed with an increased 

vessel wall thickness and collagen deposition within the vessel wall (grey 

arrowhead). 
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Figure 12: Pulmonary histology of Fra2 TG mice compared to WT littermates. Representative 

images of the whole left lung lobe of Fra2 TG mice at 8, 16 or >20 weeks of age and WT 

littermate control (16 weeks) stained with Masson’s Trichrome (collagen in blue). B: 

bronchus; black arrowheads: perivascular cell infiltrates; white arrowheads: collagen 

deposition; grey arrowhead: collagen deposition in the vessel wall; scalebars: 100 µm.  

To investigate whether the observed perivascular infiltrates and increased 

perivascular collagen in 16-week-old Fra2 TG mice (Figure 12) were accompanied 

by changes in the lung parenchyma, the amount of collagen fibres specifically in the 

lung parenchyma was analysed. Increased collagen deposition in the lung 

parenchyma of TG mice 16 weeks or older was quantified on Sirius red stained 

sections of the left lung using the using the Visiopharm image analysis software. 

Wild-type sex- and age-matched littermate controls were used as control group. Of 

note, due to inter-batch variability of staining intensity, WT mice at 16 or >20 weeks 

show different baseline collagen levels and collagen quantifications are not 

comparable. Therefore, two separate graphs for the different time-points are shown. 

At 16 weeks of age, Fra2 TG showed increased perivascular collagen (Figure 13A), 

without elevated levels of parenchymal collagen deposition (Figure 13B), whereas 

in 20-week-old (or older) Fra2 TG mice, the collagen deposition in the parenchyma 

was significantly augmented (Figure 13A, C).   
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Figure 13: Increased collagen deposition in the lungs of Fra2 TG mice. A) Representative 

images of Sirius red stained lung sections of 16 and >20-week-old Fra2 TG mice and age- and 

sex-matched WT littermate control mice. Collagen fibres are stained in red. Scalebars: 100 

µm. B, C) Quantification of collagen deposition in the lung of 16-week-old (B) and >20-week-

old (C) Fra2 TG and WT mice. Each dot represents one animal. Significance of differences 

were determined using Mann Whitney test; ***p<0.001. 

The gradual development of fibrosis in Fra2 TG mice was further assessed by 

expression analysis of collagen 1 (Col1a1) in the lung homogenates of Fra2 TG 

compared to WT mice (Figure 14). In 16-week-old Fra2 TG mice a slight but 

insignificant increase in collagen expression was observed, whereas in >20-week-

old or older mice Col1a1 mRNA levels were elevated (Figure 14A), confirming the 

results of the parenchymal collagen quantification on Sirius red stained lung 

sections (Figure 13). mRNA levels of the smooth muscle cell and myofibroblast 

marker α-smooth muscle actin were unaltered (Figure 14B). Expressional changes 

of Col1a1 and Acta2 mRNA levels were confirmed on the protein level using western 

blot analysis (Figure 14C) and showed similar regulation: Col1 was slightly 
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increased at 16 weeks and strongly upregulated in older mice (>20 weeks; Figure 

14C). α-Sma protein levels were unaltered in all time-points (Figure 14D).  

 

Figure 14: Elevated expression of Collagen I in lungs of Fra2 TG mice compared to WT 

littermate controls. A,B) mRNA expression levels of Col1a1 (A) and Acta2 (α-Sma) (B) in lung 

homogenates as assessed by qRT-PCR. C) Western blot analysis of Col1 and α-SMA protein 

levels in Fra2 TG and WT lung homogenates. α-tubulin (α-Tub) was used as loading control. 

Each dot represents one animal. Significance of differences were determined using unpaired 

t-test; **p<0.01, ***p<0.001.  

This contrasts with immunohistochemical stainings against α-Sma in mouse lungs, 

where α-Sma positive cells outside the vessel walls were observed in 16-week-old 

and accumulated in >20-week-old Fra2 TG mice (Figure 15). At 16 weeks, α-Sma 

positive cells appeared in close proximity of inflammatory infiltrates around small 

parenchymal vessels and further spread throughout across remodelled lung areas 

in TG mice older than 20 weeks, indicating myofibroblast formation and 

accumulation in the lung parenchyma (Figure15). These results differ to those 

obtained by the expression level analysis in total lung homogenates. The observed 

unaltered mRNA and protein levels could be due to the concomitant increase of 

other cell types, such as infiltrating inflammatory cells, which evens out the increase 

of α-Sma expressing cells in total lung homogenates.  
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Figure 15: Fra2 TG mice have parenchymal α-Smooth muscle actin (α-Sma) immunoreactivity 

starting from 16 weeks of age. Representative overview and high magnification images of the 

lungs of Fra2 TG mice at 8, 16 or >20 weeks of age and WT littermate control (16 weeks) 

stained with antibodies against α-Sma. Black Arrowheads indicate non-vascular α-Sma-

positive cells. Scalebars: 50 µm (upper panel), 20 µm (higher magnification of insets, lower 

panel).  

 

3.1.2. Lung function is restricted in Fra2 TG mice 

To assess whether increased collagen deposition in the lungs is reflected as a 

decrease in respiratory capacity, we measured lung function of 8-, 16- or over 20-

week-old-mice using the flexiVent FX Module 1. The inspiratory capacity of mice 

older than 20 weeks was tendentially decreased, although no statistical difference 

was observed (Figure 16A). Following the same trend, the parameter A, an estimate 

of the inspiratory capacity as assessed by the Salazar-Knowles equation (116), was 

significantly lower in >20-week-old mice (Figure 16B), indicating a decreased lung 

volume in old mice with established pulmonary fibrosis. In line with this, the quasi-

static compliance of the lung was decreased in older (>20 weeks) mice (Figure 16C) 

and the area within the pressure-volume loop was decreased (Figure 16D) 

indicating higher levels of airspace closure.   



 

51 
 

 

Figure 16: Decreased lung volume and quasi-static compliance of the lung in 20-week-old 

Fra2 TG mice. A) The inspiratory capacity (IC) in Fra2 TG and WT mice was assessed by deep 

inflation manoeuvres. Pressure-volume loops with constant pressure were used to assess B) 

the parameter A, C) the quasi static compliance (Cst) and D) the area within the pressure-

volume loops (Area). Each dot represents the mean of three repeated measurements of one 

animal. Significance of differences were determined using unpaired t-test; *p<0.05. 

Interestingly, at 16 weeks of age, inspiratory capacity/A and quasi-static compliance 

were increased, indicating a loss of elastic tissue and an emphysema-like 

phenotype. The same tendency was observed in 8-week-old Fra2 TG mice, but did 

not reach statistical significance (Figure 16B, C). 

Using single frequency forced oscillation, mechanics the overall elastic properties 

of the respiratory system including lung, airways and chest wall were measured. In 

contrast to the parameters obtained by performing pressure-volume-loops, 

significant differences were only observed in Fra2 TG mice 20 weeks of age or older. 

These mice had increased elastic stiffness and constriction of the lungs as shown 

by a decreased compliance (Figure 17A), and increased elastance and resistance 

of the lungs (Figure 17B, C).  
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Figure 17: Decreased compliance and increased elastance and resistance of the respiratory 

system in 20-week-old Fra2 TG mice. Compliance (Crs; A), elastance (Ers; B) and resistance 

(Rrs; C) of the respiratory system were measured using the single frequency forced 

oscillation technique. Each dot represents the mean of three repeated measurements of one 

animal. Significance of differences were determined using unpaired Mann Whitney test; 

*p<0.05. 

Further perturbations applying a wide range of frequencies (broadband forced 

oscillation) were used to calculate tissue and airway mechanics as previously 

described (115). Neither the resistance of the central/conducting airways 

(Newtonian resistance, Figure 18A), tissue resistance (tissue damping, Figure 18B) 

nor tissue elastance (Figure 18C) were significantly altered in Fra2 TG mice 

compared to age-matched WT littermate control mice. Nevertheless, a trend 

towards increased resistance of the airways as well as of the tissue was observed 

in older Fra2 TG mice (>20 weeks of age). In line, tissue elastance was slightly 

increased in old Fra2 TG mice (Figure 18A-C). 

 

Figure 18: Airway and tissue mechanics of 8-, 16- and >20-week-old Fra2 TG compared to WT 

control mice. A) Newtonian resistance (Rn), B) tissue damping (G) and C) tissue elastance (H) 

were obtained using broadband frequency forced oscillation perturbations. 

It was shown that in patients with SSc, Matrix metalloproteinase 12 (MMP-12) levels 

in serum and tissue (skin and lung) are increased and that serum levels correlate 
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with the severity of lung malfunction (123). Furthermore, MMP-12 gene 

polymorphisms may contribute to SSc susceptibility and lung involvement/interstitial 

lung disease in SSc (124). Interestingly, MMP-12 was highly upregulated in all 

investigated time-points in Fra2 TG mice (Figure 19), indicating pathomechanisms 

similar to human disease. 

 

Figure 19: Fra2 TG mice have increased expression levels of Mmp12. mRNA levels of matrix 

metalloproteinase 12 (Mmp12) were measured in lung homogenates of Fra2 TG and WT 

littermate control mice. Significance of differences were determined using unpaired t-test; 

*p<0.05.  

In conclusion, Fra2 TG mice do not show overt differences in lung function at eight 

weeks of age, but exhibit changes resembling emphysema at 16 weeks of age. In 

later stages of the disease (>20 weeks of age), increased ECM production and 

collagen deposition lead to restrictive lung function with decreased lung volume, 

pulmonary compliance and a concomitant increase of pulmonary elastance and 

resistance.  

