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1 INTRODUCTION 

1.1 The liver 

The liver is a complex and multifunctional organ. More than 30% of the body’s total 

blood volume passes through the liver per minute (Sheth and Bankey, 2001). It 

efficiently regulates the lipid household, biotransforms and metabolizes drugs, breaks 

down and stores nutrients, and synthesizes proteins (Tannapfel and Klöppel, 2020). 

These numerous functions play a pivotal role for the human organism. Given the vast 

variety of hepatic functions, it becomes clear how severe the implications of hepatic 

diseases and consequential hepatic malfunction, or even hepatic failure, are (Bosoi 

and Rose, 2013; Ginès and Schrier, 2009; Helmy et al., 2000; Jalan et al., 2012).  

1.1.1 Anatomy and histology of the liver 

The liver locates in the upper peritoneal cave, made up of two lobes and eight 

segments. Liver tissue consists of a range of different parenchymal and non-

parenchymal cell types. The parenchymal fraction of hepatic cells are hepatocytes; 

hepatic stellate cells (HSCs) (or Ito-cells), Kupffer cells (KCs), liver sinusoidal 

endothelial cells (LSECs), hepatic lymphocytes (HLs), dendritic cells (DCs), and biliary 

cells (BCs) built the non-parenchymal fraction of hepatic cells. 60-80% of the liver's 

total cell population are hepatocytes, with 20-40% non-parenchymal cells(Racanelli 

and Rehermann, 2006). The liver has a unique dual blood supply receiving oxygen-

rich blood from the hepatic artery and nutrient-rich blood from the portal vein (DeLeve, 

2011). Together with the outflowing biliary duct, the hepatic artery and the portal vein 

flow into the liver in the hepatic portal. This trias can be traced up into the small 

organizational unit of the liver - the hepatic lobule. Each lobule has a hexagonal 

architecture with a central vein (CV) in its center and periportal triads at the corners 

(Figure 1A). Portal triads are also called Glisson trias: a small branch of the hepatic 

artery, the portal vein, and a biliary canaliculus. From the Glisson trias, arteriovenous 

blood flows through the liver sinusoids towards the central vein (Figure 1B). A layer of 

hepatocytes frames each liver sinusoid. The liver sinusoids are formed by LSECs, 

highly specialized and fenestrated endothelial cells that built the barrier between 

sinusoids and the space of Disse (Maslak et al., 2015). 
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Figure 1 - Organization of the liver 
Overview of the liver’s microanatomical architecture. (A) The hexagonal liver lobule is divided into 
three zones, with the periportal triads at the borders and the central vein in the lobule’s center. 
Mixed arteriovenous blood from the hepatic artery and the portal vein flows from the periportal 
triads towards the central vein; bile flows opposite. (B) Sinusoids are formed by LSECs and 
surrounded by layers of hepatocytes that also frame the minor ductal units for bile transport (the 
canaliculus) towards the bile ducts. Hepatic stellate cells and Kupffer cells sit within the space of 
Disse or between LSECs at the edge of a sinusoid. Liver functions and processes vary from zone 
to zone due to different oxygen and nutrient levels. Reprinted with permission from (Trefts et al., 
2017).  
LSECs: liver sinusoidal endothelial cells 

The space of Disse is a perivascular niche located between each sinusoid and the 

surrounding hepatocytes and contains a variety of cells, including hepatic stellate cells, 

Kupffer cells, and hepatic lymphocytes. These various cell types are embedded into 

the liver’s extracellular matrix (ECM) that scaffolds the space of Disse. The ECM’s 

complex composition consists of different types of collagens (especially collagen IV), 

secreted proteins, proteoglycans, glycosaminoglycans (hyaluronan), and 

glycoproteins (Geerts, 2001). This precisely structured and balanced environment 

directs the different cells’ positional specialization, development, and migration and 
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drives wound healing and tissue regeneration (Schuppan et al., 2001; Stamenkovic, 

2003). In healthy liver condition, the total ECM weight measures only about 0.5% of 

the organ’s total weight (Rojkind et al., 1979). The close positional relation and, 

thereby, the interaction between parenchymal and non-parenchymal hepatic cells is 

the basis of the ECMs composition. In general, it builds the functional framework for 

physiological and pathophysiological mechanisms in liver function and disease. In a 

hepatological, clinical context, HSCs stand out among the non-parenchymal cells with 

their well-recognized role in liver fibrosis. 
 

1.1.2 Hepatic stellate cells 

First described by German anatomist Karl Wilhelm von Kupffer in 1876 as perivascular 

cells of the connective tissue (Pinzani and Gandhi, 2015), HSCs gained more and 

more attention over the last centuries over their increasingly understood and regarded 

role as critical agents in chronic liver diseases, especially fibrosis. HSCs are non-

parenchymal resident liver cells and make up roughly 10% of the liver’s non-

parenchymal cells (Giampieri et al., 1981; Wake, 1971; Yin et al., 2013). Remarkably 

only 1.5% of total liver mass is composed of HSCs – a relatively low percentage 

considering the cells’ vital role in organ homeostasis and their crucial importance for 

fibrotic mechanisms (Puche et al., 2013). In healthy livers, HSCs are in a quiescent 

and inactivated state. However, acute or chronic liver injury initiates hepatic stellate 

cell activation, with HSCs undergoing transdifferentiation into a proliferatory, 

myofibroblast-like state (Friedman et al., 1985; Mederacke et al., 2013). To understand 

the central role of HSCs in the creation and progression of liver fibrosis, it is of the 

essence to first envision their physiological characteristics and functions to then 

understand the morphological and pathophysiological changes in activated HSCs that 

contribute to fibrosis. 

HSCs are mesenchymal cells (Asahina et al., 2009), likely to be embryologically 

originating from the septum transversum mesenchyme (STM) (Asahina et al., 2011).  

Different morphological features are typical for HSCs. Their eponymous stellate or star-

shaped cytoplasmatic processes are easily detectable under a light microscope. Their 

most characteristic feature is the high cytoplasmatic lipid level. Hepatic stellate cells 

typically contain many circular-shaped vacuoles, storing vitamin A within the HSCs’ 

cytoplasm and being responsible for the characteristic autofluorescence of HSCs 
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(Friedman et al., 1992; Shang et al., 2018). The high lipid content of HSCs facilitates 

their microscopic detection under specific wavelengths (Lua et al., 2016) and the 

density-based isolation of the cells (Friedman and Roll, 1987). The somewhat poorly 

developed smooth endoplasmatic reticulum suggests that the cytoplasmatic lipids are 

not synthesized by the HSCs themselves but endocytosed from the sinusoids (Wake, 

1971). HSCs have a well-developed rough endoplasmatic reticulum and Golgi 

apparatus, indicating their strong ability to synthesize and secrete proteins. HSCs 

express a variety of nuclear transcription factor receptors such as farnesoid X receptor 

(FXR), peroxisome proliferator-activated receptors (PPARs), or liver X receptor (LXR) 

that ensure HSC quiescence by suppression of activatory pathways (Tsuchida and 

Friedman, 2017). For example, in quiescent HSCs, PPARɣ downregulates the 

expression of transforming growth factor – ß (TGF-ß), Collagen I and alpha smooth 

muscle actin (ɑSMA) (Hazra et al., 2004). Besides these characteristic morphological 

features of HSCs, there are various molecular markers for quiescent and activated 

HSCs facilitating the precise identification of HSCs. Many studies have described 

Desmin (Yokoi et al., 1984), glial fibrillary acidic protein (GFAP) (Gard et al., 1985), 

and platelet-derived growth factor receptor ß (PDGFR-ß) (Heldin et al., 1991; Pinzani 

et al., 1994) among others to be typical markers for quiescent HSCs. Distinct features 

and markers for activated HSCs will be discussed in chapter 1.2 liver fibrosis. 

In a healthy liver, quiescent HSCs fulfill a variety of functions. The retinoid storing cells 

contain more than 80% of the body’s total vitamin A (Hendriks et al., 1985). Along with 

LSECs, Kupffer cells and hepatocytes, HSCs play a decisive role in maintaining ECM 

homeostasis in the space of Disse (Puche et al., 2013) by secreting not only ECM 

components such as collagens but also matrix metalloproteinases. These proteinases 

are crucial for balancing ECM production and degradation (Arthur et al., 1989; Knittel 

et al., 1999; Stamenkovic, 2003). Furthermore, HSCs release various mediators that 

affect surrounding cells in a paracrine manner. For example, HSCs synthesize and 

release vascular endothelial growth factor (VEGF) and hepatocyte growth factor 

(HGF). With HGF being the most potent mitogen for hepatocytes (Schirmacher et al., 

1992) and VEGF’s crucial role in vasculo- and angiogenesis(Apte et al., 2019), the 

pivotal role of hepatic stellate cells for liver homeostasis and regeneration becomes 

clear (Puche et al., 2013).  
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Acute or chronic liver injury can initiate hepatic stellate cell activation, with HSCs 

undergoing transdifferentiation into a proliferatory, myofibroblast-like state (Friedman 

et al., 1985; Mederacke et al., 2013). To understand the activation process of HSCs 

and the dynamic morphological and pathophysiological changes the cells undergo, 

several protocols for murine HSC isolation and subsequent culturing have been 

developed (Friedman et al., 1985; Mederacke et al., 2015; Weiskirchen et al., 2017). 

Cultivating isolated primary murine hepatic stellate cells was observed to sufficiently 

activate hepatic stellate cells and initiate transdifferentiation towards a proliferative and 

myofibroblast phenotype (De Minicis et al., 2007). Hence, the cultivation of isolated 

HSCs is regarded as an appropriate ex vivo model to simulate profibrotic processes 

and liver fibrosis. 

1.2 Liver fibrosis 

Liver fibrosis is a pathological remodeling process of liver tissue. It results from chronic 

liver inflammation and injury caused by virus hepatitis, metabolic disorders, abusive 

alcohol consumption or biliary obstruction, and the subsequent wound healing 

response by the liver (Kisseleva and Brenner, 2021). Liver fibrosis is characterized by 

excessive secretion of extracellular matrix resulting in replacement of liver tissue by 

scar tissue (Friedman, 2003). Progressing liver fibrosis can ultimately lead to liver 

cirrhosis, resulting in hepatic decompensation, liver failure, and hepatocellular 

carcinoma. Patients with decompensated cirrhosis have a 5-year mortality of 50% 

(Fattovich et al., 1997), and nowadays, chronic liver diseases account for more than 2 

million deaths per year, making chronic liver diseases a global and significant health 

challenge to hepatologists and doctors in general (Asrani et al., 2019).  

1.2.1 Pathogenesis of liver fibrosis 

While the fibrosis’ etiology differs from patient to patient and is distinct, etiology specific 

fibrotic patterns are known (Pinzani and Macias-Barragan, 2010), central 

pathophysiological and molecular mechanisms of fibrosis development are regarded 

to be the same (Kisseleva and Brenner, 2021):  An overshooting hepatic response to 

injury and inflammation leads to massive ECM deposition by myofibroblastic cells 

forming a fibrotic scar. Fate trace analysis proved HSCs to be the primary source of 

hepatic myofibroblasts - upon activation, they transdifferentiate out of quiescent HSCs 

(Mederacke et al., 2013).  
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Chronic injuring noxae such as vast amounts of lipids, ethanol, viral particles, or iron 

amplify the production of reactive oxygen species, trigger hepatocyte damage and 

cause damage to the sinusoidal-endothelial barrier (Friedman, 2008; Sánchez-Valle et 

al., 2012). In response, damaged, apoptotic, and, above all, necrotic hepatocytes 

induce the transdifferentiation of quiescent hepatic stellate cells into myofibroblasts by 

the secretion of danger or damage-associated molecular patterns (DAMPS, Figure 2) 

(Mihm, 2018; Roehlen et al., 2020). Besides the hepatocyte-mediated HSC activation, 

various cell types, cytokines and pathways contribute to the activation of HSCs. 

Activated, proliferative and contractile HSCs start secreting vast amounts of 

extracellular matrix such as collagen I and III, contribute to altered matrix degradation, 

thereby recomposing the finely balanced hepatic ECM structure and thus disturbing 

the homeostasis between sinusoidal endothelium, non-parenchymal cells in the space 

of Disse and the parenchymal hepatocytes (Figure 2) (Roehlen et al., 2020). The 

imbalanced ECM composition causes LSECs to initiate sinusoidal capillarization - 

LSEC’s form a basement membrane, which causes a loss of sinusoidal fenestration. 

Thereby nutrient exchange with and oxygen supply of the space of Disse and the 

surrounding hepatocytes is impaired (Dewidar et al., 2019). Hypoxia and lack of 

nutrients subsequently further trigger hepatocyte damage and HSCs activation 

(Rosmorduc and Housset, 2010). After initial activation of HSCs’, going in hand with a 

changing phenotype, various intra- and extracellular stimuli perpetuate the activation 

of hepatic stellate cells and promote the fibrotic remodeling (Tsuchida and Friedman, 

2017).  
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Figure 2 - Mechanistic concepts of liver fibrosis 
Hepatocytes secret DAMPs and apoptotic bodies following hepatic injury. These activate quiescent 
HSCs into a myofibroblast phenotype. Mutual stimulation by Kupffer cells perpetuates the activated 
state of HSCs. These activated HSCs secrete massive amounts of ECM, and together with Kupffer 
cell-secreted chemokines, monocytes and T-cells are recruited. These immunological cells further 
perpetuate HSC activation and amplify the inflammatory process in the space of Disse.  Reprinted 
with permission from (Roehlen et al., 2020). 
ECM: extracellular matrix; HSCs: hepatic stellate cells 

Continuous ECM secretion by activated HSCs causes increasing disturbance to the 

liver’s homeostasis, sinusoidal structures, the structural balance of the space Disse, 

and the parenchyma’s functionality. In the further course, deposited ECM forms a 

growing fibrotic scar. Scar-like connective tissue infiltrates in periportal areas and 

replaces a growing share of liver tissue (Ferrell, 2000). Eventually, these liver fibrosis 

induced pathological changes in hepatic microarchitecture progress into synthetic 

insufficiency, hemodynamic obstruction (portal hypertension), and metabolic 

hypofunction (Bataller and Brenner, 2005). As already described, hepatic stellate cells 

play a pivotal role in this development and progression of fibrosis, making them one of 

the critical targets for fibrosis inhibition and treatment. 

1.2.2 Hepatic stellate cells and liver fibrosis 

Before the 1970’s hepatic stellate cells were mainly considered the liver’s Vitamin A 

storing compartment and their role in the body’s retinoid metabolism (Pinzani and 
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Gandhi, 2015; Wake, 1971). Only in the late 1970s and early 1980s did first research 

groups recognize hepatic stellate cells’ transitional potential going in hand with the 

secretory and proliferatory activity of HSCs (Pinzani and Gandhi, 2015).  As described, 

the activation of HSCs by externally secreted stimuli and the perpetuation of the 

activated state of HSCs is laying the fundament to the long-term development of 

fibrosis. The widely regarded mechanisms underlying these two steps will now be 

elucidated further.  

To understand the exact cascade of HSC’s contribution to liver fibrosis development, 

one can subdivide the life cycle of hepatic stellate cells in fibrosis into three stages: 

HSC activation, perpetuation, and eventual regression (Figure 3) (Hasegawa et al., 

2015). As mentioned, HSCs are activated by multiple factors. External stimuli secreted 

by injured and activated cells like hepatocytes, LSECs, Kupffer cells, and hepatic 

monocytes, along with ECM bound mediators, trigger HSC activation. Infiltrating 

immune cells, further secretion of extracellular stimuli and intracellular signaling 

perpetuates the activation of HSCs. Upon eventual removal of noxae and injuring 

stimuli, activated HSCs might resolute and either reverse into quiescent-like HSCs or 

go into apoptosis.  

Activation and perpetuation of hepatic stellate cells 

HSCs lose their cytoplasmatic retinoid vacuoles upon activation, change their surface 

receptor composition, upregulate profibrotic genes, and start secreting inflammatory 

chemokines and excess ECM. Among many different secreted fibrogenic and 

proliferative cytokines triggering HSC activation, TGF-ß, PDGF and CTGF stand out 

(Tsuchida and Friedman, 2017). With its multitude of effects in fibrosis, TGF-ß is 

considered the central fibrogenic mediator, which is why some also refer to TGF-ß as 

‘the master profibrogenic cytokine’ (Chang and Li, 2020; Dewidar et al., 2019). TGF-ß 

in its latent form is apparent and retained in the ECM. Upon activation of the latent 

TGF-ß complex, TGF-ß binds to TGF-ß receptor II (Tß-RII), for example, on hepatic 

stellate cells. The binding of TGF-ß to Tß-RII induces the recruitment of TGF-ß 

receptor I (Tß-RI), and consequentially Tß-RII phosphorylates Tß-RI (Huse et al., 

1999). Upon phosphorylation, Tß-RI acts as a kinase and activates SMAD2/3 through 

phosphorylation (Heldin and Moustakas, 2016; Ruiz-Ortega et al., 2007). When 

activated, SMAD2/3 dissociate from Tß-RI immediately after phosphorylation and form 

a complex with SMAD4. The SMAD complex then translocates into the nucleus and 
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acts as a transcriptional regulator (Derynck and Budi Erine, 2019; Dewidar et al., 

2019). Even though there also exist SMAD independent cascades of TGF-ß signaling, 

SMADs are widely regarded as the primary effector in TGF-ß signaling, transducing 

ligand binding on TGF-ß receptors into transcriptional upregulation or inhibition of TGF-

ß related target genes (Hill, 2016; Kitamura and Ninomiya, 2003; Massagué, 2012).  

