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1. Introduction  

1.1 The global burden of chronic liver disease  
 

Chronic liver diseases constitute a global health problem, affecting more than 1.5 billion people 

worldwide. The major causes of chronic liver disease include chronic hepatitis B and C, 

alcoholic liver disease (ALD) and non-alcoholic fatty liver disease (NAFLD). Moreover, genetic 

diseases and autoimmune disorders such as autoimmune hepatitis (AIH) and primary biliary 

cirrhosis (PBC) are rare causes of chronic hepatic injury. Despite breakthroughs in therapeutic 

management of viral hepatitis, the prevalence of chronic liver disease is increasing worldwide 

(Figure 1 ). This is especially due to the rising incidence of obesity and NAFLD within the last 

years (Younossi, 2019). Apart from increased health care utilization and impaired quality of 

life, chronic liver diseases are associated with a high mortality, due to complications such as 

liver fibrosis and hepatocellular carcinoma (HCC). In fact, recent mortality evaluations indicate 

chronic liver diseases to account for more than two million deaths per year worldwide (Moon 

et al., 2020).   

Figure 1. The prevalence of chronic liver disease is increasing worldwide.  The annual % change 
of prevalent cases per 100.000 inhabitants (both genders, all ages, year 1990-2019) is shown. Adapted 
from the Global Burden of Disease study (Sung et al., 2021) (https://vizhub.healthdata.org/gbd-
compare/). 
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1.1.1 Chronic hepatitis B infection 
 

The hepatitis B virus (HBV) belongs to the Hepadnaviridae family of DNA viruses and has first 

been described in 1970 (Cossart and Field, 1970). Characterized by a complex viral life cycle 

with unique similarities to retroviruses, HBV only infects human and orangutan hepatocytes 

(Guidotti and Chisari, 2006). While HBV itself does not directly induce hepatocyte death, the 

�K�R�V�W�¶�V�� �L�P�P�X�Q�H�� �V�\�V�W�H�P�� �G�H�W�H�U�P�L�Q�H�V�� �W�K�H�� �F�R�X�U�V�H�� �R�I�� �W�K�H�� �G�L�V�H�D�V�H���� �$�F�X�W�H�� �+�%V infection hereby 

ranges from self-limiting asymptomatic hepatitis to fulminant hepatic failure. Chronic hepatitis 

B is diagnosed if Hepatitis B surface antigen and HBV DNA persist and is determined by virus-

induced immune escape. In adults, approximately 95% of HBV infections result in a self-

limiting, transient hepatitis with viral clearance and development of protective antibodies (for a 

review see: Li et al., 2019). However, about 90 % of vertical transmissions and 20-30% of 

infections during childhood result in chronic hepatitis, which has been attributed to the 

immaturity of the adaptive immune system in infants and children (Fattovich et al., 2008). 

Patients with untreated chronic HBV infection develop liver cirrhosis in 15-40% of all cases and 

are at high risk for HCC development (Tang et al., 2018).  

Importantly, HBV encoded envelope proteins enable hepatic cell entry and dissemination of 

another hepatotropic virus, hepatitis D virus (HDV). Thus, HDV infection can only occur in 

association with HBV (Hughes et al., 2011). Whereas simultaneous infection with HBV and 

HDV results in clearance of both viruses in the majority of individuals, super-infection of an 

HBV-infected individual with HDV typically results in chronic HBV/HDV co-infection, the most 

severe and rapidly progressive form of chronic viral hepatitis. In fact, chronic HBV/HDV co-

infection is associated with an unfavorable outcome due to the development of liver cirrhosis, 

liver failure, and eventually HCC within 5-10 years (for a review see: Sureau and Negro, 2016). 

The development of effective prophylactic vaccines against HBV has led to a strong decrease 

in prevalence of chronic HBV infection in western countries. However, due to insufficient 

implementation of universal vaccination programs especially in low-income countries, HBV 

infection remains a global health problem. Worldwide more than 350 million are chronically 
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infected with HBV, of which approximately 5% show chronic HBV/HDV infection (Yuen et al., 

2018). Recent estimations attribute 1 million deaths/year to chronic HBV and HBV/HDV co-

infections due to its complications of liver fibrosis and HCC (Li et al., 2019). Approved 

medications for treatment of chronic hepatitis B include interferon formulations, nucleoside or 

nucleotide analogues, such as lamivudine. These treatments have shown to significantly 

suppress HBV replication and to reduce hepatic inflammation, though do not allow viral 

clearance (Lok et al., 2016). Current treatment options for chronic HBV/HDV co-infection 

consist of pegylated interferon-�.�� ���S�H�J�,�)�1�.������ �+�R�Z�H�Y�H�U���� �W�K�L�V�� �W�U�H�D�W�P�H�Q�W�� �L�V�� �Hffective only in a 

minority of patients and may cause severe side effects (Koh et al., 2019). New and promising 

therapeutic approaches, e.g. the entry-inhibitor bulevirtide, are currently in clinical trials 

(Asselah et al., 2020).  

 

1.1.2 Chronic hepatitis C infection 
 

Following the first description of a non-A non-B posttransfusion hepatitis in 1975 (Feinstone et 

al., 1975), hepatitis C virus (HCV) was discovered in 1989 as the causative virus (Choo et al., 

1989). HCV is an enveloped RNA virus belonging to the Flaviviridae family. In developed 

countries, the main risk factor for HCV infection is chronic intravenous drug abuse, while in 

developing countries most infections are healthcare-associated due to poor standards of 

infection control and injection safety. Vertical (mother-to-infant) transmission is the most 

common cause of HCV infection in children (for a review see: Lanini et al., 2016).  

Only approximately 25% of patients with acute HCV infection show clinical symptoms of 

disease, but 70-80% develop chronic HCV infection (Bukh, 2016). Of note, about 15-35% of 

patients with chronic HCV infection develop progressive fibrosis and cirrhosis. Once HCV-

associated liver cirrhosis is established, HCC occurs at an annual rate of 2-3% (For a review 

see: Thrift et al., 2017). 

Scientific milestones of HCV research including the development of experimental recombinant 

�F�H�O�O�� �F�X�O�W�X�U�H�� �V�\�V�W�H�P�V�� �D�Q�G�� �W�K�H�� �H�O�X�F�L�G�D�W�L�R�Q�� �R�I�� �+�&�9�¶�V�� �Y�L�U�D�O�� �O�L�I�H�� �F�\�F�O�H�� �K�D�Y�H�� �S�D�Y�H�G�� �W�K�H�� �Z�D�\�� �I�U�R�P��
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relatively ineffective interferon monotherapy to highly efficient HCV enzyme inhibitors, namely 

direct-acting antivirals (DAA). In fact, current DAA therapies can cure over 90% of HCV 

infections and significantly reduce the risk of cirrhosis and HCC development (Kanwal et al., 

2017). Still, approximately 71 million people worldwide have chronic HCV infection with an 

estimated number of 1.8 million new infections per year (Moon et al., 2020). This is mainly due 

to a high rate of undiagnosed HCV infections, ranging from 68% in North America to 94% in 

Africa (Cooke et al., 2019). Moreover, curative HCV treatment with DAA is still often not 

accessible to a high proportion of infected individuals, due to associated costs and limited 

reachability of populations-at-risk (Wiessing et al., 2014; Marshall et al., 2018). The 

development of protective vaccines against HCV infection has yet been hampered by the 

genetic diversity of HCV, the lack of suitable in vivo models and virus immune escape (for a 

review see: Luxenburger et al., 2018). A recent phase 1/2 clinical trial failed in preventing 

chronic HCV infection by a vaccine regime based on recombinant adenoviral vectors (Page et 

al., 2021). 

 

1.1.3 Non-alcoholic fatty liver disease 
 

Non-alcoholic liver disease (NAFLD) describes a liver disease associated with the metabolic 

syndrome and is characterized by excess accumulation of fat in hepatocytes. Main risk factors 

�I�R�U���1�$�)�/�'���L�Q�F�O�X�G�H���D�G�L�S�R�V�L�W�D�V�����E�R�G�\���P�D�V�V���L�Q�G�H�[���•�������������L�Q�V�X�O�L�Q���U�H�V�L�V�W�D�Q�Fe, type 2 diabetes and 

hyperlipidemia (Younossi, 2019). Although most patients with NAFLD are obese, NAFLD can 

also occur in underweight or normal weight patients (lean NAFLD). The occurrence of lean 

NAFLD is strongly associated with genetic factors (PNPLA3 polymorphisms), congenital 

metabolic defects (e.g. lysosomal acid lipase deficiency), as well as specific medication (e.g. 

amiodaron, total parenteral nutrition) (for a review see: Kumar and Mohan, 2017).  