3.1.3. Vascular remodelling precedes parenchymal remodelling in Fra2 

TG mice 

Fra2 TG mice have an increased number of α-smooth muscle actin positive vessels 

in the parenchyma (16). To quantify the degree of neo-muscularisation of small 

vessels in the lungs of Fra2 TG mice, we performed immunohistochemical double 

staining with the endothelial cell marker von Willebrand factor (vWF, brown staining) 

and the smooth muscle cell marker α-smooth muscle actin (α-Sma, purple staining; 

Figure 20A). Automated vessel recognition was based on vWF staining and the 

percentage of muscularisation for each vessel was calculated. Vessels were 

classified as non-muscularised, partially muscularised or fully muscularised.  
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Figure 20: Fra2 TG mice have a higher percentage of fully muscularised small lung vessels. 

A) Lung sections of 8-, 16- or >20-week-old Fra2 TG and WT mice were stained with antibodies 

against the endothelial cell marker von Willebrand Factor (vWF; brown) and the smooth 

muscle cell marker α-Smooth muscle actin (α-SMA; purple). One representative staining of a 

16-week-old WT mouse is shown. Scalebars: 20 µm. B-D) Quantification of (neo-

)muscularisation of pulmonary vessels smaller than 100 µm for Fra2 TG (grey bars) and WT 

(white bars) control mice 8 (B), 16 (C) and >20 (D) weeks of age. Vessels were classified as 

non-muscularised (non m.), partially muscularized (part m) or fully muscularized (fully m.). 

Significance of differences were determined using unpaired t-test; *p<0.05.   

Starting at 8 weeks of age, Fra2 TG mice showed increased muscularisation of 

normally not muscularised small pulmonary vessels (Figure 20A). The extent of 

vascular remodelling increased with age and led to severe remodelling and 

muscularisation of small vessels in Fra2 TG mice older than 20 weeks. 

Quantification of vascular muscularisation (of vessels with a diameter smaller than 

100 µm) showed a significant decrease of the proportion of non-muscularised 

vessels, with a concomitant increase of partially and fully muscularised vessels. 

These changes were already apparent in eight-week-old mice (Figure 20B) and 

became more prominent in older mice (Figure 20C, D). These results are in line with 

previous reports showing increased right ventricular systolic pressure (RVSP) in 

eight-week-old Fra2 TG mice (16) and indicate that vascular remodelling precedes 

the onset of parenchymal fibrotic changes in Fra TG mice.  



 

55 
 

3.2. Inflammatory profiles of Fra2 TG mice in distinct stages of 

pulmonary remodelling  

As described in Figure 12, the first apparent changes in the lungs of Fra2 TG mice 

are cellular infiltrates around bronchi and pulmonary vessels. Immunohistochemical 

staining with the inflammatory cell marker CD45 showed that these infiltrates 

predominantly consist of CD45+ inflammatory cells (Figure 21): In WT and in 8-

week-old Fra2 TG mice, only single alveolar macrophages (back arrowheads) were 

CD45-positive, whereas in 16-week-old mice strong CD45-positivity of the 

perivascular cell infiltrates could be observed. In older mice (>20 weeks of age), 

inflammatory cell infiltrates were more pronounced and spread towards the lung 

parenchyma (Figures 21).  

 

Figure 21: Inflammatory cell infiltrates around small vessels in Fra2 TG mice. Lung sections 

of 8-, 16- or >20-week-old Fra2 TG and WT mice were stained with an antibody directed against 

the inflammatory cell marker CD45 (brown). One representative staining of a 16-week-old WT 

mouse is shown. Arrowheads: alveolar macrophages. Scalebars: 50 µm.  

3.2.1. Fra2 TG mice have increased expression of pro-inflammatory 

cytokines 

Pulmonary fibrosis in connective tissue diseases such as SSc is strongly associated 

with increased activation of the immune system and elevated levels of pro-

inflammatory and pro-fibrotic cytokines and mediators such as TGFβ, IL-1 or 

cytokines produced by Th2 cells (92). In SSc, both vascular and parenchymal 

remodelling correlated with increased cytokine levels. We thoroughly assessed the 

inflammatory profile of Fra2 TG mice throughout different phases of disease 

development. With this approach we aimed to delineate the role of different 

cytokines in distinct phases of pulmonary remodelling.  
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In a first step, expression levels of key pro-inflammatory and pro-fibrotic cytokines 

were measured in lung homogenates of Fra2 TG mice compared to age- and sex-

matched WT control mice. When investigating pro-inflammatory cytokines of the 

innate immunity, we found that tumour necrosis factor α (Tnfα) levels were unaltered 

(Figure 22A), whereas interleukin 6 (IL-6) levels were increased in 16-week-old Fra2 

TG mice (Figure 22B). Interestingly, mRNA levels of IL-1α were already elevated in 

young mice, 8 weeks of age (Figure 22C), prior to any histologically apparent 

inflammation in the lung. Expression levels of IL-1β, another potent pro-

inflammatory mediator of the IL-1 family of cytokines, did not change (Figure 22D). 

In line with mRNA levels, Tnfα protein levels did not change in lung homogenates 

of Fra2 TG mice, whereas IL-6 levels were elevated in 16-week-old mice and 

tendentially increased in >20-week-old Fra2 TG mice (Figure 23A, B). In contrast to 

the mRNA levels, IL-1α protein levels were not altered in 8-week-old, but highly 

elevated in 16-week-old and older Fra2 TG mice compared to WT littermate control 

mice (Figure 23C). Due to technical difficulties, IL-1β protein levels were not 

obtained in lung homogenates but were measured in the BAL fluid. IL-1β protein 

levels were unaltered in Fra2 TG mice at all time-points (Figure 23D).  

 

Figure 22: Fra2 TG mice have and early increase of IL-1α, followed by elevated IL-6 

expression. mRNA levels of the pro-inflammatory cytokines A) tumor necrosis factor α (Tnfa), 

B) Interleukin 6 (Il6), C) Interleukin 1α (Il1a) and D) IL-1β (Il1b) were assessed by quantitative 
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real-time PCR in lung homogenates of 8-, 16- or >20-week-old Fra2 TG and WT mice. 

Significance of differences were determined using unpaired t-test; p<0.05, **p<0.01.  

 

Figure 23: IL-6 and IL-1α protein levels are elevated in Fra2 TG mice. Protein levels of A) 

tumour necrosis factor α (Tnfα), B) Interleukin 6 (IL-6), C) Interleukin 1α (IL-1α) and D) IL-1β 

were assessed in lung homogenates (A-C) or bronchoalveolar (BAL) fluid (D) of 8-, 16- or >20-

week-old Fra2 TG and WT mice. Significance of differences were determined using unpaired 

t-test (IL-6) or Mann Whitney test (IL-1α);  p<0.05, **p<0.01.  

3.2.2. Th2 cytokine production is increased in Fra2 TG mice 

Pulmonary fibrosis is not only influenced by pro-inflammatory cytokines of the acute 

phase or innate immunity, but also by adaptive immune responses. We therefore 

investigated cytokine levels which are produced by activated T-helper cells (Th 

cells).  

The expression levels of the classical Th1 cytokine interferon γ (Ifnγ) were unaltered 

in Fra2 TG mice in all time-points (Figure 24A). IL-12A, a cytokine produced by cells 

of the innate immunity and critically involved in the differentiation of naïve T-cells to 

Th1 cells, was also unchanged (Figure 24B).  
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Figure 24: Expression levels of Th1 cytokine IFNγ and IL-12 are unaltered in Fra2 TG mice. 

mRNA levels of the Th1 cytokines A) interferon γ (Ifng) and B) Interleukin 12 (Il12a) were 

assessed by quantitative real-time PCR in lung homogenates of 8-, 16- or >20-week-old Fra2 

TG and WT mice. 

Corresponding to Ifnγ mRNA levels, protein levels were not altered in lung 

homogenates of Fra2 TG mice, although a trend towards higher Ifnγ protein 

concentration could be observed in mice older than 20 weeks (Figure 25). Overall 

this indicates that Th1 immune responses do not play a role in early disease 

development of Fra2 TG mice.  

 

Figure 25: Interferon γ is unaltered in Fra2 TG mice. Protein levels of IFNγ were assessed in 

lung homogenates of 8-, 16- or >20-week-old Fra2 TG and WT mice. 

mRNA and protein levels of IL-17, the main cytokine produced by Th17 cells, were 

not changed in any of the investigated time-points in Fra2 TG mice (Figure 26A, B).  
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Figure 26: Interleukin 17 levels are unaltered in Fra2 TG mice. A) mRNA levels of interleukin 

17 (Il17) assessed by quantitative real-time PCR and B) protein levels in lung homogenates of 

8-, 16- or >20-week-old Fra2 TG and WT mice. (Parts of this data have been published in (117).) 

In contrast, cytokines produced by Th2 cells were elevated in Fra2 TG mice. mRNA 

levels of IL-4 and IL-13, two cytokines which can signal through a common receptor, 

were unaltered in 8-week-old Fra2 TG mice but were elevated in 16-week-old mice 

(Figure 27A, B). In Fra2 TG mice older than 20 weeks, there was a trend towards 

heightened IL-4 and IL-13 levels, although no statistically significant differences 

were observed, probably due to low sample size and high variability, respectively. 