In activated myofibroblasts, SMADs directly induce the transcription of TGF-ß target 

genes Acta2 (ɑSMA), Tagln (SM22), PAI-1, and CTGF (Duncan et al., 1999; Hu et al., 

2003; Leyland et al., 1996; Liu et al., 2013; Lund et al., 1987; Shafer and Towler, 2009) 

and directly and indirectly influence upregulation of fibrogenic COL1 (Collagen I) for 

example via interaction with the hippo signaling pathway (Carthy, 2018). As S100 

calcium-binding protein A 6 (S100A6) is highly expressed by hepatic myofibroblasts, 

while little or no expression of S100A6 is found in quiescent HSCs, it serves as an 

excellent further marker for transdifferentiation and activation of HSCs (Krenkel et al., 

2019). The upregulation of these target genes is the transcriptional correlate to a 

variety of functional and phenotypical aspects that characterize the activated state of 

HSCs and can be ascribed to their transdifferentiation into myofibroblast (Figure 3). 

The described markers can be linked with certain functional aspects of profibrotic 

myofibroblasts, such as proliferation, contractility, fibrogenesis, altered matrix 

degradation, chemotaxis, and inflammatory signaling (Figure 3). These features 

worsen fibrosis and progression into liver cirrhosis in the long term. The exact role of 

fibrosis marker genes and proteins in HSC derived, activated myofibroblasts will be 

discussed in the following. 

 



INTRODUCTION 

 17 

 
Figure 3 - Functions, features, and phenotypes of HSCs following activation 
Liver injury initiates the transdifferentiation of quiescent hepatic stellate cells (HSCs) to their 
activated phenotype. Perpetuation follows, characterized by specific phenotypic changes including 
proliferation, contractility, fibrogenesis, altered matrix degradation, chemotaxis, and inflammatory 
signaling. During the resolution of hepatic fibrosis, activated HSCs can be cleared by apoptosis or 
reversion to an inactivated phenotype (Tsuchida and Friedman, 2017). Reprinted with permission 
from (Tsuchida and Friedman, 2017). 
 

Functional characteristics of activated hepatic stellate cells 

Increased contractility of activated HSCs contributes to the progression of liver fibrosis 

by constricting hepatic sinusoids (Racine-Samson et al., 1997; Reynaert et al., 2002). 

Increased contractility of cells is evoked by a contractile cytoskeletal architecture 

composed of myosin and actin. By expressing myosin and ɑSMA upon activation, 

HSCs acquire a contractile phenotype (Saab et al., 2002). Above that, the balance 

between the most potent contractile mediator endothelin 1 (ET-1) (Racine-Samson et 

al., 1997) and its relaxing counterpart nitric oxid (NO) (synthesized by quiescent HSCs 

ensuring relaxation) is imbalanced towards overproduction of ET-1, resulting in further 

HSC contractility (Gupta et al., 1998). 
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Fibrogenesis describes an excessive accumulation of ECM components, especially 

collagens, accompanied by changing composition of ECM. Activated HSCs secrete 

collagens of type I and III and fibronectins replacing ECM components of the healthy 

liver. Activated HSCs upregulate CTGF expression upon TGF-ß exposition. As CTGF 

triggers Collagen I secretion, ECM accumulation is further amplified (Duncan et al., 

1999; Liu et al., 2013). Such severe changes in ECM composition come along with 

loss of hepatic microarchitecture and less tissue elasticity (Klaas et al., 2016).  

Altered matrix degradation arises from excess fibrillary proteins such as collagen and 

elastin and simultaneously impaired fibrinolytic processes (Schuppan et al., 2001). In 

healthy tissue, specifically in non-fibrotic, healthy liver, ECM homeostasis and 

composition are regulated precisely, and constant ECM turnover and degradation by 

matrix metalloproteinases (MMPs) ensures a stable ECM architecture. However, in 

fibrotic livers, plasminogen activator inhibitor (PAI) affects physiological, MMP-

mediated ECM degradation and triggers fibrotic remodeling of the liver’s parenchyma. 

Plasmin is a powerful enzyme for MMPs (Dong et al., 2002) and is activated from its 

inactive proenzyme plasminogen by tissue or urokinase plasminogen activators 

(tPA/uPA). As PAI is a potent inhibitor of tPA and uPA (Cubellis et al., 1989; Irigoyen 

et al., 1999) and consequentially of MMPs, upregulated PAI levels in liver disease go 

in hand with reduced fibrinolysis and ECM degradation and thus elevated ECM 

accumulation and fibrosis formation. Also, activated HSCs express tissue inhibitor of 

matrix metalloproteinase 1 (TIMP-1), further inhibiting physiological ECM degradation 

(Hazra et al., 2004). 

Chemotaxis and inflammatory signals are critical to the recruitment of immune cells 

during liver injury and fibrosis formation. Studies have shown that HSCs play a pivotal 

role in mediating immune cell recruitment by secreting various chemokines and 

inflammatory signals that enhance immune cell infiltration of the subendothelial space 

in fibrotic areas (Friedman, 2008). For example, the secretion of CCL2 and CXCL1 has 

a chemotactic effect on monocytes, respectively, neutrophils. The invasion of the 

hepatic parenchyma, precisely the space of Disse, contributes to hepatic inflammation 

in general, activates other hepatic stellate cells, and contributes to the perpetuation of 

already activated HSCs (Weiskirchen and Tacke, 2016). 

 



INTRODUCTION 

 19 

Reversion of activated HSCs 

For many years liver fibrosis was perceived to be a progressing, irreversible state of 

liver damage. However, a growing number of studies demonstrate regression of liver 

fibrosis in rodent models and patients upon removing the injuring and inflammatory 

stimuli (Ellis and Mann, 2012; Kisseleva and Brenner, 2021; Lo and Kim, 2017). 

Fibrosis is characterized by fibrotic scar formation. As described, HSCs are the primary 

source of scar tissue in the liver. Therefore, the reversion of activated HSCs is a central 

feature of fibrosis regression. When the injuring noxa is removed, damage to LSECs 

and hepatocytes halts, less inflammatory chemokines and mediators are secreted, and 

TGF-ß levels drop. In the absence of ‘the master profibrogenic cytokine’ HSCs’, ECM 

secretion quickly decreases, and MMP mediated ECM degradation returns to exceed 

ECM accumulation (Kisseleva and Brenner, 2021). While still subject to discussion, 

the fate of activated HSCs in fibrosis regression activated HSCs is becoming 

increasingly apparent. External and internal factors induce either a non-fibrogenic state 

of formerly activated HSCs or apoptosis of activated HSCs (Higashi et al., 2017). 

Approximately 50% of activated HSCs do not undergo apoptosis and acquire an 

inactivated phenotype similar to quiescent HSCs in a healthy liver. While staying 

increasingly responsive to potential new fibrogenic stimuli, inactivated HSCs express 

little contractile and fibrogenic markers and restore Vitamin A in their cytoplasm, one 

of the main morphological characteristics of quiescent HSCs (Kisseleva et al., 2012). 

1.2.3 Progression 

Untreated and worsening liver fibrosis can progress into liver cirrhosis. Fibrosis initially 

changes microarchitecture and ECM in locally limited areas of the liver. In the further 

course, fibrotic scars begin to form, and the fibrotic regions occupy increasing shares 

of liver tissue. Eventually, fibrotic remodeling results in the formation of septae and 

hepatic nodules, pathognomic for liver cirrhosis (Pinzani, 2015). Cirrhosis might initially 

be compensated and hence without severe symptomatology. With decreasing disease 

severity, patients often develop portal hypertension. They might shift into 

decompensated cirrhosis with oesophageal varices (Villanueva et al., 2016), ascites 

(Zipprich et al., 2012), hepatic encephalopathy (Jepsen et al., 2010), and renal 

malfunction (Appenrodt and Lammert, 2018; Morales-Ruiz et al., 2015). These 

complications illustrate why decompensated liver cirrhosis is the 14th most common 

cause of death worldwide, causing more than 1 million deaths globally and 140.000 in 
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Europe annually (Lewis et al., 2017). Also, as 70% of deaths in patients with 

compensated liver cirrhosis occur from hepatocellular carcinoma (HCC) (Benvegnù et 

al., 2004), it becomes clear that the compensated stage of liver cirrhosis already comes 

along with considerable increases in morbidity and mortality risk. This underlines why 

halting or reversing chronic liver disease in fibrotic stages is essential to the patient’s 

complication-free survival and prognosis. Considering the typical progression course 

of fibrosis over cirrhosis to HCC, an efficient, antifibrotic drug would function as a direct 

fibrosis therapy and as a prevention for cirrhosis and HCC development. 

1.2.4 Therapeutic strategies 

In the context of fibrosis therapy, the fundamental concept and aim that underlies all 

therapeutic strategies is preserving or returning to functional, non-inflammatory and 

parenchymatous hepatic tissue. The complex cascade from the injuring noxa, over cell 

damage and chemokine secretion, the HSC activation and transdifferentiation, and the 

fibrotic scar formation offer a multitude of therapeutic opportunities (Figure 4). 

Although many candidates for more impactful antifibrotic therapies have been tested 

in the recent years, they failed to proof sufficient antifibrotic effects in patients, which 

is why to date there are still no direct antifibrotic therapies in the clinic (Zhang et al., 

2016). 

One strategy in liver fibrosis therapy is removing the etiological source, as regression 

of liver fibrosis and even cirrhosis was demonstrated upon the removal of the injuring 

and inflammatory agent (Kisseleva and Brenner, 2021). For example, antiviral drugs 

proved impressively sufficient to revert damage from viral hepatitis (D'Ambrosio et al., 

2012; Kim et al., 2019), and NASH patients clearly profit from bariatric surgery 

combined with or diet and weight loss. Still, the need for a direct antifibrotic agent is 

pressing. 
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Figure 4 - Therapeutic opportunities for blocking fibrosis development 
Injuring and inflammatory noxae cause hepatocytic damage. Damaged hepatocytes activate 
Kupffer cells, which release reactive oxygen species (ROS) upon activation. Together with 
hepatocytes, Kupffer cell-released ROS induce HSC activation and transdifferentiation to 
myofibroblast. Activations strongest inductors are TGF-ß and PDGF signaling leading to profibrotic 
remodeling of the liver. If the liver-injuring trigger is removed, fibrosis regression eventually follows 
with HSCs becoming apoptotic or inactivated. Therapeutic agents interfere at all stages of the 
fibrosis and activation cascade, beginning with removing the injuring agent. Reprinted with 
permission from (Kisseleva and Brenner, 2021). 
5-HT: 5-hydroxytryptamine; ACC1: Acetyl-CoA carboxylase 1; ARB: angiotensin II receptor 
blocker; ASK1: Apoptosis signal–regulating kinase 1; CBI: cannabinoid receptor-1; CCR: CC-
receptor ;FGF21: fibroblast growth factor 21 ; FXR: farnesoid X receptor; IKK: inhibitor of nuclear 
factor-κB (IκB) kinase; LARP6: La ribonucleoprotein domain family member 6: LOXL2: Lysyle 
Oxidase Like 2; LPA: lysophosphatidic acid; NOX: NADPH Oxidases ; PPAR: peroxisome 
proliferator-activated receptors  TGF-ß: TIMP: Tissue inhibitor of metalloproteinase; VAP1: 
Vascular adhesion protein - 1 
 
As HSCs are the cellular driver of fibrosis, nearly all therapy concepts directly or 

indirectly target HSC activation, perpetuation, or resolution. Promising candidates in 

clinical trial stage III drugs like PPARɑ/𝛿 and FXR agonists (trigger the anti-

inflammatory effect of quiescent HSCs), LOXL 2 inhibitors (inhibit cross-linking of HSC-

secreted-collagen in the ECM) or CCR2/5 inhibitors (inhibit monocyte recruitment that 

perpetuates HSC activation) (Figure 4) address different signaling steps in the fibrotic 

cascade, however their effect is yet to be confirmed, or studies have already been 

terminated due to lacking therapeutic effects (for links to clinical trials see chapter 8 - 

Appendix). Given the pathomechanism of fibrosis with TGF-ß being the most potent 

profibrotic activation trigger and mediator with multiple effects on HSCs and other 

involved cell types, TGF-ß signaling and its inhibition is one of the central targets in 

anti-fibrotic drug development. Unselective and direct TGF-ß antagonization proved to 

be highly complex and often involves severe adverse effects for patients due to the 

expression of TGF-ß and its receptors in nearly all organs (Dewidar et al., 2019). For 

example, it was demonstrated that general TGF-ß inhibition increases the risk for 

tumor formation (Chang and Li, 2020). Targets interfering with TGF-ß signaling while 
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having at least a certain level of expressive exclusiveness in hepatic tissue or 

specifically hepatic stellate cells could solve this problem. These TGF-ß related targets 

can be co-receptors, agents that influence receptor-ligand interaction and TGF- 

signaling pathway components. 

1.3 Hepatocellular carcinoma and hepatic stellate cells 

Hepatocellular carcinoma causes 700.000 deaths worldwide per year, and 80-90% of 

HCCs develop in patients with preexisting liver fibrosis or cirrhosis (Bray et al., 2018; 

Fattovich et al., 2004). HSCs not only indirectly contribute to HCC development by 

being one of the causative cell types in fibrosis and cirrhosis as HCC precursors 

lesions, but also play a crucial and multiform role in the direct promotion of HCC (Barry 

et al., 2020; Tsuchida and Friedman, 2017). Cancer cells typically do not autonomously 

form tumors and retain growth but are decisively influenced by the peritumoral zone 

called the tumor microenvironment (TME) (Spill et al., 2016). In HCC the tumor 

microenvironment consists of different residual hepatic cells and the hepatic ECM 

surrounding the tumor. The interaction between TME and HCC cells includes growth 

signals, angiogenesis regulation, and immunological regulation (Barry et al., 2020). 

HSCs influence the HCC TME and promote HCC development in various ways (Figure 
5). For example, HSCs help HCC to create an immunological escape niche, ensuring 

tumor growth by secreting cytokines which attract myeloid-derived suppressor cells 

(MDSCs) and T regulatory cells (Tregs) (Zhao et al., 2014). Furthermore, HSCs induce 

HCC angiogenesis by secreting Angiopeotin-1 (Lin et al., 2020). Also, HSCs produce 

cytokines that create a growth-stimulating TME enhancing HCC growth (Amann et al., 

2009; Mikula et al., 2006) (Figure 5). Taking these examples of HSCs triggering HCC 

growth and development into consideration, inhibition of HSC activation represents a 

promising target in HCC therapy. Hence, HSC-targeted fibrosis and cirrhosis therapy 

are to be seen as an efficient HCC prevention. 
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Figure 5 - Proposed mechanisms by which HSCs promote HCC 
Activated HSCs unfold their tumor-promoting effect in multiple ways. Potentially they support tumor 
growth by secreting proliferation and activation factors (TGF-ß, HGF). HSC secreted-proangiogenic 
factors like Angiopeotin-1 and VEGF induce vasculogenesis and angiogenesis, supplying HCC 
cells with nutrients. ECM remodeling further stimulates HCC growth, and immunomodulation 
avoids an adequate immune response against HCC cells. Reproduced with permission from 
(Dapito and Schwabe, 2015) 
CTL: Cytotoxic T-cell; ECM: extracellular matrix; HCC: hepatocellular carcinoma; HSC: hepatic 
stellate cell; NK Cell: Natural killer cell; Treg: Regulatory T cell  
 

1.4 Semaphorin protein family 

Semaphorins are a family of secreted or transmembrane proteins (Goodman et al., 

1999; Kolodkin et al., 1993). Initially discovered as axonal guidance proteins (Püschel 

et al., 1995), Semaphorins are now known to play various roles in cell-cell interaction, 

vital cellular functions, and the regulation of diseases such as fibrosis and tumor 

development (Worzfeld and Offermanns, 2014b). 