The clinical spectrum of NAFLD ranges from simple steatosis to non-alcoholic steatohepatitis 

(NASH) with significant hepatocyte cell death and histological signs of inflammation. NASH 

can lead to liver fibrosis, cirrhosis and HCC. Given the increasing rates of obesity especially in 
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western countries, the prevalence of NAFLD has strongly increased, essentially contributing to 

the rising numbers in liver disease associated mortality in the last years (Kim et al., 2018). 

Thus, NAFLD currently affects 25% of the general population (ranging from 13% in Africa to 

30.45% in south America) (Younossi et al., 2019) and is expected to become the leading cause 

of liver-related death in the future (for a review see: Diehl and Day, 2017).  

Weight loss exhibits beneficial effects on biochemical and histological markers of NASH 

activity, however, the realization of recommended lifestyle changes is often unsuccessful 

(Vilar-Gomez et al., 2015; Romero-Gomez et al., 2017). Bariatric surgery has been shown to 

be highly effective in resolution of NASH but is invasive, irreversible and potentially associated 

with severe complications (Lassailly et al., 2020). Within the last decade, multiple compounds 

for pharmacological treatment of NAFLD and NASH have been developed and are currently 

investigated in clinical trials (For a review see: Shen and Lu, 2021 and Guirguis et al., 2021) 

(Table 1). The most promising compounds in clinical development include obeticholic acid 

(OCA), Fibroblast Growth Factor 19/21 (FGF19/21) analogues and anti-diabetics, such as 

Glucagon-like Peptide 1 (GLP1) agonists (Attia et al., 2021). However, yet, no therapy has 

been approved for treatment of NAFLD and NASH.  

Table 1. Compounds in clinical development for treatment of NASH. 

Target  Compound  Phase of clinical 
development  

Reference or Clinicaltrials.gov 
identifier  

 
FXRs 

OCA Phase 3 (Younossi et al., 2019) 
MET409 Phase 2a (Harrison et al., 2021) 
EDP305 Phase 2b NCT04378010 
EYP001 Phase 2a NCT03812029 

 
PPARs 

Elafibranor Phase 3 terminated NCT02704403 
Lanifibranor Phase 2b (Sven et al., 2020) 
Saroglitazar Phase 2 (Gawrieh et al., 2021) 

 
FGF19/21 

Aldafermin Phase 2b (Harrison et al., 2021) 
Pegbelfermin Phase 2b (Sanyal et al., 2019) 
Efruxifermin Phse 2b (Harrison et al., 2021) 

�7�+�5�� Resmetirom Phase 3 (Harrison et al., 2019) 
VK2809 Phase 2 NCT4173065 

ACC PF-05221304 Phase 2 NCT03248882 
Firsocostat Phase 2b (Loomba et al., 2018) 

SCD-1 Aramchol Phase 3 NCT04104321 
GLP1 Semaglutide Phase 2 (Newsome et al., 2021) 

SGLT2 Empagliflozin Phase 4 NCT04639414 
Abbreviations: ACC= Acetyl CoA carboxylase (ACC); FGF19/21= Fibroblast Growth Factor 19/21; 
FXRs= Farnesoid X-Activated Receptors; GLP1= Glucagon-like peptide 1; OCA= Obetichol acid; 
PPARs= Peroxisome proliferator-activated receptor; SCD-1= Stearoyl coenzyme A desaturase 1; 
SGLT2= Sodium glucose cotransporter �������7�+�5��� ��Thyroid Hormone Receptor beta. 
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1.1.4 Alcoholic liver disease 
 

Excessive alcohol consumption currently affects approximately 2.3 billion people in the world 

(WHO, 2018). Liver disease can be attributed to alcohol consumption in men who consume 

more than 30 g and women who consume more than 20 g alcohol per day. The first clinical 

sign of ALD is steatosis that develops in more than 90% of individuals with alcohol abuse over 

decades (for a review see: Lieber, 2004). Alcoholic hepatitis is a severe acute clinical 

presentation of ALD and occurs in 30-40% of patients with chronic alcohol abuse (Lefkowitch, 

2005). The prevalence of ALD is rising with the highest prevalence in European countries. In 

2016, approximately 27% of chronic liver disease related deaths worldwide were attributable 

to alcohol consumption (Seitz et al., 2018). No specific treatment exists for ALD. Current 

management includes potential short-term treatment with corticosteroids in severe alcoholic 

hepatitis and lifestyle recommendations (for a review see: Stickel et al., 2017). 

 

1.2 Progression of chronic liver disease to liver fibrosis  
 

Despite etiology-specific characteristics in terms of early pathophysiology, all major etiologies 

of chronic liver disease are characterized by the risk of progressing fibrosis and cirrhosis (Kim 

et al., 2018). Approximately 25-30% of patients with chronic liver disease develop significant 

fibrosis or cirrhosis over the course of 15-20 years. Given millions of people being affected by 

chronic liver disease worldwide, this causes an enormous socioeconomic and public health 

burden (for a review see: Moon et al., 2020). Risk factors for disease progression to cirrhosis 

include etiology-specific and un-specific factors, such as genetic susceptibility, age, gender 

and extent of liver-toxic conditions (e.g. alcohol intake and obesity). Moreover, simultaneous 

presence of multiple liver-damaging conditions (e.g. HBV/HCV co-infections, ALD and NASH) 

strongly increases the risk for fibrotic disease progression (Bataller and Brenner, 2005). The 

degree of fibrosis is the main determinant of mortality in patients with chronic liver disease (Kim 

et al., 2018). In fact, impaired liver function and portal hypertension account for high risk of 
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complications in patients with liver cirrhosis. Acute decompensation typically manifests with 

ascites, bleeding events or hepatic encephalopathy and is associated with a high short-term 

mortality. Moreover, acute-on-chronic liver failure can occur at any stage from compensated to 

decompensated cirrhosis and has a 28-day mortality of 30% (Moreau et al., 2013; for a review 

see: Arroyo et al., 2016) (Figure 2 ) 

 

1.2.1 Clinical monitoring and diagnosis of liver fibrosis 
 

Due to the high risk of progressing liver fibrosis, regular monitoring including physical 

examination, ultrasound as well as blood tests is recommended in patients with chronic liver 

disease. Transient elastography (TE, Fibroscan®) represents the most widely used imaging 

technique for clinical liver fibrosis assessment in Europe with a good sensitivity and specificity 

for liver cirrhosis detection (~90%). However, the diagnostic value in the pre-cirrhotic stage of 

liver fibrosis is significantly lower (sensitivity 70-80%) and TE is limited by frequent 

uninterpretable results (up to 22% due to e.g. ascites, obesity and narrow intercostal spaces) 

and confounding factors, such as liver inflammation (Papastergiou et al., 2012). Non-invasive 

serological biomarkers to assess liver fibrosis include direct (class 1) biomarkers of 

extracellular matrix (ECM) turnover (e.g. pro-collagen), and indirect (class 2) biomarkers that 

Figure 2. Liver fibrosis is the main determinant of mortality  in patients with chronic liver disease.  
In approximately 25-30% of patients, chronic liver disease progresses to significant liver fibrosis or 
cirrhosis. Patients with liver cirrhosis have a high risk for complications such as bleeding events, 
infections and hepatic encephalopathy (Pinzani et al., 2005; Fleming et al., 2010; Nusrat et al., 2014).  
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are related to liver function and inflammation (e.g. serum alanine aminotransferase (ALT)). 

Combination of several biomarkers into algorithms, such as the PGAA index, Frons index or 

ELF test have been validated in independent studies and are already in use in clinical practice 

(for a review see: Fallatah, 2014). However, serological assessments mostly depict dynamic 

processes and are therefore recommended for monitoring of disease progression and 

treatment response but insufficient to predict a specific fibrosis stage at fixed timepoints 

(Fallatah, 2014). Thus, despite potential mortality and morbidity as well as high inter-observer 

variability, liver biopsy still remains the gold standard for fibrosis diagnosis and staging. 

Moreover, histological examination of liver biopsies enables assessment of the severity of 

necroinflammation and fibrosis according to scoring systems, such as METAVIR and Scheuer 

Score (for a review see: Pinzani et al., 2005).  