The potent eosinophil activator and stimulator of eosinophil proliferation IL-5 was 

significantly elevated only in older mice (>20 weeks), but already tendentially 

increased in 8- and 16-week-old Fra2 TG mice (Figure 27C).  

 

Figure 27: Th2 cytokine expression is increased in Fra2 TG mice. mRNA levels of the Th2 

cytokines A) interleukin 4 (Il4), B) interleukin 13 (il13) and C) interleukin 5 (Il5) were assessed 

by quantitative real-time PCR in of 8-, 16- or >20-week-old Fra2 TG and WT mice. Significance 

of differences were determined using unpaired t-test; p<0.05, **p<0.01. (Parts of this data have 

been published in (117).) 
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IL-4 protein levels in lung homogenates of Fra2 TG mice were not significantly 

altered at 16 weeks, but increased in at 20 weeks as compared to WT control mice 

(Figure 28A). IL-13 levels were already significantly increased in 16-week-old mice 

and even higher in >20-week-old mice, whereas IL-5 protein levels were not 

significantly altered (Figure 28B, C). 

 

Figure 28: Th2 cytokine levels are elevated in Fra2 TG mice. Protein levels of A) IL-4, B) IL-13 

and C) IL-5 were assessed in lung homogenates of 8-, 16- or >20-week-old Fra2 TG and WT 

mice. Significance of differences were determined using unpaired t-test; *p<0.05.  

We further investigated the expression levels of the transcription factors T-box 21 

(Tbx21) and GATA binding protein 3 (Gata3). Tbx21 and Gata3 are crucial 

regulators of Th differentiation towards Th1 and Th2 cells, respectively. We 

observed a clear decrease of Tbx21 expression in Fra2 TG mice at all time-points 

(Figure 29A), whereas Gata3 expression levels did not change (Figure 29B). This is 

in line with the observed predominance of Th2 cytokines, indicating a Th2 driven 

inflammation in Fra2 TG mice.  

 

Figure 29: Expression levels of transcription factors involved in T helper cell differentiation 

are changed in Fra2 TG mice. mRNA levels of the transcription factors A) T-box 21 (Tbx21) 

and B) GATA binding protein 3 (Gata3) were assessed by quantitative real-time PCR in of 8-, 
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16- or >20-week-old Fra2 TG and WT mice. Significance of differences were determined using 

unpaired t-test; p<0.05, **p<0.01. 

3.2.3. Anti-inflammatory cytokines are unchanged in Fra2 TG mice 

Interleukin 10 (IL-10) is a cytokine produced by Th2 cells as well as by monocytes. 

IL-10 was originally described as a factor inhibiting cytokine production and has 

potent anti-inflammatory effects (125). In line with increased production of other Th2 

cytokines in 16-week-old Fra2 TG mice (Figure 27 and Figure 28), IL-10 expression 

was increased at this time-point (Figure 30A).  

We further assessed the expression levels of transforming growth factor β (Tgfβ), 

an anti-inflammatory, but pro-fibrotic cytokine that stimulates collagen production in 

a variety of cells and leads to transdifferentiation of fibroblasts to myofibroblasts 

(reviewed in (54)). Despite the prominent role of Tgfβ in the development of fibrosis, 

we did not observe a change of Tgfβ expression in any of the investigated time-

points (Figure 30B), indicating that the role of Tgfβ in this mouse model of fibrosis 

might be limited.  

 

Figure 30: Expression of anti-inflammatory cytokines in Fra2 TG mice. mRNA levels of A) 

interleukin 10 (Il10) and B) transforming growth factor β (Tgfb) were assessed by quantitative 

real-time PCR in of 8-, 16- or >20-week-old Fra2 TG and WT mice. Significance of differences 

were determined using unpaired t-test; *p<0.05. 

Although levels of IL-10 mRNA (Figure 30A) were increased in Fra2 TG mice 

compared to WT mice at 16 weeks, no change in the protein levels of IL-10 could 

be observed in lung homogenates of Fra2 TG mice at any time-point (Figure 31).  
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Figure 31: Interleukin-10 (IL-10) is unaltered in Fra2 TG mice. Protein levels of IL-10 were 

assessed in lung homogenates of 8-, 16- or >20-week-old Fra2 TG and WT mice. 

 

3.2.4. Pro-fibrotic and eosinophil-attracting chemokines are elevated in 

Fra2 TG mice 

Chemokines are a protein family with a major role in leukocyte activation, 

chemoattraction and angiogenesis. Ccl2, a chemokine which recruits monocytes 

and T-cells and stimulates collagen production in lung fibroblasts (100), was 

elevated in Fra2 TG mice at all time-points with a significant increase at 16 and >20 

weeks of age (Figure 32A).  Ccl5 expression was downregulated in 8-week-old Fra2 

TG compared to WT mice and normalised at later time-points (Figure 32B).  
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Figure 32: Chemokine expression in Fra2 TG mice. mRNA levels of A) Ccl2, B) Ccl5, C) Cxcl2, 

D) Cxcl1, E) Ccl11 (eotaxin-1) and F) Ccl9 were assessed by quantitative real-time PCR in of 

8-, 16- or >20-week-old Fra2 TG and WT mice. Significance of differences were determined 

using unpaired t-test or Mann Whitney test; *p<0.05, **p<0.01. 

Expression levels of the C-X-C motif chemokines Cxcl1 and Cxcl2, two powerful 

chemoattractants for neutrophils were mostly unaltered, with a slight increase of 

Cxcl1 in 16-week-old Fra2 TG mice (Figure 32C, D). In contrast, the eosinophil-

selective chemoattractant Ccl11, also termed eotaxin-1 (126), was significantly 

increased in Fra2 TG mice of all ages (Figure 32E). Similarly, Ccl9 which can be 

produced in vast amounts by activated eosinophils (127), was highly upregulated in 

all time-points (Figure 32F). Together this indicates that eosinophil homing and 

activation might play an important role in the lung phenotype of Fra2 TG mice. 
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3.2.5. Inflammatory infiltrates in the lung of Fra2 TG mice 

predominately consist of eosinophils and T-cells 

Altered expression and production of key inflammatory cytokines visible already at 

8 weeks, as well as the inflammatory infiltrates apparent in the lungs of 16-week-old 

Fra2 TG mice indicate that inflammation is a major contributor to pulmonary disease 

in this mouse model. To assess how altered cytokine levels contribute to the 

recruitment of diverse inflammatory cells to the lung, inflammatory cell populations 

were analysed using flow cytometry in 16- and >20-week-old Fra2 TG mice 

compared to age- and sex-matched littermate control WT mice. Lung perfusion and 

bronchoalveolar lavage enabled to distinguish between inflammatory cell 

populations present in the lung tissue (interstitium) and the alveolar space, 

respectively, avoiding cross-contamination with circulating inflammatory cells from 

the blood stream.  Inflammatory cells in single cell lung homogenates were identified 

by positivity for the surface marker CD45. 

Corresponding to the increased levels of pro-inflammatory cytokines, the amount of 

inflammatory cells in the BAL (Figure 33A) and in the lung homogenate (Figure 33B) 

of Fra2 TG mice was increased in 16- and in >20-week-old mice.  

 

Figure 33: The number of inflammatory cells in the bronchoalveolar lavage (BAL) and the lung 

tissue of Fra2 TG mice is increased. A) Total number of cells in the BAL and B) number of 

CD45+ inflammatory cells detected in single cell lung homogenates were analysed in 16- and 

>20-week-old Fra2 TG and WT control mice. Significance of differences were determined 

using unpaired Mann Whitney test; **p<0.01, ***p<0.001. 

The number of alveolar macrophages significantly diminished in the BAL of >20-

week old Fra2 TG mice, whereas interstitial macrophages in the lung tissue slightly 
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increased (Figure 34A, B). These data indicate macrophage infiltration from the 

alveolar into the interstitial space.   

 

Figure 34: Macrophages infiltrate the lung tissue in Fra2 TG mice. Alveolar (A) and interstitial 

(B) macrophages were assessed A) in the bronchoalveolar lavage (BAL) and B) in the lung 

tissue of 16- and >20-week-old Fra2 TG and WT control mice. Significance of differences were 

determined using unpaired Mann Whitney test; *p<0.05, **p<0.01. 

The number of neutrophils in the BAL of Fra2 TG mice was slightly elevated, 

although no significant differences were observed at any time-point (Figure 35A). 

The number of dendritic cells significantly increased in Fra2 TG mice of both age 

groups, however, the major change was observed in eosinophils, which made up 

approximately 70-80% of the total BAL cell count (Figure 35A). In the lung tissue, 

the amount of neutrophils was unaltered, whereas dendritic cells increased. Similar 

to the BAL, the vast majority of inflammatory cells were eosinophils, which were 

highly increased in Fra2 TG mice at 16 weeks as well as in >20 weeks (Figure 35B).  
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Figure 35: Pulmonary inflammation in Fra2 TG mice is characterized by severe eosinophilia. 

Numbers of neutrophils, dendritic cells and eosinophils were assessed A) in the 

bronchoalveolar lavage (BAL) and B) in the lung tissue of 16- and >20-week-old Fra2 TG and 

WT control mice. Significance of differences were determined using unpaired Mann Whitney 

test; **p<0.01, ***p<0.001. 