INTRODUCTION 

 24 

1.4.1 Vertebrate Semaphorins 

The Semaphorin protein family is divided into eight subclasses according to distinct 

structural features. Semaphorins from class 1 and 2 are proteins of invertebrate 

species, while Semaphorins from class 3 to 7 are expressed in vertebrates and 

Semaphorin V in viruses (Goodman et al., 1999). Each class of Semaphorins contains 

several members that share specific characteristics. Class 3 Semaphorins (SEMA3) 

are secreted proteins, Class 4-6 Semaphorins (SEMA4-6) are transmembrane 

proteins, and class 7 Semaphorins (SEMA7) are bound to the plasma membrane via 

a glycophosphatidylinositol anchor (GPI anchor).  

 

 

 
 
Figure 6 – Semaphorins and their receptors: Plexins and Neuropilins 
This figure focuses on vertebrate SEMAs 3 to 7. The 500 amino acids long Sema domain is 
common to the 20 Semaphorins of all classes. SEMA3s are secreted, non-membrane-bound 
proteins that interact with Plexin and Neuropilin receptors. SEMA4, 5, and 6 are transmembrane 
proteins with PDZ binding motifs, thrombospondin domains and PSI domains as anchoring units. 
SEMA7 is surface-bound via a GPI anchor. The central SEMA receptors are Plexins and 
Neuropilins, with Plexins being divided into four classes and the two Neuropilin receptors. All 
Plexins contain an intracellular GTPase activating protein (GAP) transducing Plexin signaling. 
Some Semaphorins and Plexins (SEMA4s and Plexin B1-3) can be cleaved at a convertase 
cleavage site. Reprinted with permission of (Worzfeld and Offermanns, 2014b). 
GPI: glycophosphatidylinositol; Ig: immunoglobulin; IPT: immunoglobulin–plexin–transcription 
factor; MAM: meprin–A-5 protein–receptor protein tyrosine phosphatase mu; PSI: plexin–
semaphorin–integrin; SEA motif: a motif consisting of the amino acids Ser, Glu and Ala; SEMA: 
Semaphorin (Worzfeld and Offermanns, 2014a).   
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No matter the subclass, all Semaphorins contain a specific 500-amino acid long 

extracellular domain, the Sema domain, and have a class-specific C terminus 

(Goodman et al., 1999; Worzfeld and Offermanns, 2014b).  

Semaphorin receptors 

Semaphorins mainly signal via two different receptor families: Plexins (PLXNs) and 

Neuropilins (NRPs) (Harvey, 2012; He and Tessier-Lavigne, 1997; Tamagnone et al., 

1999b). However Neuropilins do not have an independent, standalone signaling 

function due to their very short intracellular domains. Instead NRPs are co-receptors 

of actual receptors and modulate their signaling by interacting with them (Gitler et al., 

2004; Takahashi et al., 1999; Tamagnone et al., 1999a). Invertebrate SEMA1 and 

SEMA2, transmembranous SEMA4, 5 and 6 and membrane-bound SEMA7 signal 

directly through one of nine Plexin receptors (Tamagnone et al., 1999b). Apart from 

SEMA3E (which is able to signal independently of NRPs) (Gu et al., 2005), all SEMA3s 

need Neuropilins as co-receptors in addition to the Semaphorin-Plexin interaction, 

stabilizing the signaling complex  – SEMA3s will bind NRPs which then bind to Plexin 

receptors and signal via these. (Falk et al., 2005; He and Tessier-Lavigne, 1997; 

Neufeld et al., 2016; Takahashi et al., 1999). Aside from their co-receptor function in 

SEMA signaling, NRP1 and 2 are known to be involved in cellular TGF-ß response 

and are coreceptors for a variety of other (growth factor) receptors such as VEGF 

(Klagsbrun et al., 2002), placenta growth factor (Migdal et al., 1998), fibroblast growth 

factor (West et al., 2005), hepatocyte growth factor (Matsushita et al., 2007) and TGF-

ß. NRP1 is a co-receptor for TGF-ß receptor 1, enhancing SMAD2/3 phosphorylation 

(Glinka and Prud'homme, 2008; Glinka et al., 2011) and promoting liver fibrosis and 

cirrhosis upon enhanced TGF-ß signaling in HSCs (Cao et al., 2010; Wang et al., 

2019). While NRP2 amplifies TGF-ß response by increased SMAD2/3 phosphorylation 

in colorectal cancer (Grandclement et al., 2011b), its role in liver fibrosis and cirrhosis 

is not known to date. Remarkably there is no single holoreceptor for a SEMA subclass; 

instead, each SEMA subclass and even different SEMAs within one subclass form 

individual Semaphorin-Plexin-Neuropilin complexes to conduct signaling (Harvey, 

2012). The diversity of potential ligand-co-receptor-receptor combinations illustrates 

the massive variety of subsequent signaling in the context of SEMAs. 
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1.4.2 Class 3 Semaphorins 

As described, SEMA3s are the only secreted members of the SEMA family, with NRPs 

as stabilizers and modulators of Plexin-mediated signaling (Neufeld et al., 2016; 

Smolkin et al., 2018). The functionality of SEMA3s is regulated by the activity of 

proteases. It is assumed that SEMA3s are bound to the ECM and only unfold their 

effect upon cleavage by furin-like endoproteases that release SEMA3s from the ECM 

(Adams et al., 1997; Esselens et al., 2010). SEMA3s are widely expressed in different 

organs and tissues, physiologically regulating neural development (Pasterkamp and 

Giger, 2009; Schwamborn et al., 2004; Yamashita et al., 2007), angiogenesis 

(Toledano et al., 2019), and cell migration and morphology (Tran et al., 2007). Axonal 

guidance functions of SEMA3s are long known and well described. SEMA3s trigger 

inhibitory growth cone guidance during neurodevelopment (He and Tessier-Lavigne, 

1997); they induce dendritic branching and growth in the adult hippocampus and play 

a role in neuronal regeneration and neural scar formation (De Winter et al., 2002). 

Increasing attention is drawn to the effects of SEMA3 proteins in (embryonic) angio- 

and vasculogenesis. SEMA3A and SEMA3F inhibit endothelial cell motility and survival 

by outcompeting VEGF for the interaction with NRP1 (De Minicis et al., 2007; 

Guttmann-Raviv et al., 2007; Miao et al., 1999). SEMA3E is regarded to be essential 

for patterns in developmental vasculogenesis (Gu et al., 2005), and SEMA3C delivery 

ameliorates pathological angiogenesis (Yang et al., 2015).  

Class Semaphorin 3 in disease 

At the same time, SEMA3s are known to be broadly involved in pathological processes 

such as angiogenesis associated diseases (Jiao et al., 2021), tumorigenesis (Jiao et 

al., 2021; Potiron et al., 2009; Toledano et al., 2019), and fibrotic diseases (Jeon et al., 

2020; Papic et al., 2018; Yagai et al., 2014). 

As mentioned, several studies have shown the involvement of class 3 SEMAs in the 

pathogenesis of organ fibrosis. SEMA3A was demonstrated to amplify fibrotic 

remodeling in the wounded cornea, leading to tissue fibrosis and eventually blindness 

(Jeon et al., 2020). SEMA3E secretion by injured hepatocytes in chronic liver disease 

increases LSEC contractility. It hence potentiates HSC activation in liver fibrosis via 

described mechanisms (chapter 1.2.2) (Yagai et al., 2014) and SEMA3C was observed 
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to induce epithelial-to-mesenchymal transition (Tam et al., 2017) and to be associated 

with liver fibrosis (Papic et al., 2018). 

Semaphorin 3C 

As for all SEMA3 proteins, SEMA3C is a secreted protein. SEMA3C signals via NRP1, 

NRP2, and Plexin D1 (PLXND1). Like other class-3 SEMAs, SEMA3C has two 

cleavage sites (Toledano et al., 2016). When cleaved at the C terminus, SEMA3C is 

released from the ECM and binds to either NRP1 or NRP2 receptors as a ligand with 

similar affinity (Esselens et al., 2010; Nasarre et al., 2014; Smolkin et al., 2018). 

SEMA3C is involved in developing several organ systems, fulfilling a variety of directive 

and regulative functions in the central nervous system, the cardiovascular system, the 

lung, kidney (Figure 7), and gastrointestinal system. In neuronal development, 

SEMA3C is the attracting counterpart to the repellant SEMA3A, regulating and 

directing axonal growth (Bagnard et al., 1998). Interestingly SEMA3C deficient mice 

develop cardiac outflow malfunctions indicating SEMA3C’s role in cardiac 

development (Feiner et al., 2001). Correlation of SEMA3C upregulation with loss of 

sympathetic nerves in enteric mucosa in Crohn’s disease and SEMA3C loss of function 

mutations associated with Hirschsprung disease illustrate the involvement of SEMA3C 

in the enteric development and regulation (Jiang et al., 2015). SEMA3C was found to 

be upregulated in glioma and lung-, breast and ovarian cancer (Rehman and 

Tamagnone, 2013) and to induce epithelial-to-mesenchymal transition (EMT) in 

prostate cancer (Tam et al., 2017). SEMA3C also appears to be involved in liver 

fibrosis. Papic et al. describe an association between SEMA3C serum levels and 

fibrosis in hepatitis C patients. However, neither functional relation with fibrosis nor a 

mechanism was shown in the study (Papic et al., 2018). These studies and their 

findings - especially the SEMA3C mediated EMT induction and association with liver 

fibrosis – as well as the described involvement of other class 3 semaphorins indicate 

a potential role of Semaphorin 3C in the promotion and regulation of liver fibrosis and, 

more specifically the activation and transdifferentiation of hepatic stellate cells. 
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Figure 7 - Semaphorin 3C and its role in development 
Secreted Semaphorin 3C binds to a complex of Neuropilin 1 or 2 with Plexin D1. It is involved in 
various regulative and directive functions during development in the nervous system, the 
cardiovascular system, the lung, and the kidney. Reprinted with permission from (Hao and Yu, 
2018). 
 

1.5 Aim 

Given the striking and described relevance of chronic liver diseases as a global 

pandemic (Marcellin and Kutala, 2018; Mokdad et al., 2014) and the increased risk for 

liver fibrosis patients to develop HCC (Ellis and Mann, 2012), the ultimate goal of 

research in the field of liver fibrosis and chronic liver disease has to be the discovery 

of potential new markers for earlier and more precise diagnosis of fibrosis in patients 

and therapeutic targets that allow efficient, and above all direct antifibrotic, treatment. 

Although many studies in the past twenty years have contributed to our more and more 
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detailed understanding of liver fibrosis, additional in-depth analysis of further activation 

cascades will be necessary to develop future treatments for liver fibrosis.  

In the case of hepatitis B and C, it was shown that the removal of the liver injuring 

agent proved sufficient to halt the progression and even initiate reversion of fibrosis. In 

scenarios with an unclear specific pathogenic driver or agent, inhibition of upstream 

signaling targets could mimic the removal of the pathogenic agent (Pinzani and 

Gandhi, 2015). For example, inhibiting TGF-ß signaling lowers the extracellular matrix 

produced and reduces fibrosis amount and progression (de Gouville et al., 2005; Yata 

et al., 2002). However, long-term non-selective blocking of TGF-ß signaling would 

come with severe side effects, impairing general and crucial wound healing 

mechanisms (de Gouville et al., 2005; Pinzani and Gandhi, 2015). Therefore, there is 

a pressing need for novel targets and markers to inhibit downstream signaling in 

activated HSCs, thereby laying the foundation for fibrosis reversion. With the 

involvement of different class 3 semaphorins in liver fibrosis and the association of 

SEMA3C serum levels with fibrosis, SEMA3C and its signaling might be involved in 

HSC activation and consequentially be a potential candidate for a novel fibrosis 

diagnosis marker and therapy target. Thus this project’s aims are as follows: 

 

I. To identify whether Semaphorin 3C correlates with severity of chronic liver 
fibrosis in cirrhosis patients. 
 

II. To investigate the molecular mechanisms and effects of Semaphorin 3C 
signaling in a hepatic stellate cell (HSC) cell line to explain the potential effects 
of Semaphorin 3C in liver fibrosis.  
 

III. To confirm potentially identified mechanisms and effects of Semaphorin 3C in 
primary hepatic stellate cells. 

 

By answering these questions, the project aims at discovering a novel marker for 

fibrosis and its progression. By understanding the mechanism of Semaphorin 3C 

signaling in and activation of HSC cell lines and, more importantly in/of primary hepatic 

stellate cells the project will investigate if it is a promising target for future therapies, 

potentially inhibiting the activation of hepatic stellate cells and thus target the major 

pathomechanism underlying liver fibrosis. 
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The analysis of publicly available patient data sets of liver fibrosis patients laid the 

fundament of this study. Results were then used to set up cell culture experiments on 

the fibroblast-like GRX cells, including Semaphorin 3C overexpression and Neuropilin 

2 knockout. Isolation and activation of primary hepatic stellate cells followed to apply 

and verify outcomes from cell line experiments with GRX cells in primary and freshly 

isolated cell populations. 
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2 MATERIAL AND METHODS 

2.1 Material 

2.1.1 Solutions and Buffers 

 
EGTA Solution 
 
NaCl   8000mg/L 
KCl   400mg/L 
NaH2PO4.H2O 88.17mg/L 
Na2HPO4  120.45mg/L 
HEPES  2380 mg/L 
NaHCO3  350 mg/L 
EGTA   190 mg/L 
Glucose  900 mg/L 
 
 
GBBS/A solution   
  
KCl   370 mg/L  
MgCl2.6H20  210 mg/L 
MgSO4.7H2O 70 mg/L 
Na2HPO4  59.6 mg/L 
KH2PO4  30 mg/L  
Glucose  991 mg/L 
NaHCO3  227 mg/L 
CaCl2.2H2O  225 mg/L 
 
 
GBBS/B solution 
 
NaCl   8000 mg/L 
KCl   370 mg/L  
MgCl2.6H20  210 mg/L 
MgSO4.7H2O 70 mg/L 
Na2HPO4  59.6 mg/L 
KH2PO4  30 mg/L  
Glucose  991 mg/L 
NaHCO3  227 mg/L 
CaCl2.2H2O  225 mg/L 
 
 
 
 
Histodenz solution 

 
Per mouse: 
Histodenz  4.94 g 
GBBS/A   Fill up to 17 ml  
 
 
Enzyme buffer solution (EBS) 
 
NaCl    8000mg/L 
KCl    400mg/L 
NaH2PO4.H2O  88.17mg/L 
Na2HPO4   120.45mg/L 
HEPES   2380 mg/L 
NaHCO3   350 mg/L 
CaCl2.2H2O   560 mg/L 
 
 
DNAseI Solution 
 
DNAseI    100 mg 
GBBS/B   50 ml 
 
 
Pronase solution 
 
Per mouse: 
Pronase   14 mg 
EBS    30 ml 
 
 
Liberase solution 
 
Per mouse: 
Liberase   1.25 mg 
EBS    30 ml 
 
 
 
 
Running gel 
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30% polyacrylamide  12.45 ml 
Tris buffer 1.5M, pH 8.8  9.45 ml 
H2O    14.85 ml 
SDS (10%)   375 µl 
APS (10%)   375 µl 
TEMED   15 µl 
 
 
Stacking gel 
 
30% polyacrylamide 1.245 ml 
Tris buffer 1 M, pH 6.8 0.945 ml 
H2O    5.1 ml 
SDS (10%)   75 µl 
APS (10%)   75 µl 
TEMED   7,5 µl 
 
 
Laemmli buffer (4x) 
 
Tris buffer, pH 6.8  62.5 mM 
SDS    2% 
Glycerol   10% 
ß-mercaptoethanol  10% 
 
 
Low glucose DMEM  
 
1g glucose / L DMEM 500ml 
FCS    50 ml 
PenStrep   5 ml 
 
 
 
 
 
 

High glucose DMEM 
 
4,5g glucose / L DMEM 500ml 
FCS    50 ml 
PenStrep   5 ml 
 
 
Protein lysis buffer 
 
PMSF    1mM 
Cell lysis buffer (Cell Signaling) 
 
 
Electrophoresis running buffer (10x) 
 
Glycine   1.92 M 
Tris     250 mM 
SDS    1 % 
ddH2O   1 L 
 
 
TBS (10x) 
 
Tris, pH 7.4   0.5 M 
NaCl    1.5 M 
 
   
TBS-T 
 
TBS    1x 
Tween 20   0.05% 
 
 
Transfer buffer 
 
Glycine   1.42M 
Tris    250mM 
ddH2O   1L 
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2.1.2 Chemicals 