 

1.2.2 Pathophysiology of liver fibrosis  
 

Liver fibrosis is a paradigm of chronic inflammation-associated tissue scarring that can occur 

in virtually any organ of the human body as the result of a wound healing response to chronic 

inflammatory injury. Despite diverse primary injuries, fibrogenesis is driven by common 

mechanisms, including parenchymal cell death, inflammatory responses and activation of 

collagen-producing mesenchymal cells (Henderson et al., 2020). While fibroblast activation 

and collagen production can be balanced by scar-resolving mechanisms upon short-term 

injury, fibrosis is characterized by excessive accumulation of ECM leading to disruption of 

normal tissue architecture and organ dysfunction (for a review see: Weiskirchen et al., 2019). 

In liver fibrosis, metabolic stress or chronic viral infection lead to hepatocyte damage and 

release of damage-associated molecular patterns (DAMPs) that activate hepatic stellate cells 

���+�6�&�¶�V���� �D�Q�G�� �S�U�R�P�R�W�H�� �U�H�F�U�X�L�W�P�H�Q�W�� �D�Q�G�� �D�F�W�L�Y�D�W�L�R�Q�� �R�I�� �O�\�P�S�K�R�F�\�W�H�V�� �D�Q�G�� �P�D�F�U�R�S�K�D�J�H�V���� �2�Q�� �W�K�H��

molecular basis, liver fibrogenesis is orchestrated by a complex network of different signaling 

�S�D�W�K�Z�D�\�V���Z�L�W�K���S�D�U�W�L�F�X�O�D�U���L�P�S�R�U�W�D�Q�F�H���R�I���7�1�)�.-�1�)���%-�����7�*�)��-, and PDGF-signaling (for a review 

see: Roehlen et al., 2020) (Figure 3) . 
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Trans-differentiation of HSCs into liver myofibroblasts is a well characterized feature of liver 

fibrosis and the main driver of excessive ECM production and tissue disruption (Schuppan et 

al., 2018). Interestingly, recent studies indicate specific differentiation states also of other non-

parenchymal cells to contribute to fibrosis progression. Thus, Ramachandran et al. identified 

terminally differentiated TREM2+CD9+ scar-associated macrophages to expand in cirrhotic 

�O�L�Y�H�U�� �D�Q�G�� �W�R�� �S�U�R�P�R�W�H�� �F�R�O�O�D�J�H�Q�� �S�U�R�G�X�F�W�L�R�Q�� �L�Q�� �+�6�&�¶�V���� �0�R�U�H�R�Y�H�U���� �V�F�D�U-associated PLVAP+ 

endothelial cells were found to drive liver fibrosis progression by enhancing leukocyte 

transmigration (Ramachandran et al., 2019). Collectively, these data reveal liver cell plasticity 

as a new concept in liver fibrogenesis (Figure 4 ). 

 A detailed overview of pathophysiological mechanisms involved in liver fibrogenesis is 

provided in the Supplementary article I  (Roehlen N. et al., Liver fibrosis: Mechanistic Concept 

and Therapeutic Perspectives, Cells, 2020, Apr 3;9(4):875; Annex ). 

 

Figure 3. General mechanisms involved in liver fibrogenesis.  Figure modified from (Roehlen et al., 
2020). Chronic hepatocyte injury causes release of DAMPs and apoptotic bodies that activate HSCs 
and recruit immune cells. Complex multidirectional interactions of activated HSCs with Kupffer cells as 
well as innate immune cells promote trans-differentiation into proliferative and ECM producing 
myofibroblasts. Abbreviations: PDGF = Platelet Derived Growth Factor; TGF-����� ���7�U�D�Q�V�I�R�U�P�L�Q�J���*�U�R�Z�W�K��
Factor Beta; CCL2 = chemokine (C-C motif) ligand 2. 
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1.2.3 Fibrosis regression and therapeutic perspectives for patients with liver 
fibrosis 

Fibrosis regression upon viral cure or bariatric surgery indicates that liver fibrosis is (at least 

partially) reversible (D'Ambrosio et al., 2012; Marcellin et al., 2013; Lassailly et al., 2020). 

Pathophysiologically, fibrosis regression has been associated with myofibroblast apoptosis 

and macrophage-executed scar resolution (Fallowfield et al., 2007; Troeger et al., 2012; 

Campana and Iredale, 2017). However, spontaneous resolution after removal or treatment of 

the causative injury occurs slowly and infrequently, indicating the urgent need of specific 

therapies.  

Unfortunately, until today, no antifibrotic therapies to treat liver fibrosis have been approved. 

Consequently, the only curative treatment option for patients with advanced liver fibrosis and 

cirrhosis is liver transplantation (Parola and Pinzani, 2019). Compounds in pre-clinical and 

clinical studies can be classified into direct antifibrotics targeting HSC activation or scar-

resolving mechanisms as well as indirect antifibrotics that aim to suppress inflammation. While 

many of these compounds have shown strong antifibrotic effects in preclinical investigations, 

the effects in clinical trials are less robust (Schuppan et al., 2018). 

Figure 4: Liver cell plasticity during fibrotic liver disease progression.  Figure modified and 
extended from (Ramachandran et al., 2019). Single cell RNA sequencing on healthy and cirrhotic liver  
indicated expansion of specific scar-associated phenotypes of non-parenchymal cells in liver fibrosis 
with distinct pro-fibrogenic functions (Ramachandran et al., 2019).  
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A detailed overview of therapeutic concepts and current compounds in clinical 

development is provided in the Supplementary article  I (Roehlen N. et al., Liver fibrosis: 

Mechanistic Concept and Therapeutic Perspectives, Cells, 2020, Apr 3;9(4):875; Annex ). 

 

1.3 Progression of chronic liver disease to HCC 

 

With an annual incidence of 1-6%, HCC represents the leading cause of death among patients 

with liver cirrhosis (Trinchet et al., 2015). Importantly, HCC nearly always arises in the context 

of chronic liver disease with liver cirrhosis representing the strongest risk factor. Moreover, 

several socioeconomic factors increase the risk of HCC, including age, male gender, hispanic 

ethnicity, smoking as well as genetics (for a review see: Llovet et al., 2021). Among different 

etiologies, chronic HBV infection is still the strongest risk factor for HCC, accounting for 50% 

of all HCC cases (Akinyemiju et al., 2017). NASH represents the fastest growing etiology of 

HCC, particularly in western countries (Estes et al., 2018). Of note, overall HCC incidence is 

strongly increasing and currently the fourth leading cause of cancer-related death in the world 

(Sung et al., 2021). It is estimated that by 2025 more than 1 million people per year will be 

affected by liver cancer globally (Sung et al., 2021) (Figure 5 ). 

Figure 5. Incidence and etiology of HCC worldwide.  Figure modified from (Llovet et al., 2021). 
Highest incidence of HCC in East Asia with HBV infection as the leading etiology. Alcoholic liver disease 
and chronic HCV infection represent the most common causes of HCC in Europe. Abbreviations= 
NASH= Non-alcoholic steatohepatitis. 
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1.3.1 Clinical diagnosis of HCC 
 

Considering the high risk of HCC development, regular screening by ultrasound imaging as 

�Z�H�O�O���D�V���V�H�U�X�P���.-fetoprotein (AFP) measurement is recommended in patients with chronic liver 

disease (Llovet et al., 2021). However, given poor implementation of serological and 

ultrasound-based screening especially in developing countries, still 50% of HCC diagnoses are 

incidental and often associated with advanced stage (Llovet et al., 2021). In patients under 

�U�H�J�X�O�D�U�� �V�X�U�Y�H�L�O�O�D�Q�F�H���� �H�O�H�Y�D�W�H�G�� �V�H�U�X�P�� �$�)�3�� �O�H�Y�H�O�V�� ���!�����×�Q�J���P�O���� �D�Q�G���R�U�� �O�H�V�L�R�Q�V�� �!�� ���� �F�P�� �L�Q�� �O�L�Y�H�U��

ultrasound are indications for subsequent diagnostic evaluation by quadruple-phase CT or 

dynamic contrast-enhanced MRI (Marrero et al., 2018). The radiological characteristics of 

arterial enhancement and delayed washout have a sensitivity and specificity of up to 90%, 

justifying diagnosis without histological confirmation (Marrero et al., 2018; van der Pol et al., 

2019). In case of atypical appearance by imaging but persisting clinical suspicion, liver biopsy 

or alternative contrast-enhanced imaging techniques are recommended (Marrero et al., 2018). 