Not only cells of the innate immunity were enriched in the lungs of Fra2 TG mice, 

but also T- and B-lymphocytes. At 16, as well as >20 weeks, Fra2 TG mice had 

increased amounts of T-helper cells (identified by the expression of the surface 

marker CD4), effector T-cells (identified by CD8 expression) and B-cells in the BAL 

(Figure 36 A). These changes were less pronounced in the lung tissue, where CD4+ 

T-cells were only increased at 16 weeks of age and CD8+ effector cells were 

unaltered at both time-points (Figure 36B). However, there was a clear infiltration of 

B-cells in the lung tissue of Fra2 TG mice compared to WT controls(Figure 36 B).   
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Figure 36: Fra2 TG mice exhibit increased lymphocyte infiltration in the lung. CD4+ T-helper 

cells, CD8+ effector T-cells and CD19+ B-lymphocytes were assessed A) in the 

bronchoalveolar lavage (BAL) and B) in the lung tissue of 16- and >20-week-old Fra2 TG and 

WT control mice. Significance of differences were determined using unpaired Mann Whitney 

test;  *p>0.05, **p<0.01, ***p<0.001. 

In conclusion, Fra overexpression in mice leads to a time-dependent increase of 

inflammation in the lung, characterized by the expression of pro-inflammatory 

cytokines, such as IL-1, IL-6 or the Th2 cytokines IL-4 and IL-13, and inflammatory 

cell infiltrates, predominately consisting of eosinophils, into the lung tissue and the 

alveolar space.  

3.2.6. Increased IL-4/IL-13 downstream signalling in Fra2 TG mice 

As previously mentioned, we measured increased levels of IL-4 and IL-13 in the 

lungs of Fra2 TG mice. IL-4 can bind and activate the IL-4 type I receptor which is 

consisting of IL-4Rα and γδ chains. Furthermore, both IL-4 and IL-13 can act on the 

IL-4 type II receptor, also named IL-13Rα1, a dimer consisting of an IL-4Rα and an 

IL-13Rα1 chain (128). Both cytokines lead to phosphorylation and thereby activation 

of the signal transducer and activator of transcription 6 (STAT6) transcription factor 

(129). To explore the impact of Th2 cytokine signalling in the Fra2 TG mouse model, 
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protein levels of STAT6 and phosphorylated (p) STAT6 were investigated by 

Western blot (Figure 37A). 

 

Figure 37: IL-4/IL-13 downstream signalling is activated in Fra2 TG mice. A) Levels of 

phosphorylated signal transducer and activator of transcription 6 (pSTAT6) and total STAT6 

levels in the lung homogenates of 16-week-old Fra2 TG mice were investigated by western 

blotting and compared to WT control mice. α-Tubulin was used as loading control. B) 

Immunohistochemical staining on the lungs of 16-week-old WT and Fra2 TG mice was 

performed using an antibody against phosphorylated STAT6. The tissue was counterstained 

using methylgreen. (Figure adapted from (117)) 

Although total protein levels of STAT6 were unaltered in Fra2 TG compared to WT 

mouse lung homogenates, phosphorylation of STAT6 was highly increased. 

Furthermore, pSTAT6 immunoreactivity was increased in the lungs of Fra2 TG mice 

(Figure 37B). Strong nuclear staining of pSTAT6 was mostly observed in bronchial 

epithelial cells and in inflammatory cell infiltrates around the bronchi and vessels of 

Fra2 TG mice. These data show that the lung in Fra2 TG mice is not only a producer 

of Th2 cytokines, but that they act locally inducing IL-4/IL-13 downstream signalling 

as indicated by phosphorylated STAT6.  
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3.3. Fra2 TG mice develop experimental asthma 

Profiling of inflammatory cell populations and cytokines revealed increased Th2 and 

eosinophilic inflammation in Fra2 TG mice compared to WT littermate control mice 

at already 16-weeks of age, prior to the onset of pulmonary fibrosis.  Th2 driven, 

eosinophilic inflammation is a hallmark of asthma and airway 

hyperresponsiveness/allergic airway disease, therefore we hypothesised that Fra2 

TG mice exhibit a phenotype similar to asthma, prior to the development of 

pulmonary fibrosis.  

3.3.1. Fra2 TG mice exhibit differential expression of asthma-

associated genes 

Gene expression profiling of the lungs of 16-week old Fra2 TG and WT mice, 

performed by our collaboration partner at the Justus-Liebig University in Giessen, 

was analysed and regulated genes were screened for associations with chronic 

airway disease and asthma. A total of 775 genes were differentially regulated (443 

up- and 342 downregulated). Several of the highest regulated genes, for example 

Clca1 (chloride channel accessory 1) and Retnla (resistin like alpha, Relma/Fizz) 

(Figure 38) were strongly associated with asthma (119, 130).  

 

Figure 38: A high proportion of regulated genes in Fra2 TG mice is associated with asthma. 

Differential gene expression was assessed in 16-week-old Fra2 TG versus WT mice. Dark 

points indicate genes related to chronic airway disease. (Figure adapted from (117)) 
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Furthermore, a lot of genes related to inflammatory responses – sub-classified into 

eosinophilic inflammation, immunoregulatory, pro-inflammatory and Th2 response 

genes - (Figure 39A), asthma susceptibility (Figure 39B) and remodelling processes 

– sub-classified into airway remodelling, bronchoconstriction, ECM production and 

mucus production and secretion genes – (Figure 39C) were identified.  

 

Figure 39: Regulated genes in Fra2 TG mice associated with asthma. Heatmap representation 

of asthma-related genes classified according to their association with A) inflammation 

(purple), B) asthma susceptibility (orange) and C) remodelling processes (green). Z-scores 

are shown. (Figure adapted from (117)) 

In total, 12% of all regulated genes could be linked to chronic airway disease and 

asthma, strengthening the hypothesis that Fra 2 TG mice exhibit an asthmatic 

phenotype with airway remodeling, inflammation and airway hyperresponsiveness.  
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3.3.2. Increased mucus production and secretion in Fra2 TG mice 

Nine of the fifteen highest regulated asthma associated genes were linked to mucus 

production and secretion, rendering the question if Fra2 might be directly involved 

in the transcriptional regulation of these genes. In silico transcription factor binding 

site analysis of the proximal promoter regions revealed multiple putative AP-1 

binding sites in 83% (10 out of 12) in the promoter regions of the analysed genes 

(Figure 40), indicating that Fra2 might indeed be directly responsible for increased 

gene expression.  

 

Figure 40: In silico transcription factor binding site analysis revealed multiple putative AP-1 

binding sites in the promoter of differentially regulated genes associated with mucus 

production and secretion. The proximal promoter regions including 1 kb upstream of the start 

codon were analysed. Putative AP-1 binding sites are  marked yellow. (Figure adapted from 

(117)) 

Increased expression of Clca1 (chloride channel accessory 1) and of the mucus 

genes Muc5ac and Muc5b was verified using an independent mouse cohort (Figure 

41A). Clca1 is crucial for the correct secretion and hydration of mucus and was 

confirmed to be highly elevated in Fra2 TG mice. Of the two main airway mucus 

genes Muc5ac  and Muc5b only the first was confirmed to be upregulated, whereas 

no significant changes could be observed in the latter (Figure 41A). However, 

increased expression of CLCA1 and MUC5AC was confirmed on the protein level, 

using immunofluorescence staining. While no staining was detected in healthy lung 

tissue of WT mice, a strong immunoreactivity was observed in the bronchial 

epithelium of Fra2 TG mice (Figure 41B).  
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Figure 41: Increased mucus production and secretion in Fra2 TG mice. A) Gene expression 

of Clca1, Muc5ac and Muc5b was assessed by quantitative real-time PCR in 16-week-old Fra2 

TG and WT mice. Significance of differences were determined using unpaired t-test;  **p>0.01. 

B) Representative immunofluorescence staining of MUC5AC (green) and CLCA1 (red) in the 

lung of Fra2 TG and WT mice (n=3 each). (Figure adapted from (117)) 

Further, we investigated the expression of Spdef (SAM Pointed Domain containing 

ETS Transcription Factor) and Foxa3 (Forkhead Box A3), two transcription factors 

regulating goblet cell differentiation and mucus production. Spdef expression was 

only slightly elevated, whereas Foxa3 expression significantly increased, indicating 

higher levels of mucus producing goblet cells (Figure 42).  
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Figure 42: Transcription factors involved in goblet cell differentiation and mucus production 

are elevated in Fra2 TG mice. mRNA levels of Spdef and Foxa3 were assessed by quantitative 

real-time PCR in lung homogenates of 16-week-old Fra2 TG and WT mice. Significance of 

differences were determined using unpaired Mann Whitney test; **p<0.01. (Figure adapted 

from (117)) 

3.3.3. Increased airway remodelling and hyperresponsiveness in Fra2 

TG mice  

Next to increased mucus production, collagen deposition around the airways and 

thickening of the airway smooth muscle layer are key features of bronchial 

remodelling. Mucus volume as well as the amount of goblet cells in the airways were 

significantly increased upon Fra2 overexpression in mice (Figure 43), in line with the 

gene expression data showing pronounced levels of transcription factors relevant 

for goblet cell differentiation and genes related to mucus production and secretion.  

 

Figure 43: Goblet cells differentiation and mucus production is increased in Fra2 TG mice. 

Stereologic assessment of mucus volume in the airways and percentage of goblet cells per 

mm basement membrane (BM) was performed on periodic acid-Schiff (PAS) stained lung 

section of 16-week old Fra2 TG and WT mice. Scalebar: 75 µm; Significance of differences 

were determined using unpaired Mann Whitney test; *p>0.05, **p>0.01. (Figure adapted from 

(117)) 



 

74 
 

Additionally to these cellular changes within the airways of Fra2 TG mice, collagen 

deposition around the bronchi was increased (Figure 44A) and the smooth muscle 

layer was thickened (Figure 44B).  