Chemical Molecular 
formula 

Manufacturer 

1,4-Dithiothreitol (DTT)    C4H10O2S2 Serva, Heidelberg 

Ammoniumpersulfat (APS)  (NH4)2S2O8 Carl Roth 

Blasticidin-S-Hydrochlorid  - Carl Roth 

Dimethyl sulfoxid (DMSO)  C2H6OS Sigma-Aldrich 

Disodium phosphate  Na2HPO4*H2O Sigma-Aldrich 

ethylene glycol tetraacetic acid (EGTA) C14H24N2O10 Sigma-Aldrich 

Ethanol 96%  C2H5OH Sigma-Aldrich 

Ethylen diamin tetraacetic acid (EDTA)  C10H16N2O8 Merck 

Glycin  C2H5NO2 Carl Roth 

Isopropanol  C3H8O Merck  

Potassium chloride  KCl Merck 

Potassium phosphate KH2PO4 Merck 

Calcium chloride  CaCl2 Sigma-Aldrich 

Magnesium sulfate MgSO₄ Carl Roth 

Magnesium chloride  MgCl2 Sigma-Aldrich 

Magnesium phosphate Mg3(PO4)2 Carl Roth 

Methanol  CH3OH Sigma-Aldrich 

Sodium chloride  NaCl Carl Roth 

Monosodium phosphate NaH2PO4 Carl Roth 

Sodium dodecyl sulfate (SDS) NaC12H25SO4 Carl Roth 

Sodium hydroxide  NaOH Carl Roth 

Penicillin/Streptomycin  - Sigma-Aldrich 

Polyethylenimin (PEI)  (C2H5N)n Carl Roth 

Hydrochloric acid 37%  HCl Sigma-Aldrich 

ß-Mercaptoethanol  C2H6OS Carl Roth 

Tetramethylenediamine (TEMED)  C6H16N2 Sigma-Aldrich 

Triton X-100  C14H22O(C2H4O)n Sigma-Aldrich 

Trypan blue C34H28N6O14S4 Sigma-Aldrich 
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Tween-20  C58H114O26 Sigma-Aldrich 

 

2.1.3 Consumables 

Table 1 - Consumables 
 
Consumable Company 

Cell culture flask T75 Greiner Bio-one 

Cell Scraper Sarstedt 

Cell strainer 70 µm Falcon 

CELLSTAR 24-well culture plate Greiner Bio-one 

CELLSTAR 12-well culture plate Greiner Bio-one 

CELLSTAR 6-well culture plate Greiner Bio-one 

Cell culture dish 10 cm Greiner Bio-one 

Cell culture dish 15 cm Greiner Bio-one 

Cryogenic vials Star Lab 

Insulin syringes, 29G VWR 

Nitrocellulose blotting membrane GE Healthcare LifeScience 

Pasteur pipettes (glass) WU Mainz 

PCR 8er-CapStripes and Tubes Biozym 

Pipette tips  (1000 µl, 200 µl, 10 µl) StarLab 

Safe seal tips (1000 µl, 200 µl, 10 µl)  Biozym 

Reaction tubes (2ml, 1,5ml, 0,5ml) Eppendorf 

Scalpel LabAider 

Butterfly 29G Braun 

Rotilab syringe filter (0.22µm) Roth 

Pipettes 50 ml, 25 ml, 10 ml, 5 ml Eppendorf 

Whatman paper 3mm Whatman 

 

 

 



MATERIAL AND METHODS 

 35 

2.1.4 Kits & Reagents 

Table 2 - Kits and reagents 
 
Kit or reagent Company 

Protein ladder Thermo Fisher Scientific 

Cell lysis buffer Cell Signaling 

SYBR Green Sigma Aldrich 

Pico Pure RNA isolation kit Thermo Fisher Scientific 

innuPREP RNA Mini kit  Jena Analytics 

Transforming growth factor - ß Thermo Fisher Scientific 

 

2.1.5 Oligonucleotid primers for qPCR 

Table 3 - Oligonucleotid primers 
 
Gene Forward primer Reverse primer 

mActa2 GAGAAGCCCAGCCAGTCG CTCTTGCTCTGGGCTTCA 

mCol1a2 TGTAAACTCCCTCCACCCCA  TCGTCTGTTTCCAGGGTTGG 

mCtgf CTTCTGCGATTTCGGCTCC   TACACCGACCCACCGAAGA   

mHprt TGTTGTTGGATATGCCCTTG ACTGGCAACATCAACAGGACT 

mMmp12 CTCATGATGATTGTGTTCTTACAG

G 

GACAAGTACCATTCAGCAAATTCA

C 

mNrp1 GGAGCTACTGGGCTGTGAAG ATGTCGGGAACTCTGATTGG 

mNrp2 GGCATTTGTACGCAAGTTCA GGGCTTTGAGTCTGTCCAGTC 

mPai-1 TCGTGGAACTGCCCTACCAG ATGTTGGTGAGGGCGGAGAG 

mPlexD1 CGCAACCGTAGCCTAGAAGAC GGTTAAGGTCGAAGGTGAAGAG 

mS100a6 AAGCTGCAGGATGCTGAAAT CCCTTGAGGGCTTCATTGTA 

mSema3

a 

ATATGCAAGAATGACTTTGGAGGA

C 

AAGGAACACCCTTCTTACATCACT

C 

mSema3

b 

GCTGTCTTCTCCACCTCCAG ACATGCCAGGTCTTGGGTAG 

mSema3

c 

AGACGTGAGACACGGGAATC AGACGTGAGACACGGGAATC 
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mSema3

d 

CTGTATCCCCTTTTTGGGTTCAT AACCAGACTGAGCAGGAAGAC 

mSema3

e 

GCGTCAGTGATGGCTACAGA CAAAACCCGGACATAATTGG 

mSema3f CTCTTCCAAGAGGCAACAACTG TTTGCATTGGAATTGAAACCAC 

mSm22a TCCAGTCCACAAACGACCAAGC GAATTGAGCCACCTGTTCCATCT 

 

2.1.6 Genotyping primers 

In the following the used genotyping primers are enlisted. All protocols and master mix 

compositions can be found in 2.2.2.10 genotyping PCR. 

Table 4 - genotyping primers 
 
Gene Primer 

SM22aCRE fw  GCGGTCTGGCAGTAAAAACTATC 

SM22aCRE rev  GTGAAACAGCATTGCTGTCACTT 

SEMA3C flox fw GAATCTGGCAAAGGACGATG 

SEMA3C flox rev GACCACTGGGCTTGAGAGAG 

NRP2 flox common fw AGCTTTTGCCTCAGGACCCA 

NRP2 flox mutant rev CCTGACTACTCCCAGTCATAG 

NRP2 flox wildtype rev CAGGTGACTGGGGATAGGGTA 

  

2.1.7 Plasmids 

Table 5 – Plasmids 
 
Plasmid Name Parent vector Sequence / NCBI Acc. No. 

mNRP2 shRNA TRC1 pLKO.1-puro CCGGCCAGAGAAGTATCCACACAATCTC
GAGATTGTGTGGATACTTCTCTGGTTTTT 

mSEMA3C closed 
 

pDONR221 
 

DQ890847 

 

2.1.8 Antibodies 

Table 6 – Antibodies Western Blot 
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Epitope Host Dilution Manufacturer 

pSMAD 2/3 Rabbit 1:1000 CellSignaling 

NRP1 Mouse 1:1000 R&D 

NRP2 Mouse / Rat 1:1000 R&D 

VCP Rabbit 1:1000 Abcam 

GAPDH Mouse 1:1000 Abcam 

SM22 Rabbit 1:20 Abcam 

 

2.1.9 Bacteria, cell lines, growth media 

Table 7 – Bacteria 
 
Bacteria  

Stbl3  

  

 
Table 8 - Cell lines 
 
Cell lines  

GRX  

HEK293T  

 
Table 9 - Growth media, solutions, buffers 
 
Growth media Manufacturer 

DMEM low glucose (1%) Thermo Fisher Scientific 

DMEM high glucose (4,5%) Thermo Fisher Scientific 

IMEM basal Thermo Fisher Scientific 

S.O.C. medium Sigma-Aldrich 

LB (lysogeny broth) Sigma-Aldrich 

Penicillin (10.000 units/mL)  Thermo Fisher Scientific 

Fetal calf serum, heat 
inactivated 

Sigma-Aldrich 
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Streptomycin (10mg/mL) Thermo Fisher Scientific 

Trypsin-EDTA-0.05% Thermo Fisher Scientific 

 

2.1.10 Mouse strains 

Table 10 - Mouse strains 
 
Abbreviation Full Strain Name 

SM22αCRExSEMA3Cfl/fl B6-Tg(Tagln-cre)1Her SEMA3Ctm1a(KOMP)Wtsi / 
Afis 

SM22αCRExNRP2fl/fl B6-Tg(Tagln-cre)1Her NRP2tm1.1Mom/ Afis 

Wildtype (wt) C57BL/6J 

 

2.1.11 Equipment and software 

Laboratory equipment 

Table 11 - Laboratory equipment 
 
Equipment Company 

Balance Mettler Toledo 

Balance Kern & Sohn 

Centrifuge 5415 Eppendorf 

Centrifuge Rotina 420R Hettich 

Consort EV231 power supply Sigma-Aldrich 

Electrophoresis chamber BioRad 

Erlenmeyer Flask 1.0l Thermo Fisher Scientific 

Freezer -20° Liebherr 

Freezer -80° Thermo Fisher Scientific 

Heat block Carl Roth 

Histo Star Thermo Fisher 

Incubator for cell culture  Thermo Fisher 

Magnetic Janke and Kunkel 

Milli-Q Water Milipore 
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Nanodrop1000 Thermo Fisher Scientific 

Neubauer counting chamber Marienfeld 

PCR Thermocycler Biozym 

Perfusion pump ISMATEC 

pH meter Eppendorf 

QuantStudio3 qPCR machine Thermo Fisher Scientific 

Refrigerator 4° Liebherr 

StepOnePlus qPCR machine Roth 

Thermal block DITABIS 

Tubing for pump ISMATEC 

Ultra-centrifuge Thermo Fisher Scientific 

Vortex StarLab 

Water bath GFL 

Western blot blotting chamber PegLab Biotechnology 

Western blot equipment PegLab Biotechnology 

Software 

Table 12 – Software 
 
Software Developer 

BioRender Biorender.com 

Endnote20 Clarivate 

GSEA Broad Institue (Cambridge, Massachussets) 

Image Lab 3.0 Biorad 

Kaplan-Meier Plotter Balazs Gyorffy (Semmelweis University) 

Microsoft Office 2013 Microsoft 

Prism 9.1.1 for MacOS GraphPad Software 

Quant Studio3 Thermo Fisher Scientific 

Real-time Analysis Agilent 
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2.2 Methods 

2.2.1 Cell Culture 

General techniques 

Using sterile techniques, all cell culture work was performed under a sterile laminar 

flow cell culture hood (see Material section). Cells were cultured in their respective 

media at 37°, 5% CO2. Cells were checked for viability, confluence, and potential 

contaminations under a light microscope every day. Cell splitting was done whenever 

confluence was reached. To split cells, cell culture medium was discarded and cells 

were washed with PBS. In the following, cells were incubated with Trypsin-EDTA for 

3-5 min. After incubation, Trypsin EDTA was inactivated with DMEM cell culture 

medium (ratio 10:1), cells were resuspended, and centrifuged at 200g for five minutes. 

The supernatant was discarded and the cell pellet was resuspended in fresh medium. 

The cell concentration in the suspension was determined by counting a 1:5 or 1:10 

dilution with the help of a Neubauer counting chamber. After counting, the necessary 

amount of cells were plated onto a new cell culture plate or cell culture flask. 

Cryoconservation and thawing of cells 

Aliquots of cells were stored with 10% DMSO in a -80° freezer for shorter periods or in 

liquid nitrogen for longer storage times. To plate out a frozen cell line, the frozen aliquot 

was thawed at 37° and resuspended in a prewarmed, fresh cell culture medium. Cells 

were pelleted down at 200g for five minutes, the supernatant was discarded and the 

cell pellet was resuspended in the respective cell culture medium. Cells were then 

plated out on cell culture plates, or flasks, and viability (and attachment) was checked 

the following day. 

Cultivation of HEK293-T cells  

HEK293-T cells are plated in high glucose (4,5g Glucose/L) DMEM cell culture medium 

(with 10%FCS and 1% P/S) into 175 cm2 cell culture flasks. Cells are stored in the 

incubator with splitting the cells in a 1:4 ratio every three days. 
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Cultivation of GRX cells 

GRX cells are plated onto cell culture dishes or plates in a low glucose DMEM cell 

culture medium. Cells are stored in the incubator, splitting the cells in a 1:4 ratio every 

two to three days. 

Cultivation of primary HSCs 

Primary HSCs are plated for culturing immediately after isolation in low glucose DMEM 

cell culture medium into 12 or 6 well cell culture dishes. Cells are then put in the 

incubator for four days without media change to allow ideal attachment. In further 

course, half of the cell culture medium is changed every second day. 

 

2.2.2 Biochemical and molecularbiological methods 

Heat shock transformation and plasmid isolation 

For transformation, Stbl3 bacteria were thawed on ice. 5µl of the plasmid of interest 

were added to Stbl3 bacteria on ice and then incubated for 30 min. After incubation, 

the bacteria were heat-shocked for 30 sec at 42 °C on a heat block to internalize the 

plasmid of interest. Directly after the heat shock, bacteria were put back on ice and 

cooled down for 5 min. Afterwards 250 µl of S.O.C. medium were added to the bacteria, 

then incubated in a heat block shaking 300 rpm at 37 °C for 1 h. Subsequently, 20 µl 

of bacteria were plated onto an agar plate with a selection medium and were incubated 

overnight at 37 °C. The following day a single colony was picked with a pipet tip and 

dropped onto a vial with 5ml lysogeny broth medium (LB-medium) and selection 

medium and was incubated over a day for at least 8 h. After incubation, 3 ml of the 

miniprep culture were added into 500 ml LB-medium and selection. The culture was 

then left growing overnight at 37 °C and 180 rpm. The next day 1 ml of the overnight 

culture was added into 1 ml of glycerol and stored at -80 °C. 

Production of lentiviral particles 

To produce lentiviral particles for stable overexpression or knock-down, HEK293-T 

were seeded on a 15cm dish. Cells were kept in culture until 90% confluency was 

reached. Polyethyleneimine (PEI) was used to transfect cells with the plasmids. A PEI 

solution and a DNA solution were prepared for each plate and construct. To prepare 
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the PEI solution 168 µl of PEI were diluted in 2,5 ml IMEM basal (no FCS, no P/S) per 

construct and dish. Furthermore, a DNA solution containing the plasmid was prepared: 

per construct, and dish, 21 µg psPAX2 (encoding for packaging), 14 µg pMD2 

(encoding for envelope), and 21 µg plasmid of interest were diluted in 2,5ml IMEM 

basal. PEI solution was then added to the DNA solution, creating the transfection mix. 

The transfection mix was incubated for 30 min at room temperature. During incubation 

time cell culture medium of the HEK293-T cells was refreshed with 10ml culture 

medium containing 15% FCS. 5 ml of the incubation mix were added to the HEK293-

T cells. Transfected HEK293-T cells were kept in the cell culture incubator for 12h at 

37°C. After 12h, the culture medium is discarded and replaced with fresh IMEM cell 

culture medium containing 10% FCS. After 24h and 48h, cell culture medium 

containing the lentiviral particles was harvested, stored at 4°C, and new IMEM culture 

medium containing 10% FCS was added to the cells. Following the second collection 

after 48h, cells were trashed and harvested cell culture medium from both collection 

days was filtered through a 0,22 µm sterile filter. The filtered medium was then 

centrifuged in an ultracentrifuge at 25,000g for 120 min at 4 °C. Afterwards, the 

supernatant was discarded, the virus particles resuspended in PBS and then stored in 

aliquots of 10-50 µl at -80°C. 

Lentiviral knockdown 

To knockdown proteins in GRX cells, cells were treated with an aliquot of before 

generated lentivirus coding for shRNA. After 48h of incubation, medium was changed 

and a selective antibiotic is added to the cells. Cells were kept in culture and selection 

medium was refreshed every other day until all cells died in the negative control (cells 

not expressing the resistance gene). Subsequently, RT-qPCR was performed 

comparing potential knockdown and control cells to check successful knockdown. 

Lentiviral overexpression 

To overexpress proteins in GRX cells, cells were treated with an aliquot of before 

generated lentivirus. After 48 of incubation with the virus, medium was changed and 

selection started. Cells were kept in culture and selection medium was refreshed every 

other day until all cells died in the negative control (cells not expressing the resistance 

gene). Subsequently, RT-qPCR was performed comparing potentially overexpressing 

and control cells to check successful overexpression. 
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RNA isolation from cell lines 

RNA isolation from cell lines was performed to analyze gene expression changes and 

patterns. Cells were washed with PBS twice and then lysed with RNA lysis buffer. RNA 

was then isolated with the innuPREP RNA Mini kit (Jena Analytics) according to the 

manufacturer’s instructions.  