 

1.3.2 Pathophysiology of HCC 
 

Hepatocarcinogenesis describes a complex multi-stage process influenced by multiple cellular 

drivers and diverse oncogenic pathways. In chronically diseased livers, inflammation, oxidative 

stress and parenchymal cell damage promote chronic error-prone repair processes that lead 

to hepatocyte proliferation, somatic mutations and finally the development of dysplastic 

nodules. Low-grade dysplastic nodules (LGDNs) can transform to high-grade dysplastic 

nodules (HGDNs) and early HCCs within a mean time course of five to seven years (Marquardt 

et al., 2015). The molecular events determining malignant transformation are only partially 

understood. Large-scale transcriptomic characterizations of dysplastic nodules and early 

HCCs revealed mutations affecting telomerase maintenance (telomerase reverse transcriptase 

= TERT), chromatin modifiers and inflammatory pathways to represent common early genetic 

events in the sequential evolution of HCC (Marquardt et al., 2015). Thus, TERT-activations are 
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believed to account for delimited hepatocyte proliferation and are found in ~6% of LGDNs, 

~20% of HGDNs and up to 61% of early HCCs (Nault et al., 2014). Cumulative genetic 

alterations in the course of HCC development finally cause dysregulation of key oncogenic 

pathways, such as PI3K/AKT, Wnt-��-catenin and IL6/JAK/STAT3 signaling, whose specific 

contributions characterize the genomic heterogeneity of HCC (Marquardt et al., 2015). 

Transcriptomic profiling of 243 liver tumors revealed eleven recurrently altered pathways 

(Figure 6 ) (Schulze et al., 2015).  Some altered driver genes were found to be characteristic 

for specific etiologies, such as CTNNB1 (alcohol liver disease) and TP53 (chronic HBV 

�L�Q�I�H�F�W�L�R�Q������ �,�Q�� �F�R�Q�W�U�D�V�W�� �+�&�&�¶�V�� �U�H�O�D�W�H�G�� �W�R�� �F�K�U�R�Q�L�F�� �+�&�9�� �L�Q�I�H�F�W�L�R�Q�� �D�Q�G�� �1�$�6�+�� �V�K�R�Z�� �V�W�U�R�Q�J��

transcriptomic heterogeneity (Schulze et al., 2015). 

HCC is characterized by a broad histological pattern, ranging from well-differentiated HCC to 

poorly differentiated HCC and tumors showing intermediate phenotypes between hepatocytes 

and cholangiocytes (so called mixed HCC-iCCA) (Marquardt et al., 2015). The phenotypic 

heterogeneity of liver cancer is believed to be influenced by the cellular origin of the malignant 

transformation. Two main cell types of the liver parenchyma have been suggested as potential 

cellular origins of HCC: hepatocytes and adult liver progenitor cells (Yamashita and Wang, 

Figure 6. Sequential evolution of HCC in cirrhotic liver.  Figure modified and extended from (Llovet 
et al., 2016). Hepatocyte damage during chronic liver injury induces development of dysplastic nodules 
�W�K�D�W���S�U�R�J�U�H�V�V���W�R���H�D�U�O�\���+�&�&�¶�V���Z�L�W�K�L�Q�������W�R�������\�H�D�U�V�����7�K�L�V���V�W�H�S���Z�L�V�H���P�D�O�L�J�Q�D�Q�W���W�U�D�Q�V�I�R�U�P�D�W�L�R�Q���L�V���D�V�V�R�F�L�D�W�H�G��
with increasing frequency of TERT promoter mutations. Accumulating genetic alterations during 
malignant transformation leads to aberrant activation of oncogenic pathways most frequently related to 
�:�Q�W����-catenin and PI3K/AKT signaling (Schulze et al., 2015). Abbreviations: HCC= Hepatocellular 
carcinoma. 
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2013;Sia et al., 2017). Thus, HCCs with mature hepatocyte gene signatures have been 

described to develop via malignant transformation of mature hepatocytes. HCCs with a stem-

cell like or intermediate (so called mixed HCC-CCAs) phenotype on the other hand have been 

attributed to de-differentiation of hepatocytes into precursor cells or direct transformation of 

adult liver progenitor cells (for a review see: Sia et al., 2017) (Figure 7 ). Of note, lineage tracing 

methods in mice could yet only validate hepatocytes as cellular origins of HCC (Shin et al., 

2016). However, reports of hepatocyte de-differentiation during chronic liver injury (Nishikawa 

et al., 2015) and phenotypic resemblance of HCC cells with liver progenitor cells (Aizarani et 

al., 2019) support the recognition of hepatocyte progenitor cells as cancer cell origins in the 

field. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Model of different cancer cell origins in HCC. �+�&�&�¶�V���Z�L�W�K���D���P�D�W�X�U�H���K�H�S�D�W�R�F�\�W�H���S�K�H�Q�R�W�\�S�H��
are usually associated with a better prognosis than progenitor-�O�L�N�H�� �+�&�&�¶�V���� �0�L�[�H�G-iCCAs are highly 
aggressive tumors with poor prognosis. Image modified from (Sia et al., 2017). Abbreviations: HCC= 
Hepatocellular carcinoma; iCCA= intrahepatic cholangiocarcinoma. 
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1.3.3 Role of the liver microenvironment in liver carcinogenesis 
 

More than 90% of HCCs develop under conditions of chronic inflammation and fibrosis (Llovet 

et al., 2021). Accordingly, the stromal and immunogenic microenvironment has been 

characterized to play a tremendous role in initiation and progression of hepatocarcinogenesis. 

In fact, crosstalk between parenchymal and non-parenchymal cells, alterations of the ECM and 

immune cell dysfunction contribute to tumorigenesis (Tahmasebi Birgani and Carloni, 2017). 

The interaction between cancer and immune cells have been summarized under the term 

�³�L�P�P�X�Q�R�H�G�L�W�L�Q�J�´�����W�K�D�W���L�V���F�R�P�S�R�V�H�G���R�I���W�K�U�H�H���S�K�D�V�H�V�����H�O�L�P�L�Q�D�W�L�R�Q�����H�T�X�L�O�L�E�U�L�X�P���D�Q�G���H�V�F�D�S�H�����,�Q���W�K�H��

initial phase, tumor cells, which express immunogenic neoantigens, are recognized and 

eliminated by the immune system. During the equilibrium phase, tumor cells acquire features 

that allow immune evasion. Finally, prolonged immune activation and cancer cell-derived 

growth factors contribute to the development of an immune-tolerant, pro-tumorigenic 

microenvironment (Craig et al., 2020). Immune cells can hereby accelerate 

�K�H�S�D�W�R�F�D�U�F�L�Q�R�J�H�Q�H�V�L�V���D�Q�G���W�X�P�R�U���D�J�J�U�H�V�V�L�Y�H�Q�H�V�V���E�\���V�H�F�U�H�W�L�Q�J���7�1�)�.�����,�/-6 and lymphotoxin-�.��

(Llovet et al., 2021) (Figure 8 ).  
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Besides immune cells, the tumor microenvironment is characterized by enriched populations 

of stromal cells and increased ECM deposition. Cancer-associated fibroblasts (CAFs) support 

cancer cell survival, angiogenesis and invasion by releasing cytokines and growth factors, such 

as TGF�t�����Y�D�V�F�X�O�D�U���H�Q�G�R�W�K�H�O�L�D�O���J�U�R�Z�W�K���I�D�F�W�R�U�����9�(�*�)�����D�Q�G���,�/�������,�Q���D�G�G�L�W�L�R�Q�����&�$�)�¶�V���F�R�Q�W�U�L�E�X�W�H���W�R��

an immunosuppressive microenvironment by promoting M2 polarization of cancer-associated 

macrophages (Baglieri et al., 2019) that facilitate cancer cell migration and invasion by inducing 

ECM remodeling (Deng et al., 2021). Finally, abnormal ECM deposition and scarring can 

promote cancer cell invasion via mechano-signaling pathways and contribute to development 

of a hypoxic pro-angiogenic milieu (for a review see: Petrova et al., 2018) (Figure 9 ). 

Figure 8. Complex interaction of cancer cells with its immunogenic microenvironment . Figure 
modified from (Craig et al., 2020)�����7�K�H���W�H�U�P���³�L�P�P�X�Q�R�H�G�L�W�L�Q�J�´���G�H�V�F�U�L�E�H�V���W�K�H���L�Q�W�H�U�D�F�W�L�R�Q���E�H�W�Z�H�H�Q���F�D�Q�F�H�U��
cells and immune cells that lead to establishment of an immuno-tolerant, pro-tumerogenic 
microenvironment. Abbreviations: BCR= B cell receptor; IL-10= Interleukin 10; MDSC= myeloid-derived 
suppressor cell; TGF�t= Transforming Growth factor beta; TNF= Tumor necrosis factor; Treg cell= 
Regulatory T cell. 