 

Figure 44: Bronchial remodelling in Fra2 TG mice. A) Peribronchial collagen deposition was 

analysed on Sirius Red stained lung sections of 16-week-old Fra2 TG and WT mice. B) Airway 

smooth muscle thickness was quantified using double immunohistochemical staining of 

smooth muscle actin (SMA) and von Willebrand factor (vWF) on lung sections of 16-week-old 

Fra2 TG and WT mice. Scalebar: 75 µm, Significance of differences were determined using 

unpaired Mann Whitney test; *p>0.05; **p>0.01. (Figure adapted from (117)) 

Augmented proliferation of airway smooth muscle cells isolated from Fra2 TG mice 

(Figure 45) compared to those from WT mice, indicated that the increased thickness 

of airway smooth muscle is a direct consequence of ASMC growth due to Fra2 

overexpression. 

 

Figure 45: Fra2 overexpression leads to increased proliferation of airways smooth muscle 

cells (ASMC). Proliferation of ASMC isolated from Fra2 TG or WT mice was assessed by 
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measuring the incorporation of 3H-labelled thymidine after 24 hours. Significance of 

differences were determined using unpaired Mann Whitney test; *p>0.05. (Figure adapted 

from (117)) 

To assess whether these structural changes lead to functional alterations, the 

airway response to increasing doses of methacholine was measured. Fra2 TG mice 

showed significantly higher resistance and elastance of the airways at high doses 

of methacholine. At the same time airway compliance declined (Figure 46).  

 

Figure 46: Fra2 TG mice have increased airway hyperresponsiveness (AHR). Lung function in 

response to increasing doses of methacholine was assessed in Fra2 TG (n=5) and WT (n=7) 

mice to determine changes in airway resistance (Rrs), compliance (Crs) and elastance (Ers). 

Significance of differences were determined using two-way ANOVA with Bonferroni’s post 

hoc test; *p>0.05, **p>0.01, ***p>0.001. (Figure adapted from (117)) 

 In summary, we show that 16-week-old Fra2 TG mice develop all major features of 

chronic airway disease, namely airway inflammation, remodelling and 

hyperresponsiveness, prior to any apparent fibrotic histological changes.  

 

3.4. Experimental asthma in Fra2 TG mice is dependent on  

IL-13 signalling and can be ameliorated by glucocorticoid 

treatment 

In Fra2 TG mice, pulmonary inflammation is characterized by vast amounts of 

eosinophils and increased levels of the Th2 cytokines IL-4 and IL-13. Both IL-4 and 

IL-13 bind and activate the IL-13R type I (comprised of the IL-4Rα and the IL-13Rα1 

chain), nevertheless, their functional role in mediating allergic asthma in vivo are 

very distinct. While IL-4 is responsible for the initiation of allergic responses by 

stimulating Th2 differentiation and proliferation, as well as IgE class switching in B-

cells, IL-13 is crucial for the effector phase (119, 120). IL-13 stimulates mucus 
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hypersecretion by regulating the expression of several transcription factors 

important for the differentiation of club (Clara) cells to goblet cells (such as Spdef), 

and additionally regulates mucus production and secretion by inducing genes such 

as Muc5ac and Clca1 (119, 131, 132).  

3.4.1. Blockade of IL-13 improves the Fra2 TG phenotype 

We therefore wanted to elucidate the importance of IL-13 in the Fra2-induced 

asthmatic phenotype and the therapeutic potential of blocking IL-13 signalling in 

these mice. For this purpose, Fra2 TG mice were treated twice a week with a 

neutralizing antibody directed against IL-13. Treatment was started at 10 weeks of 

age and continued until mice were 16 weeks old (Figure 47).  

 

Figure 47: Schematic representation of the treatment with IL-13 blocking antibodies (anti-

IL13) or isotype control antibodies (IgG). Fra2 TG and WT mice (n=5-8) were treated twice a 

week intraperitoneal (i.p.) with anti-IL13 or IgG control antibodies. (Figure adapted from (117)) 

Anti-IL13 treatment clearly decreased IL-13 downstream signalling in the lung, as 

seen by diminished levels of phosphorylated STAT6 (Figure 48). In comparison, the 

total amount of STAT6 was unaltered by the treatment of Fra2 TG mice, showing a 

successful blockade of IL-13 signalling in the lung.  

 

Figure 48: IL-13 downstream signalling is decreased In Fra2 TG mice upon blockade of IL-13. 

IL-13 signalling was assessed by western blot analysis of phosphorylated (p) levels of STAT6 

in the lung homogenates of 16-week-old WT and Fra2 TG mice treated with control isotype 

(IgG) or IL-13 blocking antibodies (aIL-13). α-Tubulin served as loading control. (Figure 

adapted from (117)) 
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Blockade of IL-13 reduced the production of MUC5AC and CLCA1 indicating 

diminished mucus production and secretion in the airways of Fra2 TG mice (Figure 

49). This finding was substantiated by the quantitative assessment of mucus 

production and goblet cell differentiation: Treatment with IL-13 neutralizing 

antibodies significantly diminished the percentage of goblet cells within the epithelial 

lining of the airways in Fra2 TG mice (Figure 50). Together, these data show that 

IL-13 plays an important role in the differentiation of goblet cells and the production 

and secretion of mucus in the airways of Fra2 TG mice. 

 

Figure 49: IL-13 blockade diminishes mucus production and secretion in Fra2 TG mice. 

Representative immunofluorescence images (from n=3) of MUC5AC (green) and CLCA1 (red) 

in the lungs of WT and Fra2 TG mice treated with control IgG or anti-IL-13 neutralising 

antibodies. (Figure adapted from (117)) 

 

Figure 50: Increased goblet cells differentiation and mucus production in Fra2 TG mice is 

ameliorated upon IL-13 blockade. Stereological assessment of the percentage of goblet cells 

per mm basement membrane (BM) was performed on periodic acid-Schiff (PAS) stained lung 

section of 16-week old WT and Fra2 TG treated with control isotype (IgG) and IL-13 
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neutralizing (αIL-13) antibodies. Scalebar: 50 µm; Significance of differences were determined 

using unpaired Mann Whitney test; ***p>0.001. (Figure adapted from (117)) 

However, peribronchial collagen deposition was not influenced by blockade of IL-13 

and was still significantly increased in Fra TG mice treated with IL-13 neutralizing 

antibodies compared to WT mice (Figure 51A), possibly due to the direct influence 

of Fra2 on collagen expression (26). Smooth muscle thickness around the bronchi 

slightly diminished upon treatment, although changes did not reach significance 

(Figure 51B).  

 

Figure 51: Bronchial remodelling is not significantly improved in Fra2 TG mice upon IL-13 

blockade. Representative images and subsequent quantification of A) Sirius red staining for 

peribronchial collagen width and B) double immunohistochemistry for von Willebrand-factor 

(vWF, brown) and a-smooth muscle actin (SMA, purple) for airway smooth muscle thickness. 

Remodelling was assessed in 16-week old WT and Fra2 TG treated with control isotype (IgG) 

and IL-13 neutralizing (αIL-13) antibodies. Scalebar: 50 µm; Significance of differences were 

determined using unpaired Mann Whitney test;  *p>0.05. (Figure adapted from (117)) 

Neutralisation of IL-13 in Fra2 TG mice improved AHR. While Fra2 TG mice treated 

with control IgG had significantly higher airway resistance, elastance and decreased 

airway compliance especially at high doses of metacholine, αIL-13 treated Fra2 TG 

mice showed significantly improved lung function (Figure 52). However, treatment 

did not completely restore the phenotype and αIL-13 treated Fra2 TG mice still had 

elevated airway resistance compared to WT mice (Figure 52).   
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Figure 52: Airway hyperresponsiveness (AHR) is improved after IL-13 blockade in Fra2 TG 

mice. Lung function testing upon increasing doses of Methacholine was performed to 

determine changes in airway resistance (Rrs), compliance (Crs) and elastance (Ers) in WT 

mice (n= 8) and Fra2 TG mice treated with isotype control (IgG, n = 5) or anti-IL-13 antibodies 

(n = 6). Significance of differences were determined using two-way ANOVA with Bonferroni’s 

post hoc test;  *p < 0.05 WT vs. TG-IgG, #p < 0.05 WT vs. TG-aIL-13, &p < 0.05 TG-IgG vs. TG-

aIL-13. (Figure adapted from (117)) 

Analysis of pulmonary inflammation in Fra2 TG mice with and without treatment 

revealed that blocking IL-13 significantly decreased the amount of inflammatory 

cells in the BAL of Fra2 TG mice (Figure 53). Especially the high numbers of 

eosinophils and T-cells significantly decreased to levels similar as in WT mice and 

the alveolar macrophage population was restored. The numbers of CD19+ B-cells, 

which were significantly increased in control IgG treated TG mice compared to 

healthy WT mice, declined only slightly and was still significantly higher compared 

to WT (Figure 53).  
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Figure 53: Blocking IL-13 signalling reduced inflammation in Fra2 TG mice. Flow cytometric 

analysis of inflammatory cells in the bronchoalveolar lavage of WT or Fra2 TG mice treated 

with IL-13 neutralising (aIL-13) or isotype (IgG) antibodies. Significance of differences were 

determined using unpaired Mann Whitney test; *p>0.05. (Figure adapted from (117)) 

Expression of the Th2 cytokines IL-4, IL-5 and IL-13 itself was not altered upon 

blockade of IL-13 (Figure 54). Interestingly, the levels of IL-17 slightly increased in 

treated Fra2 TG mice, however not significantly. This is in line with reports showing 

that IL-13 negatively regulates IL-17 production (133). Blockade of IL-13 might 

therefore have not only have beneficial effects, but could lead to increased IL-17-

driven inflammation.  