RNA isolation from primary murine cells  

Cells were washed with PBS twice and then lysed with RNA lysis buffer. RNA was then 

isolated with the PicoPure RNA isolation kit (ThermoFisher Scientific) according to the 

manufacturer’s instructions.  

Nucleic acid measurement 

The nucleic acid concentration in isolated RNA samples was measured with the help 

of the NanoDrop to synthesize constant amounts of cDNA throughout a variety of 

samples. After initial measurement calibration with water, 1µl of the sample was 

pipetted onto the measurement spot of the NanoDrop. Concentrations were used to 

dilute samples to 100 ng/µl of RNA to proceed with cDNA synthesis. 

cDNA synthesis 

cDNA was synthesized to run RT-qPCRs and thereby analyze gene expression levels 

by measuring the abundance of mRNA of a specific gene. Isolated mRNA was 

transcribed into cDNA with the high-capacity cDNA reverse transcription (RT) kit from 

Thermo Fisher Scientific. According to the manufacturer’s recommendation, the 

following master composition and mRNA concentration was used for cDNA 

transcription: 

 

 

 

Table 13 - Master mix composition cDNA transcription 
 
Reagent Volume 
100mM dNTP mix 0,8 µl 

10x RT buffer 2 µl 
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10x random primer mix 2 µl 

20x reverse transcriptase 1 µl 

RNA 1000ng 

ddH20 Fill up to 20 µl 

 

The reverse transcription reaction was then performed using a thermal cycler using the 

following reaction protocol: 25 °C for 10 min, 37 °C for 120 min and 85 °C for 5 min. 

Synthesized cDNA was diluted 1:40 in ddH2O and stored at -20 °C.  

Quantitative real time PCR (RT-qPCR) 

To analyze the mRNA levels respectively, RT- qPCR was performed. 4 µl of cDNA 

sample, 5 µl of SyberGreen master mix and 1 µl of the respective primer pair 

(respective forward and reverse primer, dilution of 1:40 in ddH20) were pipetted into a 

well of a 96-wellplate. The suspension was centrifuged at 300g for 30 seconds to 

ensure a sufficient mixture of all reagents. Then quantitative real-time PCR (RT-qPCR) 

was performed using Thermal Cycler. All reactions were performed in duplicates using 

the following reaction protocol: 

 

Table 14 - qPCR reaction protocol 
 
Step Temperature Time 
Initial Denaturation 95° 10 min 

Denaturation 95° 30 s 

Annealing 60° 30 s 

Elongation 72° 30 s 

Final Elongation 72° 6 min 

 
Denaturation, annealing and elongation steps were repeated in 40 or 50 cycles. After 

the reaction a melt curve was generated and analyzed to ensure specific amplification 

of the target gene mRNA and rule out amplification of contaminating DNA or by 

unspecific primer binding. All gene expression levels were calculated using the 2–

∆∆Ctmethod and the gene expression levels were normalized to the levels of 

housekeeping genes Hprt or Rpl13a. Statistics were calculated based on gene 

expression of the control from each biological set being equal to 1. 
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Genotyping PCR 

Genotyping was performed by lysing tail or ear clipping of the mice. Samples were 

lysed in 100 µl lysis buffer and boiled at 95° for 30 minutes. Afterwards the lysed 

samples were centrifugated and cooled down. 100 µl neutralization buffer is added. In 

the following tables mastermix composition and protocols for genotyping PCRs are 

enlisted; all primers used are found in Table 6. 

 

 

Table 15 - Genotyping mix for SM22a-CRE, SEMA3C-flox, NRP2-flox mutant, NRP2-flox WT 
 
Reagent 1xPCR 
5x Puffer 5.00 µl 

dNTPs (2,5mM) 0.50 µl 

Primer forward (10µm) 1.25 µl  

Primer reverse (10µm) 1.25 µl  

MgCl2 1.50 µl  

Taq 0.10 µl 

ddH2O 14.40 µl 

 24.00 µl 

 

Table 16 - PCR program for SM22a-CRE genotyping  
 
Step Temperature Time 
Initial Denaturation 94° 2 min 

Denaturation 94° 30 s 

Annealing 65° 30 s 

Elongation 72° 30 s         repeat step 2-4 for 35 cycles 

Final Elongation 72° 2 min 

Hold 8°  

 
 
Table 17 - PCR program for SEMA3C-flox genotyping 
 
Step Temperature Time 
Initial Denaturation 94° 3 min 
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Denaturation 94° 30 s 

Annealing 63° 60 s 

Elongation 72° 60 s         repeat step 2-4 for 35 cycles 

Final Elongation 72° 5 min 

Hold 8°  

 

Table 18 - PCR program for NRP2-flox mutant genotyping  
 
Step Temperature Time 
Initial Denaturation 94° 3 min 

Denaturation 94° 30 s 

Annealing 60° 60 s 

Elongation 72° 60 s         repeat step 2-4 for 30 cycles 

Final Elongation 72° 2 min 

Hold 8°  

 

Table 19 - PCR program for NRP2-flox Wildtype genotyping  
 
Step Temperature Time 
Initial Denaturation 94° 3 min 

Denaturation 94° 30 s 

Annealing 64° 60 s 

Elongation 72° 60 s         repeat step 2-4 for 30 cycles 

Final Elongation 72° 2 min 

Hold 8°  

Protein lysis 

Cells were washed once in PBS and lysis buffer (Cell Signaling) containing 1mM PMSF 

was added. Cells were incubated on ice for five minutes. Lysis was followed by 

centrifugation at 4 °C for 15 min at 15,000g. The supernatant was transferred to a new 

Eppendorf tube and used to measure protein concentrations by BCA assay (Thermo 

Fisher Scientific). Protein samples were diluted 1:10 in ddH2O and 10 μl of this dilution 

were pipetted onto a 96-well plate in duplicates in addition to BSA standards. 200 μl 

BCA working reagent were added to each well and incubated at 37 °C for 30 min. 

Absorbance of samples and BSA standards was measured using a plate reader at 562 
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nm (BMG Labtech). A BSA standard curve was generated using the known 

concentrations of the BSA standards to calculate the protein concentration in each 

sample. Lysed, isolated and measured protein samples were then stored at -20 or -80 

°C. 

SDS-PAGE 

A sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was used 

to separate proteins according to their mass. Protein samples were boiled in 4x 

Laemmli Buffer (ratio 3:1) for 5 min at 95°C. A gel consisting of two layers (5 % stacking 

gel and 10 % running gel (recipes see 2.1.1 solutions and buffers) was poured. 

Samples and 2.5 or 5 µl protein ladder (Thermo Fisher Scientific) were loaded with 

equal amounts of protein onto the gel. The gel was then run in running buffer at 80 V 

for 30min followed by 2 h at 120 V in gel electrophoresis chambers (BioRad). 

Western blotting  

Western blot was performed by setting up a sandwich out of two meshes each side, 

two Whatman papers, SDS-PAGE gel and a PVDF membrane in protein transfer buffer 

containing 20 % methanol (recipes see 2.1.1 solutions and buffers). Proteins were 

transferred in a Western blotting chamber running an overnight transfer at 100 mA at 

4 C°. The next day the PVDF membrane was blocked for one hour with 5% skim milk 

dissolved in TBS-T (recipes see 2.1.1 solutions and buffers). Primary antibodies were 

added in respective concentrations diluted in 5% skim milk dissolved in TBS-T and 

then incubated on a shaker at 4° overnight. The next day membranes were washed 

two to three times before adding the horseradish peroxidase-conjugated secondary 

antibodies in respective concentrations diluted in 5% skim milk dissolved in TBS-T and 

then incubated on a shaker for one hour at room temperature. After two membrane 

washes in TBS-T and one washing step in PBS, membranes were incubated with 

chemiluminescence substrate (Peqlab Biotechnology) for 3 min. Imaging of 

membranes was performed using chemiluminescence detection with the ChemiDoc 

imaging system (BioRad). Intensity of the chemiluminescence signal was quantified 

with Image Lab software (BioRad). All quantifications thus protein expression levels 

were normalized to housekeeping proteins VCP or ß-actin. 
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2.2.3 Mouse Experiments 

Isolation of primary hepatic stellate cells 

Primary hepatic stellate cells were isolated to investigate previously observed 

activation mechanisms and regulations on primary cell level. The hepatic stellate cell 

isolation procedure was initially based on the isolation protocol by Mederacke and 

Dapito (Mederacke et al., 2015) and was modified individually in the further course. All 

steps in the following isolation protocol are either based on the mentioned publication 

or individual modifications and own set-ups.  

In the first step, the mouse is euthanized by cervical dislocation. Immediately 

afterward, median laparotomy is performed to expose the abdominal cave. Quick and 

immediate laparotomy and further steps are essential to avoid intrahepatic clotting and 

thus impaired homogenous liver perfusion and digestion. The stomach, intestine, 

seminary glands/ovaries, and urinary bladder are moved to the right side to expose the 

inferior vena cava (IVC) in its complete extension. Next, the liver (especially its inferior 

lobes) is elevated towards the diaphragm to expose the IVC further. Before continuing, 

the portal vein (PV) needs to be exposed to facilitate its cutting in the further course. 

With IVC and PV prepared and exposed, perfusion can be started. A 28 gauge butterfly 

attached to a pump is injected into the IVC at the junction level of the right renal vein 

with the IVC. The butterfly is fixed in position, and perfusion is started. Starting with a 

flow of 1ml/min, the flow speed is constantly increased up to 5ml/min within the first 

seconds of perfusion. With beginning discoloring of the liver and swelling of the PV, 

the PV is cut for pressure release and outflow. From then, the liver is perfused with 

EGTA (recipe see 2.1.1 buffers and solutions) for 2 min (perfusion speed 5ml/min), 

with Pronase (recipe see 2.1.1 buffers and solutions) for 5 min (perfusion speed 

5ml/min) and Liberase (recipe see 2.1.1 buffers and solutions) for 5 min (perfusion 

speed 5ml/min). To ensure sufficient and complete perfusion, all lobes are carefully 

checked for complete discoloring not more than 2 minutes after the start of the 

perfusion. In further course, homogenous swelling of all lobes should be observed. 

After the perfusion, the liver is removed from the mouse’s abdominal cave and put into 

a 10cm culture dish to be minced. Before removal, the gallbladder is resected, ideally 

without puncturing the gallbladder or liver. Before mincing the resected liver, the liver’s 

capsule is carefully removed to avoid contamination of the isolate with capsule tissue. 

The mincing is performed in some milliliters of GBBS/B to facilitate the collection of all 
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isolated cells. First, isolated liver cells are diluted in 40ml GBBS/B buffer (recipe see 

2.1.1 buffers and solutions), then passed through a 70µm cell strainer into a 50mL 

tube. Afterward, 1% DNAseI solution (recipe see 2.1.1 buffers and solutions) is added, 

and the cell suspension is centrifuged at 580g, 4°C for 10 min. Next, the supernatant 

is discarded, resuspended with another 40ml GBBS/B, and 100 uL DNAseI is added. 

The cell suspension is again centrifuged at 580g, 4°C for 10 min. Afterward, the 

supernatant is discarded again, and the pellet is resuspended in 32ml GBBS/B, 16ml 

Histodenz solution (recipe see 2.1.1 buffers and solutions), and 100µL DNAseI 

solution. The cell suspension is divided into four 15mL tubes, each filled with 12mL of 

the cell suspension. Then 1,5mL of GBBS/B is carefully layered on top of the 12mL 

cell suspension with a 1000 uL pipette creating a sharp gradient between the cell 

suspension and the top layered GBBS/B. The tubes are then centrifuged for 17 

minutes at 1380g and 4° Celsius without brakes to ensure the continued stability of the 

gradient. 

After centrifugation, hepatic stellate cells float in the interface region between the initial 

cell suspension and the GBBS/B. They are carefully aspirated with a 1000uL pipette 

and then pipetted into a new 50mL tube. Cells are then resuspended in 50ml GBBS/B 

and centrifuged for 10 min at 580g and 4°C. After centrifugation, the supernatant is 

carefully discarded, and the pellet is resuspended with 2mL low glucose DMEM 

containing FCS and Pen/Strep (recipe see cell 2.1.1 buffers and solutions) to plate the 

cells then. Before plating, the cells are counted with a Neubauer counting chamber to 

ensure dense plating, which has proven crucial for the HSC’s viability and attachment.  
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Figure 8 - HSC isolation overview 
This figure gives an overview of the isolation’s most crucial steps dividing the whole procedure into 
three main steps: Step 1) Cervical dislocation was performed to euthanize the mouse, followed by 
median laparotomy with scalpel or scissors. Afterward IVC is canulated and perfusion with EGTA, 
Pronase and Liberase follows. Step 2) After the liver is resected, it is minced and suspended in 
30ml of GBBS/B and 1 % DNAse I in a 50ml tube. Two centrifuge washes with shown settings 
follow. Step 3) For each mouse four 15 ml tubes are filled up with 12 ml C-H suspension. 1.5 ml of 
GBBS/B are carefully layered on top to create sharp gradient in between the two phases. Density-
based centrifugation with shown settings follows. Finally HSCs can be collected with a 1000 µl 
pipette from the interface and plated in a 12 well plate in low glucose DMEM. Further detailed 
description and information about the isolation protocol and specific steps can be found in 
paragraph 2.2.3 Mouse experiments- HSC isolation.  
C-H suspension: cell-histodenz suspension; DMEM: Dulbecco modified eagle medium; GBBS: 
Grey’s balanced buffer solution; HSCs: hepatic stellate cells; IVC: inferior vena cava 
Created using BioRender.com 
 
 



MATERIAL AND METHODS 

 51 

 

Figure 9 - HSC isolation, perfusion step 
Pictures A-H display the liver perfusion step of the above described HSC isolation. (A) Median 
laparotomy. (B) Exposure of IVC (white arrow), the liver is marked by hep. (C) Cannulation of IVC 
(white arrow). (D) Swelling of PV (white arrow), discoloring of the liver (white asterisks). (E) Cutting 
of swollen PV. (F+G) Further discoloring and swelling of the perfused liver. (H) Removed and 
digested liver in Petri dish. 
HSC: hepatic stellate cells; IVC: inferior vena cava; PV: portal vein. 
 

Hepatic stellate cell isolation purity check 

A fraction of isolated HSC’s was used for a contamination check for all time points. All 

samples are checked for CD31 and CD45 on mRNA level to validate the isolate’s purity 

and exclude potential contamination. Samples with comparatively high CD31 or CD45 

levels were excluded from further analysis due to possible contamination with 

endothelial or immune cells. 

2.2.4 Statistical analysis 

All data presented is displayed as mean ± SD. Single data points represent individual 

biological replicates. Each experiment was performed at least three times; actual 

repetitions are stated in respective figure legends. Discovered findings were 

considered significant when p was <0.05. The exact performed statistical test is stated 

in the individual figure legends. In short; for all ex vivo experiments unpaired Mann-
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Whitney test was performed for group comparisons, paired t-test was used to compare 

0 to 9 days of HSC activation. For in vitro experiments, Gaussian distribution was 

assumed, and parametric t-tests were performed. Whenever previous experiments 

and findings suggested a one direction hypothesis, one-tailed tests were performed in 

accordance with the 3R’s. Statistical analysis was performed with Prism, Version 9.1.1 

(223) (Graph Pad). Asterisks were used as follows:              * = p<0.05, ** = p<0.01, 

*** = p<0.001, **** = p<0.0001. 

2.2.5 Bioinformatic analysis 

Gene set enrichment analysis 

To determine the association of SEMA3C with fibrosis respectively cirrhosis in patients, 

gene set enrichment analysis was performed. For gene set enrichment analysis 

(GSEA), data were processed using the GSEA software (Broad Institute, Cambridge, 

Massachusetts).  GSEA was performed to determine gene expression levels in a priori 

defined patient sets and test them for significant differences with the help of the GSEA 

output. Differentially expressed genes (DEGs) are presented in an enrichment plot. 

The normalized enrichment score (NES) accounts for the gene set size. Further 

information included in GSEA is a p-value and the false discovery rate (FDR). The 

following publicly available gene sets for liver fibrosis and cirrhosis patients were 

included into the analysis: NCBI GEO GSE45050, GSE61260, GSE103580, 

GSE83898. 

Overall survival analysis  

To understand a potential association between SEMA3C expression and HCC overall 

survival analysis was done. Survival analysis was performed using the Kaplan Meier 

plotter (Győrffy, 2021). The Kaplan Meier plotter was used to create a survival plot that 

compares two patient groups, split with regard to their expression levels of a certain 

gene. In this way, the prognostic value of a particular gene could be determined. The 

splitting into two groups was based on an automatically generated "best cutoff“ - for 

this automatic cut-off selection, the software checks all possible cutoff values between 

the lower and upper quartile and selects the best performing threshold. The automatic 

cut off / threshold determination table is shown in the appendix. Comparison of patient 

collectives was performed with regard to patients’ overall survival. For this thesis, the 
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KM plotter for liver cancer (Menyhárt et al., 2018) was used – plotting survival curves 

for a specific patient collective of hepatocellular carcinoma patients. 