26 
 

 

Figure 9. Cancer -associated fibroblasts of the tumor microenvironment promote 
hepatocarcinogenesis, tumor progression and treatment resistance. Figure derived from (Saviano 
et al., 2019). CAFs interact with immune cells and reduce immune surveillance. By paracrine interactions 
as well as secretion of angiogenic factors and prooncogenic cytokines CAFs promote cancer cell 
proliferation and drive tumor angiogenesis. CAFs are also reported to recruit cancer stem cells, hereby 
affecting tumor maintenance, heterogeneity and treatment resistance. By ECM remodeling, CAFs 
promote HCC cancer cell invasion and migration. Abbreviations: ANGPT 1/2= Angiopoietin 1/2; CAFs= 
Cancer-associated fibroblasts; CSCs= Cancer Stem Cells; ECM= Extracellular Matrix; Treg cells= 
regulatory T cells; VEGF= Vascular Growth Factor. 

 

The current concepts on the role of the tumor microenvironment in hepatocarcinogenesis are 

discussed in detail in the Supplementary article II  (Saviano A., Roehlen N. et al.: Stromal and 

Immune drivers of Hepatocellular Carcinoma. 2019 Aug 6. In: Hoshida Y, editor. Hepatocellular 

Carcinoma: Translational Precision Medicine Approaches. Cham (CH): Humana Press; 2019. 

Chapter 15; Annex ). 

 

1.3.4 Role of epithelial-mesenchymal transition in HCC progression 
 

Epithelial-to-mesenchymal transition (EMT) describes a reversible process, by which epithelial 

cell types gradually develop mesenchymal characteristics leading to higher motility and 

invasive properties (for a review see: Nieto et al., 2016). EMT occurs physiologically during 

embryonic development and wound healing but also represents a pathological mechanism of 

cancer cells, that promotes tumor aggressivity. In HCC, hepatocytes and cancer cells can 

undergo epithelial reprogramming due to genetic and epigenetic changes that activate 
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transcription factors of the SNAI, Twist and ZEB family. TGF�t-signaling represents the 

strongest activator of EMT (Giannelli et al., 2016). Considering that TGF�t is stored or activated 

in the fibrotic niche (Roehlen et al., 2020), the stromal microenvironment plays a tremendous 

functional role in EMT.  

Typical indicators of EMT in the liver are the downregulation of E-cadherin and simultaneous 

upregulation of mesenchymal markers such as fibronectin and vimentin on hepatocytes 

(Giannelli et al., 2016). EMT markers have been reported to be expressed in 56% of HCC 

patients (Yang et al., 2009). In line with the associated molecular phenotype of more migratory 

and invasive cancer cells, several of these markers correlate with tumor dissemination and 

�V�K�R�U�W�H�U���S�D�W�L�H�Q�W�V�¶���V�X�U�Y�L�Y�D�O��(Kim et al., 2010; Mima et al., 2013; Yamada et al., 2014; Zhai et al., 

2014). The association of EMT with cancer stemness and chemoresistance further 

substantiated numerous studies investigating EMT as a target for HCC therapy (Figure 10 ). 

 

Figure 10. The role of EMT transition in cancer.  Figure adapted and extended from (Song et al., 
2019). Epigenetic and genetic changes as well as crosstalk of cancer cells with their microenvironment 
�O�H�D�G���W�R���H�Q�K�D�Q�F�H�G���D�F�W�L�Y�D�W�L�R�Q���R�I���V�L�J�Q�D�O�L�Q�J���S�D�W�K�Z�D�\�V���V�X�F�K���D�V���7�*�)��- or Wnt- signaling that promotes EMT 
via upregulation of the transcription factors Snail, Slug, Zeb1 or Zeb2. Cells undergoing EMT show 
decreased expression of epithelial markers and upregulated expression of mesenchymal markers such 
as Vimentin or Fibronectin. The process of EMT is hereby associated with the development of a 
migratory and invasive cell phenotype that correlates with metastasis, tumor invasion, cancer stemness 
and chemoresistance in patients. Abbreviations: EMT= Epithelial-mesenchymal Transition; MET= 
Mesenchymal-epithelial transition; ZO-1= Zonula occludens. 
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1.3.5 Molecular subclassification of HCC 
 

The complex and multi-factorial pathogenesis of HCC led to the establishment of a molecular 

and immune tumor subclassification (for a review see: Llovet et al., 2021). Tumors can hereby 

be divided into two major molecular groups that are either characterized by poor differentiation 

and aggressive behavior or moderate to well differentiation and better prognosis. The poor-

�S�U�R�J�Q�R�V�L�V�� �³Proliferation class�´�� �L�V�� �W�\�S�L�F�D�O�O�\�� �D�V�V�R�F�L�D�W�H�G�� �Z�L�W�K�� �F�K�U�R�Q�L�F�� �+�%�9�� �L�Q�I�H�F�W�L�R�Q�� �D�Q�G�� �R�I�W�H�Q��

shows histological features of a progenitor or mixed phenotype (e.g. epithelial cell adhesion 

molecule (EPCAM) or AFP expression) and activated Wnt-TGF�t �V�L�J�Q�D�O�L�Q�J���� �7�K�H�� �³Non-

proliferation class�´���L�V���F�K�D�U�D�F�W�H�U�L�]�H�G���E�\���D���K�L�J�K�H�U���F�K�U�R�P�R�V�R�P�D�O���V�W�D�E�L�O�L�W�\�����I�U�H�T�X�H�Q�W���7�(�5�7���Sromoter 

mutations and CTNNB1 mutations. Each of these two main subclasses can be further 

subclassified according to immunological features (Llovet et al., 2021)(Figure 11 ). 

Figure 11. Molecular and immune classification of HCC. Molecular subclasses Cluster A/B; 
Proliferating/ non-proliferating; G1-6 and S1-3 are described elsewhere (Lee et al., 2006; Boyault et al., 
2007; Chiang et al., 2008; Hoshida et al., 2009; Cancer Genome Atlas Research Network, 2017). Figure 
modified from (Llovet et al., 2021). 



29 
 

�$�S�S�U�R�[�L�P�D�W�H�O�\�� �������� �R�I�� �+�&�&�¶�V���D�U�H���L�P�P�X�Q�H-active and show enriched proportions of T helper 

(CD4+)- and cytotoxic T (CD8+) cells. Immune-exhausted tumors show CD8+ T cell exhaustion, 

while immune-excluded tumors are characterized by an increase of Treg cells and paucity of 

T-cell infiltrates (Llovet et al., 2021). Interestingly, immune-excluded HCC tumors have been 

recently associated with therapeutic response to immune checkpoint inhibitors (Ruiz de 

Galarreta et al., 2019). The molecular subclassification of HCC has further stimulated research 

on molecular therapies specifically targeting features of subclasses (Goossens et al., 2015). 

Thus, although yet not applied in clinical therapeutic management, the molecular and immune 

subclassification of HCC may guide therapeutic decision-making in the future. 

 

1.3.6 Management of HCC and therapeutic perspectives 
 

�7�K�H�U�D�S�H�X�W�L�F���R�S�W�L�R�Q�V���I�R�U���+�&�&���V�W�U�R�Q�J�O�\���G�H�S�H�Q�G���R�Q���W�K�H���S�D�W�L�H�Q�W�¶�V���R�Y�H�U�D�O�O���K�H�D�O�W�K���V�W�D�W�X�V�����W�K�H���J�U�D�G�H��

�R�I���I�L�E�U�R�V�L�V���D�Q�G���W�K�H���W�X�P�R�U�¶�V���V�L�]�H���D�Q�G���K�D�Y�H���W�K�H�U�H�I�R�U�H���O�H�G���W�R���W�K�H���L�P�S�O�H�P�H�Q�W�D�W�L�R�Q���R�I���W�K�H���%�D�U�F�H�O�R�Q�D��

clinic liver cancer (BCLC) stage system in therapeutic management strategies.  Briefly, patients 

with small tumors and preserved liver function (BCLC0 and A) are recommended to receive 

local ablation, resection or liver transplantation, while patients with intermediate-stage HCC 

(BCLC B) are candidates for chemoembolization (TACE). Following a decade of sorafenib 

therapy representing the only available systemic treatment for patient with advanced disease 

(BCLC C) (Llovet et al., 2008), recently new compounds with comparable or better efficacy and 

safety have been developed (Kudo et al., 2018; Finn et al., 2020). Currently available HCC 

therapeutics can be classified into two main subclasses: the multi kinase inhibitors (MKIs) with 

primarily anti-angiogenic effects (e.g. sorafenib or Lenvatinib) and the checkpoint inhibitors 

(e.g. atezolizumab and nivolumab). Promising results of combining molecularly targeted 

therapies with immunotherapy to augment tumor-responsiveness in several human solid 

cancer types (Zappasodi et al., 2018) have further substantiated several ongoing phase III 

clinical trials of immune checkpoint blockade-based combination therapies for advanced HCC. 