 

Figure 54: Blockade of IL-13 alters the expression of key inflammatory cytokines. mRNA 

levels of interleukin (IL)-4, IL-5, IL-13, IL-17, interferon γ (IFNg) and eotaxin were assessed by 

quantitative real-time PCR in 16--week-old WT mice and Fra2 TG mice treated with IL-13 

neutralising (aIL-13) or isotype (IgG) antibodies. Significance of differences were determined 

using unpaired Mann Whitney test; *p>0.05, **p>0.01, ***p>0.001. (Figure adapted from (117)) 

Interestingly, Blockade of IL-13 led to decreased levels of IL-13 in the BAL fluid and 

in the lung tissue of Fra2 TG mice. In contrast, circulating IL-13 in the plasma was 

highly increased in Fra2 TG mice treated with IL-13 blocking antibodies (Figure 55). 

This effect might be caused by an inability to internalise IL-13 bound to the blocking 

antibody and therefore disturbed clearance of IL-13 from the circulation (134).  
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Figure 55: Treatment with IL-13 neutralising antibodies leads to a decrease of IL-13 in the 

bronchoalveolar lavage fluid (BALF) of Fra2 TG mice, while increasing the circulating IL-13 

levels. Using enzyme-linked immunosorbent assay, IL-13 protein levels were measured in the 

lung homogenate, BALF and plasma of WT and Fra2 TG mice treated with isotype control 

(IgG) or IL-13 neutralising (aIL-13) antibodies. Significance of differences were determined 

using unpaired Mann Whitney test; *p < 0.05, *** p < 0.001. (Figure adapted from (117)) 

3.4.2. Anti-inflammatory treatment using budesonide  

Glucocorticoids, by activating the glucocorticoid receptor (GR), block several 

inflammatory pathways by interacting and thereby inhibiting inflammation 

associated transcription factors such as STATs, NF-κB and also AP-1 (135). 

Furthermore they induce the expression of anti-inflammatory mediators.  Therefore, 

we wanted to assess whether a general suppression of inflammation using the 

glucocorticoid budesonide would improve the asthmatic phenotype induced by 

overexpression of Fra2. To this end, Fra2 TG mice were treated with budesonide 

twice a week intranasally (Figure 56).  

 

Figure 56: Schematic representation of budesonide treatment. Fra2 TG and WT mice (n=5-7) 

were treated twice a week intranasally (i.n.) with budesonide. (Figure adapted from (117)) 

As previously shown, Fra2 TG mice had increased numbers of goblet cells in the 

airways which were significantly reduced by the treatment with budesonide and 

almost comparable to healthy control WT mice (Figure 57).  



 

82 
 

 

Figure 57: Budesonide treatment lessens goblet cells differentiation and mucus production 

in Fra2 TG mice. Stereological assessment of the percentage of goblet cells per mm basement 

membrane (BM) was performed on periodic acid-Schiff (PAS) stained lung section of 16-week 

old WT and Fra2 TG with or without budesonide (Bude) treatment. Scalebar: 50 µm; 

Significance of differences were determined using unpaired Mann Whitney test; *p>0.05. 

(Figure adapted from (117)) 

In contrast to IL-13 blockade, budesonide led to an improvement of bronchial 

remodelling in Fra2 TG mice, with decreased deposition of peribronchial collagen 

(Figure 58A) and considerably less smooth muscle thickening (Figure 58B) 

compared to untreated mice.  

 

Figure 58: Budesonide reduces bronchial remodelling in Fra2 TG mice. Representative 

images and subsequent quantification of A) Sirius red staining for peribronchial collagen 

width and B) double immunohistochemistry for von Willebrand-factor (vWF, brown) and a-

smooth muscle actin (SMA, purple) for airway smooth muscle thickness. Remodelling was 

assessed in 16-week old WT and Fra2 TG with or without budesonide (Bude) treatment. 

Scalebar: 50 µm; Significance of differences were determined using unpaired Mann Whitney 

test; *p>0.05, **p>0.01. (Figure adapted from (117)) 
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Corresponding to the improved bronchial remodelling, Fra2 TG mice treated with 

budesonide had significantly less AHR (Figure 59). Interestingly, already at baseline 

improved compliance of the respiratory system (Crs, Figure 59) could be observed, 

indicating that not only hyperresponsiveness, but lung function of Fra2 TG mice in 

general benefits from budesonide treatment.   

 

Figure 59: Airway hyperresponsiveness (AHR) in Fra2 TG mice is improved after budesonide 

treatment. Lung function testing upon increasing doses of Methacholine was performed to 

determine changes in airway resistance (Rrs), compliance (Crs) and elastance (Ers) in WT 

mice and Fra2 TG mice with or without  budesonide (Bude) treatment (n = 6 per goup).  

Significance of differences were determined using two-way ANOVA with Bonferroni’s post 

hoc test;  *p < 0.05 WT vs. TG, #p < 0.05 WT vs. TG-Bude, & p < 0.05 TG vs. TG-Bude. (Figure 

adapted from (117))  

As expected, budesonide significantly decreased the inflammation in the lungs of 

Fra2 TG mice (Figure 60). The amount of CD45+ inflammatory cells per mg lung 

tissue significantly declined upon treatment. Further, eosinophil numbers were 

decreased. Although no significant changes of CD4+ T-cells or B-cells (CD19+) 

were observed within the groups, there was a clear trend towards increased levels 

of these cell types in Fra2 TG mice, which was reversed upon treatment with 

budesonide (Figure 60).  
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Figure 60: Inflammation in the lung tissue of Fra2 TG mice is decreased upon treatment with 

budesonide. Flow cytometric analysis of inflammatory cells in single cell lung homogenates 

of WT or Fra2 TG mice treated with or without budesonide (Bude). Significance of differences 

were determined using unpaired Mann Whitney test; *p>0.05. (Figure adapted from (117)) 

Of note, due to technical difficulties, flow cytometry data of the BAL cells did not 

meet the quality criteria and could not be analysed. However, as shown previously 

in section 3.2.5, inflammatory cell population changes in the lung tissue mirror the 

changes observed in the BAL. Therefore, one can assume that the differences in 

the lung tissue shown in Figure 60, reflect changes of inflammatory cell populations 

in the BAL of Fra2 TG mice.  

The expression levels of Th2 cytokines IL-4, IL-5 and IL-13, as well as IL-17 were 

slightly decreased in Fra2 TG mice treated with budesonide. However, all cytokines, 

including IFNγ and eotaxin were still significantly elevated in budesonide treated 

Fra2 TG mice when compared to WT mice (Figure 61), indicating that budesonide 

does not efficiently block cytokine production, but acts rather on downstream 

signalling pathways.  
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Figure 61: Expression of pro-inflammatory cytokines is decreased in Fra2 TG mice treated 

with budesonide. mRNA levels of interleukin (IL)-4, IL-5, IL-13, IL-17, interferon γ (IFNg) and 

eotaxin were assessed by quantitative real-time PCR in 16-week-old WT mice and Fra2 TG 

mice with or without budesonide (Bude) treatment. Significance of differences were 

determined using unpaired Mann Whitney test; *p>0.05. (Figure adapted from (117)) 

This hypothesis was corroborated by the fact that budesonide efficiently blocked 

phosphorylation and thereby activation of STAT6 (Figure 62). This observed effect 

could be due to the direct interaction of STAT6 with the glucocorticoid receptor, as 

it was previously shown that they physically and functionally interact (136).  

 

Figure 62: Activation of STAT6 is decreased in Fra2 TG mice after treatment with budesonide. 

Levels of phosphorylated signal transducer and activator of transcription 6 (pSTAT6) and 

total STAT6 levels in the lung homogenates of 16-week-old WT and Fra2 TG mice with or 

without budesonide (Bude) treatment were investigated by western blotting. One 

representative of two western blots is shown. α-Tubulin was used as loading control. (Figure 

adapted from (117)) 

3.4.3. Protein levels of Fra2 are decreased upon effective anti-

inflammatory treatment 

As AP-1/Fra2 is a potent inflammation induced transcription factor that can be 

downstream of several pro-inflammatory cytokines, such as IL-13, we measured the 

amount of Fra2 in the lung homogenates of Fra2 TG mice, after successful anti-
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inflammatory treatment using IL-13 neutralizing antibodies or the glucocorticosteroid 

budesonide.  

In Fra2 TG mice, ectopic expression of Fra2 was observed by increased band 

thickness and the appearance of higher molecular weight bands, indicating 

increased phosphorylation of Fra2 (Figure 63A, B). Interestingly, Fra2 levels 

decreased after blockade of IL-13 as well as treatment with budesonide (Figure 63A, 

B).  

 

Figure 63: Anti-inflammatory treatment decreases Fra2 protein levels in Fra2 TG mice. 