2.2.6 Ethical statement 

Before starting to work autonomously, I successfully completed the course 

“Laboratory Animal Science and Methods of Animal Experimentation” after FELASA 

B. All experiments were performed according to the learnt guidelines, approved by the 

Regierungspräsidium Karlsruhe and executed in accordance with the three R’s.  
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3 RESULTS 

3.1 The role of Semaphorin 3C in liver fibrosis 

3.1.1 Semaphorin 3C is enriched in cirrhotic patients 

 

Figure 10 – Semaphorin and Plexin targets enriched in cirrhotic liver samples 
Gene expression profiles from healthy donors and patients with liver cirrhosis (NCBI GEO dataset 
GSE45050) were used for GSEA. (A) Heatmap for most enriched Semaphorin and Plexin targets 
(Genset: GO_SEMAPHORIN_PLEXIN_SIGNALING _PATHWAY) (highest enrichment SEMA3C) 
comparing healthy donors (n=3) with cirrhotic patients (n=5) showing enrichment of all displayed 
SEMA and PLXN targets in cirrhotic patients. (blue: downregulated; red: upregulated). (B) 
Enrichment plot displaying the NES and FDS. Figure created and provided by Lena Wiedmann, 
M.Sc. 
NES: normalized enrichment score; FDR: false discovery rate; SEMA: Semaphorin; PLXN: Plexin; 
FLNA: Filamin A 
 
To understand gene expression levels of SEMAs and specifically SEMA3C in cirrhotic 

circumstances GSEA was performed on healthy patients (n=3) and patients with 

diagnosed liver cirrhosis (n=5). SEMA3C is the most enriched gene among all 

Semaphorin and Plexin targets (Figure 10A) suggesting the relevance of SEMA3C in 

the context of fibrotic and cirrhotic liver disease. The enrichment plot displays the 

enrichment of SEMA and PLXN targets in cirrhotic patients compared to healthy 

donors (Figure 10B). Additionally, we took the 500 most enriched genes in the liver 

cirrhosis samples from this GSEA and named it “cirrhosis signature”. In this signature, 

we found SEMA3C to be within the top 100 of most enriched genes, reinforcing the 

hypothesis of its possible importance in cirrhosis.  
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3.1.2 Semaphorin 3C correlates with worse fibrotic state in patients 

 
Figure 11 - Cirrhosis signature genes enriched in SEMA3C high expressing patients with 
alcoholic hepatitis 
Gene expression profiles from patients with alcoholic liver cirrhosis (NCBI GEO dataset 
GSE103580) were used for GSEA. (A) Heatmap for genes of cirrhosis signature. Patients were 
assigned to their respective group according to their SEMA3C expression levels. SEMA3C-lo = 
SEMA3C expression level below mean and SEMA3C-hi = SEMA3C expression level above mean. 
(blue: downregulated; red: upregulated) (B) Enrichment plot displaying NES and FDR. 
NES: normalized enrichment score; FDR: false discovery rate; SEMA3C lo: low SEMA3C 
expression levels; SEMA3C hi: high SEMA3C expression levels 
 
To study the potential role and impact of SEMA3C on fibrotic respectively cirrhotic 

patients and the severity of their fibrotic or cirrhotic disease, GSEA was performed on 

a publicly available data set of alcoholic cirrhosis patients (dataset). Patients were 

grouped into SEMA3C low (SEMA3C-lo) and SEMA3C high (SEMA3C-hi) by the mean 

SEMA3C expression level and then compared using the a priori defined “cirrhosis 

signature”. Interestingly, the “cirrhosis signature” was enriched in the SEMA3C-hi 

cohort, suggesting that alcoholic hepatitis (AH) patients with higher SEMA3C levels 

have stronger cirrhosis than AH patients in the SEMA3C-lo group (Figure 11A-B).  
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3.2 The role of Semaphorin 3C in the activation of hepatic 
stellate cells 

3.2.1 Semaphorin 3C exacerbates TGF-ß signaling response in 
fibroblasts 

The TGF-ß pathway is known to be one of the key contributors to activation and fibrotic 

remodeling (Gressner et al., 2002; Roehlen et al., 2020). To investigate the potential 

interference of SEMA3C with TGF-ß signaling SEMA3C was overexpressed in an 

activated HSC cell line (GRX). 

 

 
Figure 12 – GRX cells show elevated levels of TGF-ß signaling upon SEMA3C overexpression 
(A) Experimental set up: GRX control cells (empty) and GRX (SEMA3C) were starved, stimulated, 
lysed and analyzed for protein levels by Western blot. Created using BioRender.com B) Empty and 
SEMA3C were stimulated with 10ng/ml of TGF-ß for 15min. Figure shows representative image of 
pSMAD2/3 and VCP as loading control for empty and SEMA3C replicate (both stimulated with 
TGF-ß) (C) Quantification of described Western blot analysis. Protein levels of TGF-ß stimulated 
‘empty’ replicates (n=5) were normalized to 1; relative protein levels of SEMA3C (n=5) were 
normalized ‘empty’ condition. One-tailed, non parametric t-test was performed to evaluate 
significance of displayed data. Data shown is mean ± SD. ✱p<0.05 
kD: kilo Dalton; min: minutes; pSMAD2/3: phosphorylated SMAD 2/3; TGF-ß: Transforming growth 
factor – beta; VCP: valosin containing protein 
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GRX cells infected with lentivirus containing an empty vector (empty) instead of 

SEMA3C were used  as control condition. Empty and SEMA3C overexpressing cells 

were starved and then stimulated with TGF-ß for 15 min (Figure 12A). To quantify the 

extent to which TGF-ß response was triggered in cells phosphorylation of SMAD2/3 

was analyzed. In accordance with literature TGF-ß stimulation induced 

phosphorylation of SMAD2/3 in both conditions (Heldin et al., 1997; Nakao et al., 1997) 

(Figure 12B). Quantification of Western blots showed elevated levels of SMAD2/3 

phosphorylation in GRX cells overexpressing SEMA3C: After stimulation with TGF-ß 

pSMAD2/3 levels were more than four times higher in SEMA3C overexpressing GRX 

cells than in the control cells (Figure 12C). 

3.2.2 Semaphorin 3C overexpression upregulates TGF-ß related 
gene expression in activated fibroblasts 

In order to understand the implications of exacerbated SMAD 2/3 phosphorylation in 

SEMA3C overexpressing cells in response to TGF-ß stimulation, TGF-ß related gene 

expression was analyzed in unstimulated and stimulated GRX control cells and GRX 

overexpressing SEMA3C. Cells were starved for 24h and then stimulated with TGF-ß 

for 3, respectively 24 hours (Figure 13A). Then cells were lysed for mRNA isolation 

and subsequent RT-qPCR analysis checking expression of classic (fibroblast) 

activation marker genes Pai-1, Tagln (SM22ɑ) and Acta2 (ɑSMA) to determine the 

extend to what the cells were responding to TGF-ß stimulation. Gene expression levels 

of Pai-1 and Tagln were significantly higher in the stimulated condition of SEMA3C 

overexpressing cells than in stimulated GRX control cells (Figure 13B-C) and gene 

expression levels of Acta2 show a clear trend towards higher levels (Figure 13D). This 

indicates a higher state of activation and transdifferentiation in SEMA3C 

overexpressing GRX cells compared to the respective control. 
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Figure 13 – SEMA3C overexpressing cells show elevated levels of TGF-ß related gene 
expression 
(A) Procedure of experiment: GRX control and SEMA3C overexpressing cells were cultured, 
starved, stimulated and then lysed for RT-qPCR analysis. Created using BioRender.com (B-D) 
Control displayed in green, SEMA3C overexpressing in blue. Control and SEMA3C overexpressing 
replicates were normalized to the unstimulated control. Displayed values are relative mRNA levels. 
(B+C) Pai-1 and Acta2 (ɑSMA) expression levels were analyzed after 3h of stimulation with 
10ng/ml of TGF-ß. (D) Tagln (SM22ɑ) was analyzed after 24h of stimulation with 10ng/ml of TGF-
ß. Two-tailed, parametric t-test was performed to evaluate significance of displayed data. Data 
shown is mean ± SD. ✱p<0.05; ✱p<0.01; 
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3.2.3 Semaphorin 3C upregulation in activated hepatic stellate cells 

 
 
Figure 14 - Semaphorin 3C is upregulated in activated primary HSC upon activation by culture 
time 
(A) Procedure of experiment: HSCs from Wildtype (wt) mice were isolated, cultured and analyzed 
by RT-qPCR. Created using BioRender.com (B; E-H) Graphs display relative gene expression 
levels of SEMA3C, Ctgf, Tagln, Acta2, Col1a2, Pai-1, S100a6 at Day 0 and Day 9. (C-D) Light 
microscope pictures of cells were taken 4 and 9 days post isolation. Two tailed, paired, t-test was 
performed to evaluate significance of displayed data. Data shown is mean ± SD. ✱P<0.05; 
✱✱P<0.01; ✱✱✱P<0.001; ✱✱✱✱P<0.0001. 
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To validate effects of SEMA3C that were observed in the GRX cell culture model, 

primary HSCs were isolated as described. HSCs from 14 – 20 weeks old C57BL/6J 

wildtype (wt) mice were isolated to confirm Sema3c upregulation upon activation of 

fibrosis mediating cells. After isolation, a fraction of HSCs was collected and directly 

lysed to check gene expression levels at Day 0. The remaining fraction of HSCs was 

cultured for 9 days to activate the isolated cells by culture time (Figure 14A). It has 

been shown that in vitro culturing is adequate to activate primary HSCs and trigger 

their transdifferentiation into myofibroblasts (El Taghdouini et al., 2015). Hence 

activation by culture time could be used as a sufficient model to investigate the 

regulation of SEMA3C upon activation. 

After 9 days of culturing HSCs were lysed, mRNA was isolated and qPCR was 

performed. Gene expression levels of all genes were normalized to their respective 

expression levels at Day 0 (Figure 14B, 14E-J). qPCR showed upregulation of 

common activation and fibrosis markers such as Ctgf, Acta2, Tagln (SM22ɑ), Col1a2, 

Pai-1 and S100a6 and (Figure 14E-J) confirming successful activation of isolated wt 

HSCs by culture time. Also, 4 days post isolation HSCs still show retinoid lipid droplets 

(Figure 14C), whereas they were lost 9 days post isolation. Additionally a 

morphological change away from the stellate towards a myofibroblast phenotype can 

be observed (Figure 14D), demonstrating the HSC’s transdifferentiation. Within the 

mentioned activation and transdifferentiation marker genes Acta2 (ɑ-SMA) and Tagln 

were most upregulated with relative increases of gene expression of 170-fold 

respectively 60-fold. Compared with levels at Day 0 Sema3c was upregulated at Day 

9 up to sixfold. (Figure 14B).  

 



RESULTS 

 61 

3.2.4 Semaphorin 3C receptor downregulation in activated hepatic 
stellate cells 

 
Figure 15 - Nrp2 is maintained while Nrp1 and Plxnd1 are clearly downregulated upon activation 
Gene expression levels were measured in primary isolated murine HSCs at two timepoints. (A-C) 
Graphs display relative gene expression levels of Plxnd1, Nrp1 and Nrp2 at Day 0 and Day 9. (D-
F) Estimation plots for Plxnd1, Nrp1 and Nrp2 show the corresponding pairs and display the means 
of difference between Day 0 and Day 9 for the respective receptors. Two tailed, paired, parametric 
t-test was performed to evaluate significance of displayed data. Data shown is mean ± SD. 
✱✱✱P<0.001; ✱✱✱✱P<0.0001. 
 
Given that Sema3c is upregulated in activated primary HSCs (Figure 14B) it was 

crucial to investigate the regulation of different Semaphorin receptors upon activation. 

qPCR was performed on Day 0 and Day 9 samples from wildtype mice (see set up 

from 3.2.3). Nrp1 and Plxnd1 expression decreased ten- to twentyfold from Day 0 upon 

activation until Day 9 (Figure 15A-B; 15D-E). Nrp2 however was only downregulated 

to levels between 0.6 and 0.3 (Figure 15C; 15F). These results indicate that 

expression of Nrp2 is nearly maintained upon activation whilst Nrp1 and Plxnd1 are 

nearly completely downregulated. The findings led to further investigation of the effect 
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of specifically NRP2 on the activatability of hepatic stellate cells and its role as 

SEMA3C receptor. 

3.2.5 Regulation of class 3 Semaphorins in activated hepatic stellate 
cells 

 
 

 
Figure 16 - Sema3a and Sema3e are upregulated, Sema3b and Sema3f downregulated in 
activated hepatic stellate cells 
(A-E) Graphs display relative gene expression levels of Sema3a, Sema3b, Sema3d, Sema3e and 
Sema3f at Day 0 and Day 9. Two tailed, paired, parametric t-test was performed to evaluate 
significance of displayed data. Data shown is mean ± SD. ✱✱P<0.01; ✱✱✱P<0.001 
 
As SEMA3C is part of a wider family of Semaphorin class 3 proteins (Goodman et al., 

1999), mRNA isolates of activated hepatic stellate cells (HSCs) were analyzed by 

qPCR to understand the regulation of other class 3 Semaphorins in HSCs upon their 

activation. Experimental set up was the same as for SEMA3C analysis. Day 0 and Day 

9 comparative analysis was performed for Sema3a, Sema3b, Sema3e and Sema3f. 

Sema3a and Sema3e were significantly upregulated in activated hepatic stellate cells 
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compared with their quiescent state. Sema3e was upregulated strongest with a relative 

increase of relative expression up to 21-fold on average (Figure 16A). Sema3a was 

increased up to 18-fold on average (Figure 16D). In contrast Sema3b and Sema3f 

were downregulated upon HSC activation (Figure 16B; 16E). 
 

3.2.6 Semaphorin 3C knock out decreases activatability of hepatic 
stellate cells 

In vitro experiments with GRX cells showed the promotion of activation and TGF-ß 

related gene expression upon SEMA3C overexpression. To verify these in vitro results 

in an ex vivo setting and to investigate whether increased expression and presence of 

SEMA3C affects the activatability of primary hepatic stellate cells, 14 – 20 weeks old 

SM22αCRE/SEMA3Cfl/fl (cre+) and their matching controls SEMA3Cfl/fl (cre-) were used 

for HSC isolation (Figure 17A).  

Quiescent, inactivated hepatic stellate cells do not express SM22α – however upon 

activation expression levels of SM22α (Tagln) are increased(Figure 17D). Therefor 

the SEMA3C knock-out (ko) - with SM22α as a driver gene - will only be induced during 

activation by culture time; at Day 0 before culturing the cells neither of the mentioned 

genotypes will have a SEMA3C knock out. Thus isolated HSCs from 

SM22αCRE/SEMA3Cfl/fl and SEMA3Cfl/fl are compared with regard to their gene 

expression level after nine days of activation by culture time to understand the role of 

SEMA3C in the activation of HSCs. To do so HSCs were isolated as described from 

cre+ and cre- mice. A fraction of isolated HSCs of both groups was directly lysed to 

perform the purity check as described. The remaining HSCs of both groups were 

plated, cultured for 9 days and then lysed for mRNA isolation and qPCR analysis 

(Figure 17A). Quantitative PCR analysis showed that HSCs from cre+ mice express 

significantly lower levels of Acta2 (αSMA) and Tagln (SM22), Ctgf and S100a6 (Figure 
17B-E). This indicated lower degree of activation and slower progression of 

transdifferentiation of HSCs isolated from SM22αCRE/SEMA3Cfl/fl (cre+) upon 9 days 

activation by culture time.  
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Figure 17 - HSCs with SEMA3C knock-out express lower levels of activation and 
transdifferentiation markers 
(A) Procedure of experiment: HSCs from SEMA3Cfl/fl and SM22αCRE/SEMA3Cfl/fl mice were 
isolated, cultured and analyzed by qPCR at day 9. Created using BioRender.com (B-E) Graphs 
display relative gene expression levels of Acta2, S100a6, Ctgf and Tagln for cre- and cre+ group. 
One-tailed, non-parametric Mann-Whitney test was performed to evaluate significance of 
displayed data. Data shown is mean ± SD. ✱P<0.05; ✱✱P<0.01 
 
 

3.3 The role of Neuropilin 2 in the activation of hepatic 
stellate cells 

3.3.1 Neuropilin 2 alters Neuropilin 1 expression in fibroblasts 

In contrast to the other two SEMA3C receptors (NRP1 and PLXND1) mRNA levels of 

Nrp2 remained higher upon activation of HSCs. Hence the role of NRP2 for regulation 

of hepatic stellate cell activatability and transdifferentiation was to be further 

investigated. For this purpose GRX cells were infected with a lentivirus containing a 

plasmid coding for a small hairpin RNA (shRNA) targeting Nrp2 (shNRP2). GRX cells 

infected with a vector containing a non-targeting shRNA (shControl). After the knock-
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down was established in GRX cells, cells were stimulated with TGF-ß and then lysed 

for Western blot analysis (Figure 18A-C). Displayed western blots are n=1 and hence 

data is only preliminary. (Figure 18B). . For qPCR analysis cells were cultured, 

stimulated and lysed. Nrp2 knock-down was confirmed in shNRP2 cells compared with 

control shRNA cells (Figure 18B, E). Nrp1 levels were significantly decreased upon 

Nrp2 knockdown (Figure 18C, E). 