These include the COSMIC-312 study (Lenvatinib+Prembrolizumab, NCT03755791) (Kelley 
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et al., 2020) and the LEAP program (Cabozantinib+Atezolizumab, NCT03713593) (Taylor et 

al., 2021) that are expected to be completed in December 2021 and May 2022, respectively 

(Figure 12 ). 

 

Despite major improvements in therapeutic management of HCC within the last years, HCC 

survival under treatment still remains poor. In fact, recurrence of HCC following surgical 

intervention is a frequent event, occurring in up to 70% of the patients after liver resection and 

in 10-15% after liver transplantation within 5 years (Imamura, 2003; Roayaie et al., 2013; Llovet 

et al., 2021). Early HCC recurrence within the first 2 years after surgical resection typically 

results from micrometastases, while tumor recurrence at later timepoints usually results from 

de-novo HCC development in a pre-carcinogenic microenvironment (Imamura, 2003). In 

Figure 12. Therapeutic management of HCC according to BCLC stage.  Figure derived from (Llovet 
et al., 2021). Abbreviations: AFP= alpha fetoprotein; BCLC= Barcelona Clinic Liver Cancer; DDLT= 
Deceased Donor Liver Transplant; ECOG= Eastern Cooperative Oncology Group; HCC= Hepatocellular 
carcinoma; LDLT= Live Donor Liver Transplant; OS= Overall survival; RTCs= Randomized Controlled 
Trials; TACE= Transarterial chemoembolization; US= United States. 
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patients with advanced HCC, the current preferred first-line therapy, a combination of 

atezolizumab and bevacizumab, improves the 12-month survival only to 67.2 % compared to 

54.6 % under sorafenib treatment (Finn et al., 2020). Moreover, only 5.5 % of the patients show 

complete remission under atezolizumab and bevacizumab treatment (Finn et al., 2020). Thus, 

new therapeutic strategies and novel targets for treatment of HCC are urgently needed. 

 

1.4 Tight junction proteins in chronic liver disease and HCC 
 

Tight junctions are intercellular adhesion complexes that regulate paracellular diffusion and 

maintain apicobasal polarization. Beyond the initial model as simple rigid diffusion barriers, 

multiple studies in the recent years revealed tight junctions to be highly dynamic and to 

associate with complex cellular functions including cell-cell or cell-matrix interactions as well 

as intracellular signaling (Zihni et al., 2016). Moreover, classical components of tight junctions, 

such as Claudin (CLDN) and Zonula occludens (ZO) proteins have been shown to be also 

expressed outside of tight junctions and to be involved in the pathogenesis of chronic 

inflammatory, infectious and malignant diseases (for a review see: Zeisel et al., 2019). The 

association of tight junction proteins with benign and malignant liver diseases was reviewed in 

detail in the Supplementary article III  (Roehlen N. et al: Tight Junction Proteins and the 

Biology of Hepatobiliary Disease, Int J Mol Sci. 2020 Jan 28;21(3):825; Annex ). 

 

1.4.1 CLDN1 �± Expression pattern and functional role 
 

Among all tight junction proteins, most functional data regarding the involvement in disease 

biology and cancer exist for CLDN1 (Zeisel et al., 2019;Bhat et al., 2020), the first identified 

member of the claudin family of tight junction proteins (Furuse et al., 2002). With a molecular 
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weight of 23 kDa CLDN1 consists of four transmembrane domains, two extracellular loops and 

intracellularly oriented N and C termini (Tsukita and Furuse, 2000) (Figure 13 ).  

  

 

 

 

 

CLDN1 is highly expressed in epithelial cells of most organs, especially the skin, the liver and 

the lung. The major fraction of CLDN1 is expressed at the apical membrane of epithelial cells 

in tight junctions. At this localization, CLDN1 has been well characterized to control paracellular 

permeability, hereby contributing to cell polarity and maintenance of the epithelial barrier 

(Tsukita and Furuse, 2000; Furuse et al., 2002). However, a minor pool of CLDN1 can also be 

detected non-junctionally at the basolateral membrane of epithelial cells in the liver, the lung 

or the kidney (Reynolds et al., 2008; Mee et al., 2009; Hagen, 2017). This is consistent with 

reports of CLDN1 expression in non-epithelial cells, such as macrophages and HLMFs, that 

do not form tight junctions (Van den Bossche et al., 2012; Aoudjehane et al., 2015). The 

physiological function of non-junctionally expressed CLDNs is only poorly understood. 

However, several studies indicate a role of non-junctional CLDNs in cell-cell and cell-matrix 

interactions. Interestingly, non-junctional CLDN1 was found to interact with integrins at focal 

adhesion complexes and to activate MAPK signaling in intestinal cells (Hagen, 2017). In line, 

in colon cancer cells basolateral expressed CLDN1 was found to form a complex with epithelial 

cell adhesion molecule (EPCAM) (Wu et al., 2013), a transmembrane glycoprotein 

characterized to orchestrate cellular signaling by interaction with growth receptors and 

integrins (Chen et al., 2020;Yang et al., 2020). Further indicating a functional role in ECM 

Figure 13. Model of CLDN1 structure. CLDN1 is a tetraspanin with 2 extracellular loops and 
intracellularly oriented N- and C termini. Image created with BioRender.com. Abbreviations: ECL1 
=Extracellular loop 1; ECL2 Extracellular loop 2. 



33 
 

remodeling, non-junctional CLDN1 has been described to promote activation of matrix 

metalloproteinase 2 (MMP-2) in melanoma cells (Leotlela et al., 2007) (Figure 14 ). Taking 

together, these data suggest non-junctional CLDN1 to integrate and translate bi-directional 

signals from cell-cell and cell-matrix interactions. 

Numerous studies indicate a functional role of CLDN1 in human disease. Implications in 

benign, inflammatory diseases are mostly related to the functional role of CLDN1 for epithelial 

polarity at junctional localization. For instance, CLDN1 has been shown to be downregulated 

in atopic dermatitis, potentially contributing to an impaired skin barrier function (De Benedetto 

et al., 2011). Similarly, CLDN1 is downregulated and delocalized in eosinophilic oesophagitis 

(Masterson et al., 2019). CLDN1 expression have further been reported to be perturbated in 

numerous human cancer entities (Bhat et al., 2020). While most studies report an 

overexpression of CLDN1 in cancer entities, such as colon and lung cancer, conversely 

decreased CLDN1 expression has been associated with cancer progression and metastasis 

in prostate cancer (Seo et al., 2010) and estrogen receptor positive (ER+) breast cancer 

Figure 14. CLDN1 expression on epithelial cells and current concept of interactions.  Figure 
modified from (Roehlen et al., 2020). CLDN1 is mainly expressed at the apical membrane of epithelial 
cells, where it forms tight junctions between neighboring cells and controls paracellular permeability and 
epithelial polarity. Non-junctionally expressed CLDN1 at the basolateral membrane of epithelial cells has 
been described to form complexes with membrane receptors such as integrins or epithelial-cell adhesion 
molecule (EPCAM) and to impact on intracellular signaling such as MAPK signaling. Moreover, CLDN1 
has been described to recruit and activate pro-MMPs. Abbreviations: EPCAM= epithelial cell adhesion 
molecule; FAK= Focal adhesion kinase; MAPK= Mitogen-activated protein kinase; pro-MMP= pro-Matrix 
metalloproteinase; ZO1/2= Zonula occludens 1/2. 
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(Blanchard et al., 2009). Beyond up- and downregulation, nuclear and cytoplasmic 

delocalization of CLDN1 has been reported in ER- basal-like breast cancer (Blanchard et al., 

2009), colorectal cancer (Dhawan et al., 2005) as well as melanoma (French et al., 2009) 

(Table 2).  

Table 2. Reported perturbations of CLDN1 expression in human diseases.  