Western blot analysis of Fra2 in lung homogenates of A) WT mice and Fra2 TG mice treated 

with isotype control (IgG) or anti-IL-13 antibodies (aIL-13); or B) WT mice and Fra2 TG mice 

with or without budesonide (Bude) treatment. For B) one representative of two western blots 

is shown. α-Tubulin served as a loading control. (Figure adapted from (117))  

These results indicate that the increased total amount of Fra2 protein in these mice 

is not only due to the ectopic overexpression of Fra2 but is also influenced by the 

increased inflammation in the lungs of these mice.  
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4. Discussion 

4.1. Fra2 overexpressing mice as a model of Systemic sclerosis-

associated interstitial lung disease and pulmonary hypertension 

Pulmonary complications can manifest as pulmonary fibrosis in the parenchyma and 

in the vasculature as pulmonary hypertension (PH). These complications are the 

leading cause of mortality in patients with SSc (137). It was shown that ectopic 

overexpression of the AP-1 transcription factor family member Fra2 in the mouse 

leads to fibrotic changes of the skin and to pulmonary structural changes similar to 

those observed in SSc patients, such as vascular remodelling to the point of 

pulmonary arterial occlusion, aberrant ECM deposition with fibrosis, and 

inflammation (16, 42, 138). These structural changes manifest in severe functional 

impairment, characterized by restrictive lung function and elevated pulmonary 

pressure, as can be seen in SSc patients, making Fra-2 TG mice a valuable tool to 

investigate pathophysiological aspects of lung involvement in SSc and to perform 

pre-clinical proof-of-concept studies.  

However, the time-dependency of the Fra2-induced phenotype has been 

overlooked in most studies published in the last years. The detailed assessment of 

the time-dependent phenotype conducted in this study showed that restrictive lung 

function can only be observed in late stages of the disease, in mice <20 weeks of 

age, whereas in younger mice increased pulmonary compliance was observed. 

Although no obvious developmental defect in lung morphology was originally 

described for Fra2 TG mice younger than 12 weeks (42), follow-up studies reported 

that Fra2 overexpression specifically in α-Sma expressing smooth muscle cells and 

myofibroblasts impaired myofibroblast function and led to reduced secondary 

septae formation with alveolar enlargement and emphysema-like phenotype (139). 

The increase of pulmonary compliance in younger mice (8-16 weeks) observed in 

this study might therefore be a consequence of this developmental defect of 

myofibroblast function which are crucial for alveolar septation. We further showed 

that changes in the vasculature can already be observed at 8 weeks of age, prior to 

any apparent changes of lung histology. This observation is in line with previous 

studies showing elevated right ventricular pressure, indicating pulmonary 

hypertension, at 8 weeks of age (16). In summary, we here described a complex 
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pulmonary phenotype starting with vascular remodelling at 8 weeks of age, 

progressive inflammation starting around week 8-12 (16) and culminating in the 

development of pulmonary fibrosis with restrictive lung function in mice 20-weeks of 

age and older. However, the severity of the disease can also depend on the genetic 

background of the mice and the cleanliness of the animal facility as it might influence 

the progression of the disease. Further, the most severe fibrosis in Fra2 TG mice 

can be observed in skin and lung (26, 42), two organs which are constantly exposed 

to the microbiome and exogenous stimuli. This indicates that the development of 

pulmonary disease in Fra2 TG mice is influenced by environmental factors 

stimulating the immune system and enhancing inflammation. Regulatory 

mechanisms which normally take place and limit inflammation to achieve necessary 

immune tolerance in those organs might be overwritten by the Fra2-induced pro-

inflammatory phenotype thereby leading to aberrant inflammation and pro-fibrotic 

processes. These mice could therefore be a good model to investigate acute 

exacerbations following subclinical doses of lung pathogens.  

To date it is uncertain which factors are responsible for the pulmonary remodelling 

in SSc patients. Fra2 TG mice have increasingly been used as a model for SSc-

associated pulmonary fibrosis and hypertension (140), however a detailed 

investigation of the time-dependency of its pulmonary phenotype and the 

involvement of specific inflammatory mediators was missing. We here show that 

Fra2 TG mice recapitulate several aspects of human disease, including upregulation 

of inflammatory mediators IL-1, IL-6, the Th2 cytokines IL-4 and IL-13 (117) and 

chemokines such as Ccl2/MCP-1, and accumulation of immune cells such as B-

cells, T-cells and eosinophils in the BAL fluid as well as in the lung tissue (117). The 

systemic inflammatory state in Fra2 TG mice is not due to the overexpression of 

Fra2 in bone marrow-derived cells, as shown by Eferl et al, by applying bone marrow 

reconstitution experiments with TG/WT cells (42). However, it was recently 

published that Fra2 overexpression in osteoblasts alone is sufficient to induce a 

systemic pro-inflammatory state, that might drive the disease and manifests 

predominately in the lung (41). One further similarity to human disease in Fra2 TG 

mice are elevated levels of matrix metalloproteinase (MMP)-12. MMP-12 is 

increased in remodelled lung tissue compared to areas of preserved normal lung 

structure and it correlates with ILD and clinical features of SSc in skin and lung 
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(123). It was shown to be critically involved in the pathomechanisms of altered 

vasculature in SSc by inhibiting endothelial urokinase (141, 142). The early 

upregulation observed in Fra2 TG mice might indicate its involvement in the 

vasculopathy of the phenotype which is observed much earlier than the fibrotic 

aspect in Fra2 TG mice. 

In some respects, the Fra2-induced phenotype of the mice differs from human 

disease. For example, the classical pro-fibrotic factor TGFβ which is critically 

involved in the formation of myofibroblasts and collagen production in SSc is not 

elevated in Fra2 TG mice. However, it was reported that TGFβ signalling is 

increased in the lung of these mice and that it plays a critical role in the vasculopathy 

(143). The TGFβ superfamily pathway includes several cytokines, including bone 

morphogenetic proteins (BMP), and receptors which are crucially involved in 

embryonic development, adult tissue homeostasis and in the pathogenesis of 

various diseases. Signalling is highly complex as receptors and ligands can interact 

and cross-react thereby antagonising each other to varying degrees and further also 

cross-react with other signalling pathways (reviewed in (144)). Global TGFβ 

blockade in Fra2 TG mice ameliorated vascular remodelling and smooth muscle 

thickening, but did not affect pulmonary fibrosis and even had adverse effects 

regarding inflammation (143). However, smooth muscle cell specific deletion of the 

receptor TGFβR2 decreased the smooth muscle cell expansion without affecting 

inflammation, indicating that TGFβ signalling in smooth muscle cells directly 

contributes to vascular remodelling in Fra2 TG mice. While TGFβ levels were not 

altered in Fra2 TG mice, Bmpr2 (BMP receptor 2) levels were decreased (143). 

BMPR2 is an important antagonist of TGFβ signalling and mutations of it are the 

most frequent cause of familial or idiopathic PAH (145). In Fra2 TG mice, the 

amplified TGFβ signalling might therefore be due to the lack of this antagonistic 

signal rather than due to increase of TGFβ itself (143). 

 

4.2. Development of asthma in Fra2 TG mice 

The inflammatory profile of Fra2 TG mice not only closely resembles the changes 

observed in SSc patients, but also indicates a Th2-predominant, eosinophilic 

inflammation which can be observed in patients with allergic asthma.  Asthma is a 
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chronic lung disease that affects over 300 million people worldwide (104). Here 

airway remodelling manifests as mucus cell metaplasia, smooth muscle thickening 

and sub-epithelial fibrosis, which gives rise to airway obstruction and AHR. The most 

common form of asthmatic airway disease is atopic (extrinsic) asthma, which is 

driven by a Th2 allergic response (105). Elevated levels of eosinophils, T-cells and 

the Th2 cytokines, interleukin (IL)-4, IL-5 and IL-13, cause remodelling and 

bronchoconstriction (106), and aberrant mucus production (107). Asthma manifests 

in symptoms such as wheezing, coughing or dyspnoea. We aimed to investigate 

whether the inflammatory changes observed in Fra2 TG mice lead to airway 

remodelling and hyperresponsiveness (AHR) as seen in asthmatic patients. To this 

end, we investigated the asthmatic phenotype of Fra2 TG mice at an early age (16 

weeks of age), prior to the development of any apparent lung fibrosis. 

4.2.1. Fra2 as a new model of non-allergic asthma 

Investigation into the underlying mechanisms of asthma pathogenesis often relies 

on animal models, which also form the foundation of early pre-clinical testing. As 

mice do not spontaneously develop asthma, an asthmatic phenotype must first be 

induced (146). Several different protocols exist that induce acute allergic airway 

inflammation in mice. These traditionally use intraperitoneal sensitisation of an 

allergen (typically ovalbumin) and the adjuvant alum to promote the development of 

a Th2-driven immunological response (146, 147). Several adjuvant free mouse 

models exist including sub-cutaneous ovalbumin sensitisation (148) or direct 

exposure of the lung to house dust mite, aspergillus or cockroach aeroallergens 

(149-151). All these models rely on the application of an exogenous allergen to 

induce acute allergic airway inflammation. Generally, these models imitate early-

onset asthma, which is allergy-induced and associated with elevated IgE levels, Th2 

cytokines and responds well to treatment with corticosteroids. In addition to 

eosinophilic/Th2-driven allergic asthma several other subtypes of asthma have 

been described, including neutrophil-predominant or mixed eosinophilic/neutrophilic 

subtypes, which often do not respond to classical glucocorticosteroid treatment 

(152). These subtypes are however not well-represented regarding animal models. 