 

 
Figure 18 - Neuropilin 2 knock down alters activatability of fibroblasts and downregulates 
Neuropilin 1 
(A) Procedure of experiment: control GRX cells (empty) and GRX treated with lentiviral vector for 
shNRP2 (shNRP2) were cultured, stimulated with 10ng/ml TGF-ß, lysed and analyzed by Western 
blot. Created using BioRender.com (B-C) Figure shows preliminary data (n=1) representative 
Western blot of (B) NRP2, SM22 and VCP as loading control (C) respectively NRP2, NRP1 and 
GAPDH as loading control. (D) Procedure of experiment: control GRX cells (empty) and GRX 
treated with lentiviral vector for shNRP2 (shNRP2) were cultured, lysed and analyzed by qPCR. 
(E) Figure shows relative mRNA levels of Nrp2 and Nrp1 gene expression levels. Two tailed, 
unpaired, parametric t-test was performed to evaluate significance of displayed data. Data shown 
is mean ± SD. ✱P<0.05; ✱✱✱✱P<0.0001. 
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3.3.2 Neuropilin 2 alters activatability of hepatic stellate cells  

To investigate a potential role of NRP2 on activation of HSCs, 14 – 20 weeks old 

SM22αCRE/NRP2fl/fl (cre+) and their matching controls NRP2fl/fl (cre-) were used for HSC 

isolation (Figure 19A). 

 

 
Figure 19 - HSCs with NRP2 knock out express lower levels of activation and transdifferentiation 
markers 
(A) Procedure of experiment: HSCs from cre- and cre+ mice were isolated at Day 9, cultured and 
analyzed by qPCR. Created using BioRender.com. (B-E) Graphs display relative gene expression 
levels of Acta2, Tagln and Ctgf for cre- and cre+ group. One-tailed, non-parametric Mann-Whitney 
test was performed to evaluate significance of displayed data. Data shown is mean ± SD. ✱P<0.05; 
✱✱P<0.01 
 
Quantitative PCR analysis showed that HSCs from cre+ mice express significantly 

lower levels of Acta2 (aSMA) and Tagln (SM22α) and Ctgf than HSCs isolated from 

cre- mice(Figure 19B-D). This indicated lower levels of activation and slower 

progression of transdifferentiation in HSCs isolated from SM22αCRE/SEMA3Cfl/fl (cre+) 

upon 9 days activation by culture time in comparison with HSCs isolated from littermate 

controls. 
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3.4 Semaphorin 3C expression correlates with overall 
survival in patients with hepatocellular carcinoma 

 

Figure 20 – SEMA3C low expressing patients show longer overall survival than SEMA3C high 
expressing patients 
Kaplan-Meier plot based on Kaplan-Meier plotter (Menyhárt et al., 2018) SEMA3C low expressing 
patients (black line and crosses) and SEMA3C high expressing patients (red line and crosses) are 
compared with regard to their overall survival. Patients were grouped by automatically generated 
cut-off value. 
HR: hazard ratio 
 

Using the Kaplan Meier (KM) plotter for liver cancer (Menyhárt et al., 2018) 

comparative overall survival analysis was performed with regard to SEMA3C 

expression in patients diagnosed with hepatocellular carcinoma. The high and low 
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expression group was split at an automatically determined threshold (Appendix 
Figure 21). Patients with high SEMA3C expression levels were observed to have 

significantly shorter overall survival time than patients with low SEMA3C expression 

levels. Median survival for patients with low SEMA3C expression is 82.9 months, whilst 

the median survival for patients with high SEMA3C expression 47.4 months (Figure 
20). The KM plotter’s automatic cutoff determination generates the cutoff value 

grouping the patient collective into two sets. For the HCC patient collective at hand the 

cutoff value was determined to be 17 with a corresponding p-value of 0.033 and a 

hazard ratio of 1.46.  
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4 DISCUSSION 

Central pathomechanism to liver fibrosis is the activation and transdifferentiation of 

hepatic stellate cells and subsequent myofibroblast-driven, fibrotic remodeling of the 

liver (Lee et al., 2015). Class 3 Semaphorins, such as SEMA3A and SEMA3E, are 

secreted proteins known to be involved in fibrotic diseases and specifically aggravate 

liver fibrosis (Jeon et al., 2020; Papic et al., 2018; Yagai et al., 2014). The main 

objective of this MD thesis was to investigate and understand whether SEMA3C 

correlates with fibrosis, and if so, whether and how it is involved in HSC activation and 

what mechanisms underly potential influence of SEMA3C on HSC activation and 

transdifferentiation. 

4.1 Correlation of Semaphorin 3C and chronic liver disease 

Publicly available data was used to perform GSEA on patients with liver cirrhosis, in 

many cases the end stage of liver fibrosis, and respective healthy control patients. The 

performed GSEA found several SEMA and PLXN family members enriched in cirrhotic 

patients compared with control patients such as SEMA3A, B, C, D and E, and 

SEMA4A, B, and E (Figure 10 A-B). This confirms the association of serum levels of 

specific SEMA proteins and specifically also SEMA3C with liver fibrosis (Papic et al). 

When checking gen expression levels in patients with liver cirrhosis compared to 

healthy donors, SEMA3C was the most enriched gene within the the SEMA and PLXN 

targets (Figure 10 A-B), which set the focus of this study upon SEMA3C. GSEA was 

also used to generate a cirrhosis signature, including the comparatively 500 most 

enriched genes in cirrhotic patients.  

To confirm not only an association, but also a correlation of SEMA3C and chronic liver 

disease, GSEA was then performed on a patient data set exclusively containing 

patients suffering from alcoholic hepatitis (Figure 11). Patients with low SEMA3C 

mRNA expression (SEMA3C-lo) showed far less enrichment of cirrhotic signature 

genes (determined in the former GSEA) than patients with high SEMA3C expression 

(SEMA3C-hi) (Figure 11). This leads to the conclusion that SEMA3C is associated 

with liver cirrhosis and correlates with the severity of liver cirrhosis and thus liver 

fibrosis.  While it is impossible to deduce any mechanistic explanation from this mere 

correlation, it suggested further investigating potential SEMA3C mediated profibrotic 
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processes. Hepatic stellate cells are the main driver of fibrosis (Friedman, 2008), and 

a single cell analysis by Ramachandran showed that cells from the mesothelioma are 

the primary source of SEMA3C in the liver (Ramachandran et al., 2019). Therefor it 

was natural to focus the mechanistic investigation of the correlation between SEMA3C 

and fibrosis on the activation and transdifferentiation of hepatic stellate cells.  

4.2 Role of Semaphorin 3C in fibroblast signaling and 
activation 

The master profibrogenic cytokine TGF-ß is widely regarded to conduct its fibrogenic 

effect as one of the most potent effectors in activating hepatic stellate cells (Chang and 

Li, 2020; Fabregat et al., 2016). At the same time, SEMA3C’s receptors NRP1 and 

NRP2 are known to be involved in the amplification of TGF-ß signaling leading to 

increased SMAD phosphorylation in colon cancer and liver fibrosis  (Cao et al., 2010; 

Glinka et al., 2011; Grandclement et al., 2011b). Recent studies demonstrate that each 

Neuropilin enhances TGF-ß mediated SMAD phosphorylation by binding TGF-ß 

receptor 1 (TßRI) and by directly acting as a receptor for TGF-ß1 (Glinka et al., 2011; 

Grandclement et al., 2011a).  

During this study, I hypothesized that the mechanism underlying the correlation 

between SEMA3C and fibrosis might originate from SEMA3C interfering with TGF-ß 

signaling in hepatic stellate cells via its receptors NRP1 or NRP2. In fact, SEMA3C 

overexpression in GRX, an immortal, HSC derived, myofibroblast cell line, proper to 

mimic hepatic stellate cell behavior in culture (Borojevic et al., 1985; Herrmann et al., 

2007), led to increased SMAD2/3 phosphorylation upon TGF-ß stimulation compared 

to control GRX cells in Western blot analysis (Figure 12 A-C). Also, the stimulation 

with TGF-ß led to significantly upregulated gene expression levels of Pai-1, Acta2 

(ɑSMA), and Tagln (SM22ɑ) in SEMA3C overexpressing cells compared with controls 

(Figure 13). SMAD2/3 is recognized as the main effector signaling pathway in TGF-ß 

signaling (Hill, 2016; Kitamura and Ninomiya, 2003; Massagué, 2012) and Pai-1, Acta2 

(ɑSMA) and Tagln (SM22ɑ) are well established to be TGF-ß induced genes (Duncan 

et al., 1999; Hu et al., 2003; Liu et al., 2013; Lund et al., 1987; Shafer and Towler, 

2009). This indicates that SEMA3C actually mediates TGF-ß signaling and 

subsequently augments SMAD 2/3 phosphorylation. The exact way SEMA3C 

mediates the enhanced TGF-ß signaling response is still in question. For example, 

SEMA3C binding to its NRP receptors could lead to an intensified association of NRP1 
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and or NRP2 with TßRs, further amplifying TGF-ß-TßR mediated SMAD 2/3 

phosphorylation and subsequent TGF-ß related gene expression.  

Enhanced TGF-ß signaling and upregulated TGF-ß related gene expression upon 

SEMA3C overexpression led me to conclude that SEMA3C is not only upregulated as 

a consequence of liver injury and inflammation but also actively contributes to the very 

progression of liver fibrosis itself. The expression of SEMA3C in early fibrosis could 

augment TGF-ß response in involved HSCs and potentiate the fibrotic process and 

remodeling. These results and the subsequent assumptions regarding the mechanism 

are based on in vitro data from an immortalized cell line. Thus, it was crucial to 

investigate and validate obtained results in ex vivo experiments with primary HSCs.  

4.3 The relevance of Semaphorin 3C in activation and 
transdifferentiation of hepatic stellate cells 

Isolation of primary murine HSCs and subsequent HSC activation by culture time is a 

well-described and widely acknowledged model to study HSC biology and mimic their 

activation and transdifferentiation process (Friedman, 2003; Rombouts, 2015). Thus 

far, it was only known that general SEMA3C serum levels were elevated in association 

with liver fibrosis (Papic et al., 2018), and my study’s results to that point were based 

on in vitro experiments on GRX cell line.  

In the next step this project hence aimed to investigate the regulation of SEMA3C in 

isolated, primary HSCs upon activation by culture time. The significant upregulation of 

SEMA3C in HSCs after nine days of activation by culture time demonstrates that 

SEMA3C is not only generally associated with fibrosis, as Papic et al. indicate, but is 

a specific marker for HSCs activation (Figure 14). 

To validate the activating and transdifferentiating effect of SEMA3C on GRX in primary 

HSCs, HSCs were isolated from SM22αCRExSEMA3Cfl/fl, and their littermate controls 

SEMA3Cfl/fl. Figure 14F demonstrates the massive upregulation of Tagln (SM22ɑ) in 

activated primary HSCs. As SM22α is the driver gene in SM22αCRExSEMA3Cfl/fl mice, 

SEMA3C is deleted upon activation in HSCs isolated from these mice and retained in 

their littermate controls SEMA3Cfl/fl. After nine days of activation, HSCs isolated from 

SM22αCRExSEMA3Cfl/fl mice show significantly lower levels of activation and 

transdifferentiation markers Pai-1, Acta2, Tagln, and S100a6 than HSCs isolated from 

their littermate controls (Figure 17). Pai-1, Acta2 (ɑSMA), Tagln (SM22ɑ) and S100a6 
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are TGF-ß-signaling induced genes, related to various characteristics of HSC derived 

myofibroblast in fibrosis such as contractility (Acta2) (Hu et al., 2003; Saab et al., 

2002), fibrogenesis and altered matrix degradation (Pai-1) (Leyland et al., 1996). While 

overexpression of SEMA3C led to the amplification of TGF-ß signaling and gene 

expression (Figure 12-13), SEMA3C deletion goes in hand with less contractility, 

fibrogenesis, and less factors altering matrix degradation (Figure 17). Based on these 

findings, I conclude that SEMA3C not only mediates HSC activation in HSC derived 

cell lines but also exacerbates TGF-ß response in primary HSCs. Thereby SEMA3C 

triggers TGF-ß related activation of primary HSCs. Vice versa, the observation of lower 

transcriptomic levels of transdifferentiation markers upon SEMA3C deletion (Figure 
17), support the hypothesis that SEMA3C expression aggravates fibrosis 

development.  

Data from GRX experiments that indicate the mediating role of SEMA3C in activation 

and transdifferentiation of HSCs left room for uncertainty regarding the mechanism of 

SEMA3C dependent signaling. To answer that uncertainty, I analyzed the regulation 

of SEMA3C receptors upon activation of HSCs (Figure 15). Interestingly NRP2 was 

the only SEMA3C receptor to be maintained (Figure 15 C; F), while Plexin D1 and 

NRP1 were nearly completely downregulated to levels between 2% and 10% 

compared to the day of isolation (Figure 15 A-B; D-E). This suggests eventual 
SEMA3C-dependent effects in the activation of primary HSCs to be mediated by 

NRP2, rather than Plexin D1 and NRP1. Hence it can be assumed that NRP2 functions 

as an individual modulator of HSC activation and TGF-ß signaling augmentation, 

independent from Plexin D1 and seems to be the main receptor modulating SEMA3C’s 

effects within the activation of HSCs. 

To further explore the role of NRP2 in the regulation and eventual mediation of HSC 

activation, HSCs were isolated from SM22αCRExNRP2fl/fl, and their littermate controls 

NRP2fl/fl. Upon elimination of NRP2, HSCs isolated from SM22αCRExNRP2fl/fl mice after 

nine days of culture activation show lower levels of Acta2 (ɑSMA) and Tagln (SM22ɑ) 

and show a trend of reduced Ctgf levels (Figure 19). This supports my hypothesis that 

SEMA3C associated exacerbation of TGF-ß signaling, gene expression, and activation 

of primary HSCs is mediated via NRP2. NRP1 is already known to exacerbate the 

activation of HSCs, enhancing TGF-ß signaling (Cao et al., 2010). My findings suggest 

that NRP2 influences TGF-ß-related HSC activation in a similar way. Potentially, NRP2 
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deletion mimics the effect of SEMA3C deletion as the underlying signaling mechanism 

of SEMA3C is disturbed, and hence the promoting effect of SEMA3C in HSCs isolated 

from NRP2fl/fl mice does not unfold in HSCs isolated from  SM22αCRExNRP2fl/fl mice, 

leading to lower levels of HSC activation and transdifferentiation markers. 

4.4 Other Class 3 semaphorins in activated hepatic stellate 
cells 

Amongst several functions, other class 3 semaphorins than SEMA3C influence fibrosis 

and tumorigenesis (Gu et al., 2005; Rehman and Tamagnone, 2013; Toledano et al., 

2019; Yagai et al., 2014). Remarkably SEMA3A and SEMA3E are extensively 

upregulated in primary HSC isolated from wildtype mice and activated by nine days of 

culture time (Figure 15A; C) while SEMA3B and SEMA3F are clearly downregulated 

(Figure 15B;D). Interestingly SEMA3A was already described to mediate fibrosis in 

corneal injury via amplifying TGF-ß signaling (Jeon et al., 2020) and SEMA3A deletion 

ameliorated renal fibrosis (Jeon et al., 2020; Sang et al., 2021). SEMA3E triggers 

sinusoidal contractability in fibrosis and deletion of SEMA3E in rodent fibrosis model 

ameliorates fibrosis (Yagai et al., 2014). The upregulation of SEMA3A and SEMA3E 

in activated HSCs indicates a potential association if not correlation with and 

contribution to HSC activation of these two members of class 3 semaphorins. SEMA3A 

and SEMA3E upregulation is consistent with our current understanding of their 

respective role in fibrosis. Perspectively it will be interesting to investigate potential 

interaction of SEMA3A and SEMA3E with HSCs and to understand potential 

contribution of these two proteins to HSC activation and transdifferentiation. To what 

extend SEMA3C interacts or counteracts with other SEMA3s in context of liver fibrosis 

will be subject to discussion. 