Disease  CLDN1 expression  Clinical associations  Reference  
Atopic dermatitis  Downregulated - (De Benedetto et al., 

2011) 
Eosinophilic 
oesophagitis  

Downregulated - (Masterson et al., 2019) 

Melanoma  Upregulated, cytoplasmic 
delocalization 

- (Leotlela et al., 2007; 
French et al. 2009) 

Oral Squamous Cell 
Carcinoma  

Upregulated - (Oku et al., 2006) 

 
Prostate Cancer  

 
Downregulated 

Correlation of decreased 
expression with cancer 
progression and poor 

survival 

 
(Vare et al., 2008;Seo et 

al., 2010) 

 
Lung Cancer  

Downregulated in lung 
adenocarcinoma 

Upregulated in lung 
squamous cell carcinoma 

Correlation of decreased 
expression with poor 

survival in lung 
adenocarcinoma 

 
(Paschoud et al., 

2007;Eftang et al., 2013) 

 

ER+ Breast Cancer  

Downregulated in ER+ 
breast cancer, 

upregulated and 
delocalized in ER- breast 

cancer 

Association of high 
CLDN1 expression with 
the basal-like subtype of 

breast cancer, that shows 
poor outcome 

 
 

(Blanchard et al., 2009) 

Thyroid Cancer  Upregulated 
 
- 

(Nemeth et al., 
2010;Zwanziger et al., 

2015) 

Ovarian Cancer  Upregulated 
Association of CLDN1 

overexpression with poor 
�S�D�W�L�H�Q�W�V�¶���V�X�U�Y�L�Y�D�O 

 
(Kleinberg et al., 2008) 

 
Colon Cancer  Upregulated, cytoplasmic 

delocalization 

Low CLDN1 expression 
is associated poorer 

overall- and disease-free 
survival 

(Dhawan et al., 
2005;Kinugasa et al., 
2010;Zuo et al., 2020) 

Gastric Cancer  Upregulated 
Association of CLDN1 

overexpression with poor 
�S�D�W�L�H�Q�W�V�¶���V�X�U�Y�L�Y�D�O 

 
(Eftang et al., 2013) 

 
Pancreatic Cancer  

 
Upregulated 

Association of CLDN1 
expression with ductal 

differentiation of 
pancreatic tumors 

 
(Tsukahara et al., 
2005;Borka, 2009) 

 
HCC 

 
Upregulated 

Loss of CLDN1 
expression in poorly 
differentiated HCC 

(Reynolds et al., 2008; 
Holczbauer et al., 

2014;Zhou et al., 2015) 

The description of CLDN1 as both a tumor suppressor and promoter in different cancer types 

suggests a complex functional role in human carcinogenesis (Bhat et al., 2020). Mechanistic 

studies hereby indicate CLDN1 to be especially implicated in cell survival and cell 

differentiation by interacting with various different signaling cascades (Table 3). In colon cancer 

cells CLDN1 overexpression was found to promote Src-, PI3K/AKT- and NOTCH signaling 
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(Singh et al., 2011; Singh et al., 2012; Pope et al., 2014). Moreover, CLDN1 has been reported 

to interact with T�1�)�.���D�Q�G���:�Q�W����-�F�D�W�H�Q�L�Q���V�L�J�Q�D�O�L�Q�J���L�Q���D���E�L�G�L�U�H�F�W�L�R�Q�D�O���Z�D�\�����:�K�L�O�H���7�1�)�.���D�Q�G���:�Q�W-

��-catenin pathway activation increases CLDN1 expression in different epithelial cancer cells, 

CLDN1 overexpression in turn mediates downstream effects on inflammation, cell proliferation 

and apoptosis. Of note, functionality of CLDN1 for cellular signaling have yet only been 

reported for epithelial cells. Due to the technical challenge to investigate signaling networks 

specific to CLDN1 subcellular localization, the respective contributions of the different cellular 

expression sites remain elusive.  

Table 3. Reported implications of CLDN1 in intracellular cellular signaling cascades in human 
disease.  

Signaling 
pathway  

Disease 
context  

Proposed 
interaction  

Affect cell 
function  

Reference  

 
c-Abl -PKC 

 
Liver cancer 

CLDN1 overexpression 
increases c-Abl kinase 

activity 

 
EMT, invasion 

(Yoon et al., 
2010;Suh et al., 

2013) 
 

PKC 

 
Follicular thyroid 

cancer 

CLDN1 downregulaton 
is associated with 
decreased PKC 

activation 

Cell proliferation, 
migration, invasion 

(Zwanziger et 
al., 2015) 

 

 

Src-AKT 

 
Colon cancer 

 

Gastric cancer 

CLDN1 interacts with 
Src and activates AKT 

signaling 
 
CLDN1 overexpression 
activates Src and Akt 

signaling 

 
Apoptosis 

 

Anoikis 

(Singh et al., 
2011;Singh et 

al., 2012) 

(Huang et al., 
2015) 

PI3K/AKT  
 

Colon cancer 
CLDN1 overexpression 

upregulates Akt 
phosphorylation 

 
EMT (Singh et al., 

2011) 
 
 

Notch  

Inflammatory 
bowel 

disease/Colon 
cancer  

 
Lung cancer 

CLDN1 overexpression 
upregulates Notch 

signaling 
 

CLDN1 knockdown 
suppresses Notch 

signaling 

Inflammation,  
Cell differentiation, 

proliferation 
 
 

EMT, migration 

(Pope et al., 
2014) 

 
 
(Lv et al., 2017) 

 

�7�1�)�. 

 

Colon cancer, 
breast cancer, 

lung cancer and 
pancreatic 

cancer 

 
CLDN1 expression �^  

TNF�r pathway 
activation 

EMT, 
invasion/migration, 

cell proliferation 

(Kondo et al., 
2008;Liu et al., 
2012;Shiozaki 

et al., 2012;Bhat 
et al., 2016) 

 
 

�:�Q�W����-catenin  

 
Colon cancer 

 

Gastric cancer 

CLDN1 expression �^  
�:�Q�W������-catenin pathway 

activation 
 

CLDN1 knockdown 
decreases membranous 

�t-catenin expression 

 
EMT 

 

Cell-cell adhesion, 
Anoikis 

(Miwa et al., 
2001;Singh et 

al., 2011) 
 
 

(Huang et al., 
2015) 
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1.4.2 Role of CLDN1 in chronic liver disease and HCC �± state of the art 
 

Several studies have reported an involvement of CLDN1 in liver disease and HCC. Loss of 

CLDN1 function in the liver and the skin due to congenital CLDN1 mutations causes the genetic 

disease neonatal ichthyosis and sclerosing cholangitis (NISCH) syndrome. With to date only 

18 reported patients, the hepatic manifestation of this ichthyosis syndrome typically presents 

with neonatal sclerosing cholangitis, hepatomegaly and elevated serum bile acids that have 

been attributed to the loss of CLDN1 expression in hepatocyte tight junctions and an impaired 

blood-biliary barrier. However, despite complete CLDN1 knockout phenotype in all individuals, 

the hepatic manifestation is highly variable ranging from mild cholestasis to progressive liver 

disease and liver failure. This indicates that CLDN1 loss-of-function at tight junctions might be 

compensable in humans (Izurieta Pacheco et al., 2020).  

The best studied example for the involvement of basolateral expressed CLDN1 in liver disease 

is its function for HCV cell entry. HCV entry glycoproteins E1E2 can bind to the first extracellular 

loop (EL1) of basolateral CLDN1 that promotes viral internalization via interaction with CD81 

(for a review see: Zeisel et al., 2019). This interaction has been shown to augment virus-

induced MAPK signaling (Mailly et al., 2015). Moreover, besides cell-entry, CLDN1 has also 

been reported to be involved in HCV cell-cell transmission (Timpe et al., 2008). Established 

HCV infection in the liver has been shown to upregulate CLDN1 expression (Reynolds et al., 

2008; Nakamuta et al., 2011; Zadori et al., 2011) (Figure 15 ).  
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Accumulating data further indicate a functional role of CLDN1 in chronic liver disease 

independent of HCV infection. In a small cohort of 30 patients, Reynolds et al. reported CLDN1 

protein expression not only to be increased in livers of patients with chronic HCV infection, but 

also in patients with ALD, AIH and PBC (Reynolds et al., 2008). Moreover, recent studies 

revealed expression of CLDN1 in human liver myofibroblasts, the most important non-

parenchymal cell type in liver fibrosis, driving ECM production and scarring (Aoudjehane et al., 

2015).  