We here have shown that Fra2 TG mice develop an asthmatic phenotype which is 

severe, possesses key hallmarks of asthma and is independent of any additional 

allergen challenge (published in (117)). It might therefore be more representative 
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for non-allergic, late-onset asthma which often poorly benefits from glucocorticoid 

treatment. 

4.2.2. The influence of Fra2 on airway remodelling 

Despite their prominent role in cellular differentiation, proliferation and inflammation, 

little is known about which AP-1 subunits contribute to the pathogenesis of asthma. 

Bronchial fibroblasts from asthmatic patients have increased AP-1 binding to the 

DNA compared to non-asthmatic controls (153). Furthermore, inhibition of AP-1 via 

decoy oligonucleotides has been shown to attenuate OVA-induced experimental 

asthma (109), however, the contribution of individual AP-1 subunits in the 

development of asthma is still unclear and studies examining specific subunits are 

rare. While c-fos was shown to be elevated in OVA-induced asthmatic rats (110), 

and in bronchial biopsies from asthmatic patients (108), JunB was described as an 

important factor in Th2 cell differentiation and the production of Th2 cytokines (154). 

In this study we describe Fra2 as novel factor integrating several features of 

asthmatic airway disease: It not only influences the immune system leading to a Th2 

driven inflammation, but is also directly involved in the regulation of genes important 

for airway remodelling and mucus production and secretion (25, 117).  

Mucus production in the airways is controlled on several levels. It can be increased 

via upregulation of MUC genes or as a secondary effect of goblet cell 

hyperplasia/metaplasia and the enhanced secretion of stored mucin (155). We 

demonstrate that Fra2 upregulates mucus hypersecretion on several different levels 

(117): First, the production of mucins (MUC5AC) was increased; second, genes 

necessary for the correct secretion and hydration of newly synthesized mucus such 

as Clca1 (156) were increasingly expressed; and third, transcription factors initiating 

goblet cell differentiation, e.g. Foxa3 (132), were elevated. Fra2 TG mice also had 

more collagen around the airways, possible due to the fact that Fra2 increases 

Col1a1 and Col1a2 expression (26, 157) and increased proliferation of smooth 

muscle cells, leading to thickened airway smooth muscle. In summary, Fra2 

overexpression leads to airway remodelling by influencing structure and cellular 

behaviour on multiple levels.  
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4.2.3. Fra2 as an inducer of Th2 inflammation 

Increased IL-4 expression in Fra2 TG mice was described in the original publication 

by Eferl and colleagues (42), however the following studies investigated mainly the 

vascular manifestations and fibrosis development in skin and lung of older Fra2 TG 

mice (16, 138, 158). In this study we conducted a detailed time-dependent 

assessment of inflammation in the lungs of Fra2 TG mice. The predominant cell-

type involved in Fra2 induced inflammation was eosinophils, together with a Th2 

predominant inflammation and highly elevated levels of the effector cytokine IL-13. 

Neutralising IL-13 diminished the IL-13 levels in the BALF and lung, led to 

decreased phosphorylation of STAT6, reduced eotaxin expression and eosinophil 

recruitment, highlighting the crucial role of IL-13 in these processes (159, 160). 

While IL-13 levels in lung homogenate and BALF decreased after administration of 

IL-13 blocking antibodies, plasma IL-13 levels significantly increased compared to 

WT and untreated TG mice. This increase may indicate reduced clearance through 

internalisation of circulating IL-13 as reported by Kasaian et al. Here the authors 

state that antibodies directed against IL-13 can have different effects on total IL-13 

levels, depending on the targeted epitope and therefore its clearance (134). 

Furthermore, goblet cell hyperplasia and mucus production were strongly declined 

by IL-13 inhibition. However, peribronchial collagen thickness was unaltered, further 

indicating that Fra2 directly influences collagen production. Some structural and 

morphological changes in the Fra2 TG mouse model may therefore be independent 

of IL-13, but rather a direct effect of Fra2 overexpression.  Nevertheless, we cannot 

fully exclude that IL-13 neutralisation was incomplete due to duration or dose of 

treatment.  

While blockade of IL-13 signalling decreased the recruitment of eosinophils and T-

cells, the numbers of neutrophils and IL-17 levels were elevated. It was previously 

reported that anti-IL-13 therapy led to increased neutrophilia in the airways of mice 

sensitized with ovalbumin and ambient particulate matter (161). These effects might 

be due to the negative regulation of IL-13 on IL-17 production by Th17 cells (133). 

Neutralising IL-13 might therefore not only have positive effects, but might induce a 

shift towards Th17 and neutrophil predominant inflammation, as observed in this 

study. Such observations highlight the importance to choose appropriate treatment 

strategies for specific disease subtypes, as the described mechanisms might lead 
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to severe adverse effects in patients with mixed eosinophilic/neutrophilic airway 

disease.  

General anti-inflammatory treatment using the glucocorticoid budesonide partially 

reversed the Fra2 induced asthmatic phenotype. Recruitment of inflammatory cells 

to the lungs of Fra2 TG mice was significantly diminished and budesonide further 

decreased airway smooth muscle thickness. Several mechanisms could explain 

these positive effects. First, direct interaction of the glucocorticoid receptor (GR) 

with AP-1/Fra2 could inhibit AP-1 activity (162). Second, accelerated turnover and 

degradation of Fra2, as seen by diminished Fra2 protein levels following treatment 

with budesonide. Third, downstream effects of AP-1/Fra2 could be blocked by GR 

interaction with other pro-inflammatory transcription factors, such as NF-κB, or 

induction of anti-inflammatory genes by the activated GR (163). However, the Fra2 

phenotype could only be partially rescued by treatment with budesonide. Abnormal 

interaction of GR with AP-1 has been assumed to be a cause for steroid refractory 

asthma (112). Fra2 overexpression and the consequent change in AP-1 complex 

composition might therefore decrease the binding affinity to the GR and 

subsequently explain the incomplete restoration of the Fra2-induced phenotype as 

well as the steroid-insensitivity in some asthma patients.  

 

4.3. AP-1/Fra2 as therapeutic target 

Anti-inflammatory treatment using both IL-13 neutralizing antibodies and 

glucocorticoids partially decreased protein levels of Fra2 in the lungs of Fra2 TG 

mice, indicating that some amount of Fra2 protein is not due to the ectopic 

overexpression, but to the endogenous expression induced by pro-inflammatory 

stimuli such as IL13 (17). The progressive and irreversible phenotype of Fra2 TG 

mice might be the result of a vicious cycle caused by the presence of Fra2, triggering 

pro-inflammatory cytokines which in turn again stimulate Fra2 expression and 

activation. The constant presence of Fra2 due to the ectopic overexpression could 

therefore interfere with normal resolution of inflammation.  

Fra2/AP-1, due to its global and broad effects on diverse cell and tissue types may 

have important implications in many inflammatory driven diseases. Therapeutic 

targeting of AP-1/Fra2 might therefore be a useful possibility to treat unrestrained 
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inflammatory processes. Inhibition of AP-1 can be achieved through interaction with 

nuclear receptors such as the glucocorticoid receptor (162) or the oestrogen 

receptor (164) as part of their anti-inflammatory properties. But due to the broad 

impact of targeting nuclear receptors and the included adverse effects, it might be 

of great interest in lung diseases to specifically target AP-1 subunits to achieve 

better and more targeted therapy. Several studies already reported the feasibility of 

targeting AP-1. For example, inhibition of the transcriptional activity of redox-

regulated AP-1 in an OVA-induced asthma model led to decreased inflammation 

and ameliorated the asthmatic phenotype (111). Treatment with decoy nucleotides 

specifically interfering with AP-1 DNA binding attenuated the OVA-induced 

asthmatic phenotype and improved airway hyperresponsiveness, mucus production 

and production of Th2 cytokines (109). Furthermore, using a selective small 

molecular inhibitor of AP-1, dermal fibrosis could be abrogated in two mouse models 

of SSc (165). Blockade of AP-1 transcriptional activity could therefore be a beneficial 

therapeutic option in the treatment of systemic sclerosis as well as asthmatic airway 

disease and might prove effective by targeting several disease pathomechanisms 

such as inflammation, remodelling and excessive mucus production in the airways.  

Furthermore, Fra2 TG mice might provide a valuable new tool to investigate the 

pathomechanisms of allergen- or viral induced asthma exacerbations. These 

exacerbations are a common response to viral infections or allergen exposure, 

leading to abnormal airway inflammation and resulting in increased hospitalisations 

and health care costs (166). Mechanisms underlying these exacerbations are not 

yet well studied. Here Fra2 TG mice could serve as a new tool to investigate 

allergen- or viral-induced exacerbations.  

In summary, we have shown that the AP-1 transcription factor family member Fra2 

acts strongly pro-inflammatory, leading to a prominent Th2 driven inflammation in 

the lungs of mice culminating in the development of severe pulmonary fibrosis and 

restrictive lung function. Additionally, we have shown that without the need for 

additional allergen challenge, Fra2 TG mice developed severe airway disease 

including airway remodelling and declined lung function with AHR. This phenotype 

could only partially be reversed by blocking IL-13 signalling or by anti-inflammatory 

treatment with glucocorticoids, suggesting that morphological and functional 

changes were due to a combination of direct Fra2 overexpression and IL-13 
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pathway activation. However, further investigations are needed to clarify the role of 

Fra2 in other animal models of experimental asthma and in human airway disease. 
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