4.5 Semaphorin 3C in hepatocellular carcinoma 

Overall survival (OS) of HCC patients is longer in SEMA3C low-expressing than in 

SEMA3C high-expressing patients (Figure 20). Tam et al. demonstrate that SEMA3C 

overexpression augments EMT markers in prostate cells, induces differentiation of 

cancer-promoting, stem-like population of cells, and increases invasiveness and 

dissemination of prostate cancer cells (Herman and Meadows, 2007; Tam et al., 2017). 

Additionally, it is known that SEMA3C promotes therapeutic resistance, metastasis, 
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cancer-like stem cell capacities, and vascularization of several types of cancer (Hao 

and Yu, 2018). I show the SEMA3C dependent augmentation of HSC activation and 

transdifferentiation, and the role of HSCs in promoting HCC is widely acknowledged 

(Amann et al., 2009; Barry et al., 2020; Dapito and Schwabe, 2015). Therefore it is 

possible that shorter OS in SEMA3C high-expressing HCC patients originates from 

HSC activation and thus HCC progression, vascularization, growth, and immune 

escape (Figure 5). It would be interesting to investigate comparable effects of 

SEMA3C in HCC cells to answer the question to what extent SEMA3C influences HCC 

development and uncover potential underlying mechanisms. Also, the role of other 

class 3 SEMAs should be evaluated. For example, SEMA3F and SEMA3B are known 

to contribute to tumor suppression and are downregulated in tumor entities such as 

breast neoplasia (Staton et al., 2011), melanoma (Bielenberg et al., 2004), and lung 

cancer (Lantuéjoul et al., 2003). 

 

4.6 Study limitations 

HSC activation has been studied in vitro with primary, isolated HSCs for a long time, 

simulating the HSC activation process in vivo. This model sufficiently upregulates 

characteristic activation markers and induces classic morphological changes like the 

loss of retinoid vacuoles. However, the in vitro activation process in a monoculture 

setting exposes primary HSCs to a somewhat unphysiological setting due to the lack 

of other parenchymal and non-parenchymal hepatic cell types, thus lacking interaction 

with these different cell types and the overwhelming effect of plastic and cell culture 

medium induced stimulation to the cultured HSCs (Mederacke et al., 2015). In vitro 

and ex vivo cell culture experiments that evaluate the activation of HSCs might 

therefore deliver slightly altered results due to unphysiological HSC environment and 

culture conditions. At the same time inhibitory effects, such as the deletion of SEMA3C 

and NRP2, are still regarded to display actual pathophysiological effect quite precisely. 

(Mederacke et al., 2015). 

Regarding the GSEA, enrichment results were obtained from cirrhotic collectives. 

Cirrhosis is the end stage of fibrosis in most cases. However, enrichment data of 

fibrotic patients would of course display changes in actual fibrosis more precisely. Still 

it is seems natural and justifiable to draw above-made conclusions from cirrhotic 

patients about enrichment and disease severity in fibrosis as well.  
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4.7 Conclusion and outlook 

Proteins from the Semaphorin family are known to contribute, aggravate, and modulate 

fibrotic processes and diseases (Jeon et al., 2020; Peng et al., 2015; Reilkoff et al., 

2013). This MD thesis project focused on understanding the potential role of 

Semaphorin 3C as a novel marker and promoter for the activation and 

transdifferentiation of hepatic stellate cells, ultimately leading to liver fibrosis. The 

project’s working hypothesis was that Semaphorin 3C mediates and aggravates liver 

fibrosis by amplifying hepatic stellate cells activation and transdifferentiation.  

 

The three main aims of this thesis and study were met as follows:  

 

I. Correlation in patients: Semaphorin 3C is enriched in fibrotic patients, and 

high Semaphorin 3C expression in patients correlates with higher enrichment 

of typical fibrosis and cirrhosis marker genes.  
 

II. Mechanism in GRX cell line: Semaphorin 3C exacerbates TGF-ß signaling 

and subsequently TGF-ß related gene expression of activation and 

transdifferentiation markers, indicating Semaphorin 3C to be a driver for HSC 

activation, myofibroblast transdifferentiation, and thus liver fibrosis promotion. 
 

III. Effect confirmation in primary hepatic stellate cells: Semaphorin 3C’s 

exacerbating effect on activation and transdifferentiation in GRX cells was 

confirmed in primary, isolated hepatic stellate cells. Semaphorin 3C is 

upregulated in activated primary hepatic stellate cells. Upon Semaphorin 3C 

knockout, primary HSCs show lower expression of activation and 

transdifferentiation markers. Upon Neuropilin 2 knockout, primary HSCs also 

show lower levels of activation and transdifferentiation markers.  
 
Considering these findings, this study identifies Semaphorin 3C as a novel marker and, 

more importantly, mediator for hepatic stellate cell activation and transdifferentiation 

and liver fibrosis. Semaphorin 3C augments TGF-ß signaling and its downstream 

transduction via SMAD2/3 in vitro in GRX cells. Upon deletion of SEMA3C respectively 
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NRP2 in ex vivo experiments with primary HSCs, HSCs are less activated and show a 

weaker myofibroblast phenotype.  

Presented results lay the foundation for SEMA3C to be investigated as a potential 

therapeutic target inhibiting hepatic stellate cell activation and transdifferentiation. 

NRP2 serves as an additional potential target, indirectly inhibiting SEMA3C signaling. 

It will be crucial to confirm the obtained results in murine fibrosis models and further 

rescue experiments. In the future it will be of interest to further investigate Semaphorin 

3C dynamics in patients upon inflammation or injury as a stimulus.  

As Semaphorin 3C also appears to correlate with overall survival in patients with 

hepatocellular carcinoma, it will be interesting to perform experiments on 

hepatocellular carcinoma cell lines and analyze biopsies of HCC patients with regard 

to Semaphorin 3C levels and their impact on hepatocellular carcinoma. 
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5 SUMMARY 

In the developed world, close to 45% of all deaths are related to fibroproliferative 

pathologies with liver fibrosis, and in course, cirrhosis is one of the leading causes 

amongst those death numbers. Liver fibrosis is a pathological state arising from the 

organ's wound healing process, answering to liver injury and chronic inflammation. 

Constant inflammatory stimuli lead to excessive extracellular matrix secretion resulting 

in impaired metabolic and synthetic function. Ultimately the fibrosis progresses into 

liver cirrhosis, hepatocellular carcinoma, organ failure, and eventually even the 

patient's death. The activation and myofibroblast differentiation of hepatic stellate cells 

is a primary driver of fibrosis. To identify potential antifibrotic therapy targets, it is crucial 

to understand and further investigate the activation processes of hepatic stellate cells. 

One of the key drivers in hepatic stellate cell activation is TGF-β signaling, which is 

well known to mediate myofibroblast differentiation and extracellular matrix 

accumulation. Semaphorins are a group of secreted, membrane standing and 

transmembrane proteins influencing axonal guiding, angiogenesis, immune 

modulation. One member of this family is Semaphorin 3C, a secreted protein that binds 

to the extracellular matrix and signals through Neuropilin receptors 1 and 2.  

Analysis of publicly available patient data sets confirmed that the Semaphorin 3C 

expression correlates with a worse fibrotic state. This correlation suggests a pivotal 

role of  Semaphorin 3C in the development and progression of liver fibrosis. Given the 

critical role of hepatic stellate cells in fibrosis, the suspected role of Semaphorin 3C 

and its receptors in GRX cells (hepatic stellate cells derived cell line) and freshly 

isolated, primary hepatic stellate cells were analyzed to understand the potential role 

of Semaphorin3C in hepatic stellate cell activation further. Freshly isolated, primary 

hepatic stellate cells upregulate Semaphorin 3C, maintain Neuropilin 2 and 

downregulate Neuropilin 1 and Plexin D1 upon culture-induced activation, indicating 

Semaphorin 3C to be a marker for hepatic stellate cell activation. 

To understand to what extend it mediates activation and transdifferentiation, 

Semaphorin 3C was overexpressed in GRX cells. In vitro overexpression exacerbates 

TGF-β response and augments SMAD2/3 phosphorylation. Characteristic, TGF-β 

related activation and transdifferentiation markers are upregulated in consequence. 

Neuropilin 2 is maintained in activated hepatic stellate cells, indicating  Neuropilin 2-
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Semaphorin 3C interaction to mediate the exacerbated TGF-β response. Upon 

deletion of Semaphorin 3C in primary, isolated hepatic stellate cells and their 

subsequent activation by culture time, lower levels of activation, and 

transdifferentiation markers such as Acta2 (ɑSMA), Pai-1, Tagln (SM22ɑ) and S100a6 

are expressed. Deletion of  Neuropilin 2 in primary, isolated hepatic stellate cells goes 

in hand with these observations, showing lower levels of activation and 

transdifferentiation markers than littermate controls. Ultimately Semaphorin 3C 

expression level is observed to correlate with shorter overall survival in hepatocellular 

carcinoma patients, indicating a potentially extended role of Semaphorin 3C not only 

in hepatic stellate cells in primary fibrosis but also hepatocellular carcinoma and 

carcinoma associated fibrosis. 

The study postulates Neuropilin 2 - dependent modulation of TGF-β signaling in 

hepatic stellate cells by Semaphorin 3C to be the underlying, mechanistic foundation 

of the effect of Semaphorin 3C. This study identifies Semaphorin 3C as a novel marker 

and, more importantly, mediator for hepatic stellate cell activation and 

transdifferentiation and liver fibrosis. Also, it suggests a potential role of Semaphorin 

3C in hepatocellular carcinoma progression. 
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6 ZUSAMMENFASSUNG 

Fast 45 % aller Todesfälle in Industrieländern sind auf fibroproliferative Pathologien 

zurückzuführen, wobei Leberfibrose und in Folge die Leberzirrhose eine der 

Hauptursachen für diese Todesfälle sind. Leberfibrose ist ein pathologischer Zustand, 

der sich aus dem Wundheilungsprozess des Organs als Reaktion auf 

Leberverletzungen und chronische Entzündungen ergibt. Ständige Entzündungsreize 

führen zu einer übermäßigen Sekretion extrazellulärer Matrix, was zu einer 

Beeinträchtigung der metabolischen und synthetischen Funktion führt. Letztendlich 

führt die Leberfibrose zu Leberzirrhose, hepatozellulärem Karzinom, Organversagen 

und schließlich sogar zum Tod des Patienten. Es ist bekannt, dass die Aktivierung und 

myofibroblastische Differenzierung hepatischer Sternzellen eine der Hauptursachen 

für Leberfibrose ist. Für die Identifizierung potenziell antifibrotischer Therapieziele ist 

es daher von entscheidender Bedeutung, die Aktivierungsprozesse hepatischer 

Sternzellen zu verstehen und weiter zu untersuchen. Einer der wichtigsten Faktoren 

im Rahmen der Aktivierung hepatischer Sternzellen ist der TGF-β-Signalweg, der 

bekanntermaßen die Differenzierung von Myofibroblasten und die Akkumulation 

extrazellulärer Matrix vermittelt. Semaphorine sind eine Gruppe sekretierter, 

membranständiger und transmembranöser Proteine, die die axonale Entwicklung und 

Sprossung, Angiogenese und Immunmodulation beeinflussen. Ein Mitglied dieser 

Familie ist Semaphorin 3C, ein sekretiertes Protein, das an die extrazelluläre Matrix 

bindet und über Plexine und Neuropilin-Rezeptoren 1 und 2 Signale sendet. 

Die Analyse veröffentlichter Patientendatensätze bestätigte, dass die Semaphorin 3C-

Expression mit einem schlechteren fibrotischen Verlauf und Zustand der Patienten 

korreliert. Diese Korrelation deutet auf eine zentrale Rolle von Semaphorin 3C bei der 

Entwicklung und dem Fortschreiten der Leberfibrose hin. In Anbetracht der 

entscheidenden Rolle hepatischer Sternzellen im Rahmen von Leberfibrose wurde die 

vermutete Rolle Semaphorin 3Cs und seiner Rezeptoren in GRX-Zellen (von 

hepatischen Sternzellen abgeleitete Zelllinie) und frisch isolierten, primären 

hepatischen Sternzellen analysiert, um die potenzielle Rolle von Semaphorin 3C im 

Rahmen der Aktivierung hepatischer Sternzellen besser zu verstehen. Bei Zellkultur 

induzierter Aktivierung frisch isolierter, primärer hepatischer Sternzellen, regulieren 

diese die Expression Semaphorin 3Cs hoch, exprimieren weiterhin Neuropilin 2 und 
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regulieren die Expression von Neuropilin 1 und Plexin D1 bei kulturinduzierter 

Aktivierung herunter. Dies deutet darauf hin, dass Semaphorin 3C ein Marker für die 

Aktivierung und Transdifferenzierung hepatischer Sternzellen ist. 

Um zu verstehen, inwieweit Semaphorin 3C die Aktivierung und Transdifferenzierung 

vermittelt, wurde Semaphorin 3C in GRX-Zellen überexprimiert. In vitro verstärkt die 

Überexpression Semaphorin 3Cs die TGF-β-Antwort und steigert die SMAD2/3-

Phosphorylierung. Charakteristische, TGF-ß-bezogene Aktivierungs- und 

Transdifferenzierungsmarker werden in Folge hochreguliert. Neuropilin 2 wird in 

aktivierten hepatischen Sternzellen weiterhin exprimiert, was darauf hindeutet, dass 

die Interaktion zwischen Neuropilin 2 und Semaphorin 3C die verstärkte TGF-Antwort 

vermittelt. Nach Deletion von Semaphorin 3C in primären, isolierten hepatischen 

Sternzellen und ihrer anschließenden Aktivierung durch Kulturzeit werden niedrigere 

Aktivierungsniveaus und Transdifferenzierungsmarker wie Acta2 (ɑSMA), Pai-1, Tagln 

(SM22ɑ) und S100a6 exprimiert. Die Deletion von Neuropilin 2 in primären, isolierten 

hepatischen Sternzellen geht mit ähnlichen Beobachtungen einher: auch in diesem 

Fall zeigen sich niedrigere Werte von Aktivierungs- und Transdifferenzierungsmarkern 

als in den jeweiligen Kontrollen. Schließlich wird beobachtet, dass die Semaphorin 3C 

- Expression mit einem kürzeren Gesamtüberleben bei Patienten mit hepatozellulärem 

Karzinom korreliert, was auf eine mögliche erweiterte Rolle Semaphorin 3Cs, nicht nur 

im Rahmen von Leberfibrose , sondern auch bei der Genese von hepatozellulärem 

Karzinom und karzinomassoziierter Fibrose hindeutet. 

Die vorliegende Dissertation postuliert, dass die Neuropilin-abhängige Modulation der 

TGF-β-Signalübertragung in hepatischen Sternzellen durch Semaphorin 3C die 

zugrundeliegende, mechanistische Grundlage für die Wirkung von Semaphorin 3C ist. 

Diese Studie identifiziert Semaphorin 3C als einen neuartigen Marker und als Mediator 

für die Aktivierung und Transdifferenzierung hepatischer Sternzellen und letztendlich 

die Entstehung und das Voranschreiten von Leberfibrose. Außerdem deutet sie auf 

eine mögliche Rolle von Semaphorin 3C bei der Progression des hepatozellulären 

Karzinoms hin.  
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8 APPENDIX 

Clinical trials links: 
 
PPARɑ/𝛿 agonist: https://clinicaltrials.gov/ct2/show/NCT02704403 (Access date: 

04.12.2021) 

FXR agonists: https://clinicaltrials.gov/ct2/show/NCT02548351 (Access date: 

04.12.2021) 

LOXL 2 inhibitors: https://clinicaltrials.gov/ct2/show/NCT03028740 (Access date: 

04.12.2021) 
 
 

 
Figure 21 - Automatic cutoff determination of KM OS plot in HCC patients 
Cut-off values plot based on Kaplan-Meier plotter for HCC (Menyhárt et al., 2018). Automatic cutoff 
determines the ideal cutoff for grouping the patients into high and low expressing collectives. The 
y-axes show p-value and hazard ratio. Different corresponding p-values are displayed by the black 
line and are shown on the left y-axis. Corresponding hazard ratio values re displayed by the blue 
line and shown on the right y-axis. The automatically determined cut-off value is 17 (marked by red 
circle), corresponding p-value=0.03255, corresponding HR=1.46. 
HCC: Hepatocellular carcinoma; HR: hazard ratio 

https://clinicaltrials.gov/ct2/show/NCT02704403
https://clinicaltrials.gov/ct2/show/NCT02548351
https://clinicaltrials.gov/ct2/show/NCT03028740
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