Several studies further suggest a role of CLDN1 in liver carcinogenesis. In fact, CLDN1 was 

not only found to be overexpressed in HCC (Reynolds et al., 2008; Holczbauer et al., 2014; 

Zhou et al., 2015) but was also reported to promote migration and invasion of human hepatoma 

cells by inducing epithelial-mesenchymal transition (EMT) (Yoon et al., 2010;Kim et al., 

2011;Suh et al., 2013;Lee et al., 2015). In particular, CLDN1 overexpression upregulated the 

Figure 15: Functional role of basolateral CLDN1 as an HCV cell entry factor.  Figure derived from 
(Roehlen et al., 2020). CLDN1 belongs to the four main HCV entry factors and mediates HCV entry and 
virus induced signaling by interaction with CD81.  Abbreviations: Apo= Apolipoprotein; BC=Bile 
canaliculi; CD81=Cluster of Differentiation 81; CLDN1= Claudin 1; HRas= HRas Proto-Oncogene, 
GTPase; HS=Heparan sulfate; ITGB1= Integrin beta 1; MAPK=Mitogen-activated protein kinase; 
NPC1L1= Niemann-Pick C1-Like 1; OCLN= Occludin; RTKs= Receptor tyrosine kinases; SR-B1= 
Scavenger receptor class B type 1; TfR1= Transferrin receptor 1; TJ= Tight junction. 
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transcriptional EMT regulators ZEB1 and SLUG via c-Abl-Ras-Raf-1-ERK pathway activation 

(Yoon et al., 2010; Suh et al., 2013). Similar associations with migratory and invasive cell 

capacities have been reported in other cancer cell types (Oku et al., 2006; Leotlela et al., 2007; 

Dos Reis et al., 2008; Zhang et al., 2013; Babkair et al., 2016) corroborating a pro-oncogenic 

function of CLDN1. Nevertheless, the wide range of reported associations of CLDN1 with 

signaling pathways and cell functions (Table 3) but incomplete allocation of these interactions 

to different cellular fractions underlines our yet incomplete understanding of the complex role 

of CLDN1 in liver disease biology. 

1.4.3 Development of monoclonal antibodies targeting non-junctional CLDN1 
 

The identification of CLDN1 as an HCV cell entry factor (Evans et al., 2007) has led to the 

development of monoclonal antibodies (mAbs) targeting CLDN1 as potential antiviral agents. 

By genetic immunization of Wistar rats, the laboratory of Prof. Baumert developed several 

mAbs targeting the first extracellular loop (EL1) of native human CLDN1. Detailed in vitro 

investigations demonstrated high efficacy of anti-CLDN1 mAbs in inhibiting HCV infection of 

all major genotypes without detectable toxicity in primary human hepatocytes (PHH) (Fofana 

et al., 2010). Detailed studies in liver-chimeric mice did not only confirm the anti-viral efficacy 

and absent toxicity of the leading candidate rat anti-human CLDN1 mAb OM-7D3-B3, but also 

revealed selective binding to non-junctional CLDN1 (Mailly et al., 2015) (Figure 16 ). 

Corroborating the current hypothesis of non-junctional CLDN1 as signaling hubs, CLDN1 mAb 

treatment was associated with suppression of HCV induced MAPK signaling (Mailly et al., 

2015). In preparation of clinical development, the rat anti-human CLDN1 mAb OM-7D3-B3 was 

humanized using CDR grafting (Colpitts et al., 2018). This further allowed confirmation of the 

anti-viral efficacy of a fully humanized anti-CLDN1 mAb in primary human hepatocytes (Colpitts 

et al., 2018).  
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Figure 16: Development of non -junct ional CLDN1 targeting monoclonal antibodies.  Figure 
modified from (Mailly et al., 2015). a. Humanized CLDN1 specific mAbs target a conformational epitope 
of Claudin-1 ECL1 b. Binding of CLDN1 mAbs to hepatocytes of human liver chimeric mouse livers was 
assessed by transmission electron microscopy and immunogold labeling. Red arrows indicate tight 
junctions, empty triangles indicate immunogold staining. Abbreviations: CLDN1= Claudin1; TJ= Tight 
junction. 

 

1.5 Liver disease target discovery in the era of single cell RNA 

sequencing and transcriptomic pathway analyses 

High-throughput sequencing technologies have markedly developed in the past years and 

have driven the discovery of biomarkers and therapeutic targets in human diseases (Boyault 

et al., 2007; Hoshida et al., 2009). Emerging techniques, such as single cell RNA sequencing 

(scRNAseq) enable the study of cell heterogeneity, and rare or previously unknown cell types, 

that is crucial for pathophysiological decoding of complex diseases such as liver fibrosis and 

HCC (for a review see: Saviano et al., 2020). Computational tools for assessment of large 

transcriptomic data such as gene set enrichment analysis (GSEA) not only allow molecular 

characterization of different disease states or cell types (Armingol et al., 2021), but also 

mechanistic evaluation of targeted therapies (Crouchet et al., 2021). 

 

1.5.1 Single cell RNA sequencing 
 

RNAsequencing is a highly sensitive method for measuring gene expression across the 

transcriptome. While bulk RNAseq techniques are valuable instruments to assess molecular 
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mechanisms in homogenous samples such as cell lines, its significance in reproducing cellular 

states in complex cellular compositions, such as liver tissue is limited. Thus, bulk RNAseq of 

human tissue gives an average readout of gene expression information from a heterogeneous 

�F�H�O�O���P�L�[���D�Q�G���L�V���W�K�H�U�H�I�R�U�H���K�L�J�K�O�\���L�Q�I�O�X�H�Q�F�H�G���E�\���D���F�H�O�O���W�\�S�H�¶�V prevalence. However, rare cell types 

and specific cell subtypes can be crucial in the pathogenesis of human diseases (Aizarani et 

al., 2019). ScRNAseq is a high-resolution technique for genome-wide RNA profiling in 

individual cells and has emerged as a valuable method to study heterogenous tissues and 

complex diseases (Saviano et al., 2020). It requires dissociation of patient samples into a single 

cell suspension, followed by a subsequent general workflow of sorting, capturing and 

sequencing, for which different alternative techniques are available (Picelli et al., 2013; 

Macosko et al., 2015; Hashimshony et al., 2016; Ziegenhain et al., 2017). The generated 

expression profile of thousands of gene transcripts per cell are usually represented as t-

distributed stochastic neighbor embedding (t-SNE) maps that cluster cells according to their 

transcriptomic similarity (Li et al., 2017) (Figure 17 ).  

Figure 17: ScRNAseq analysis for high -resolution studies on liver pathophysiology . a. Bulk 
RNAseq can only recapitulate pathways and biomarkers relevant for the predominant cell type or 
average transcript. ScRNAseq allows identification of rare cell types, phenotypes and biomarkers. Figure 
modified from (Shalek and Benson, 2017) b. Simplified illustration of scRNAseq in the liver allowing 
study of rare cell types, cell phenotypes and cell-cell interactions. Liver tissue is dissociated into single 
cells that are sequenced using different approaches. Thousands of transcripts per cell are typically 
presented in a t-SNE plot where each dot represents a cell and the distance between the dots depicts 
transcriptomic similarity. Figure modified and extended from (Saviano et al., 2020) and (Ramachandran 
et al., 2019). Abbreviations: ScRNAseq= Single cell RNA sequencing; RNAseq= RNA sequencing. 
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Besides the identification and characterization of rare or unknown cell types (Aizarani et al., 

2019), computational tools, such as pseudo-time diffusion mapping (Haghverdi et al., 2016) or 

RNA velocity (La Manno et al., 2018) enable lineage tracing and cell differentiation analyses 

in scRNAseq data sets. However, despite its value in high-resolution profiling, high-throughput 

application of scRNAseq is still hampered by costs and technical challenges. In particular, 

optimized tissue dissociation is critical for unbiased cell yield and minimal manipulation-

associated transcriptomic changes (van den Brink et al., 2017). This is challenging in case of 

liver tissue, with hepatocytes exhibiting high susceptibility to mechanical manipulations and 

cholangiocytes being difficult to extract. Moreover, bioinformatical analysis of single cell data 

is challenging and often complicated by so-�F�D�O�O�H�G�� �³�G�U�R�S-�R�X�W�V�´�� �D�Q�G�� �X�Q�G�H�V�L�U�H�G�� �G�R�X�E�O�H�W�� �F�H�O�O��

captures (DePasquale et al., 2019; Lahnemann et al., 2020).  

 

1.5.2 Gene set enrichment analysis (GSEA) 
 

Gene set enrichment analysis represents one of the most widely used approaches for 

computational analysis of RNAseq data. Complementing traditional differential expression 

assessments that capture only strongest differences in single genes regardless of its biological 

relevance, GSEA evaluates RNAseq data in the context of previously defined gene sets. These 

can be genes related to a specific signaling pathway or genes associated with a specific cell 

differentiation state. The comparison of this gene set in samples from two or more biological 

�F�R�Q�G�L�W�L�R�Q�V���E�\���*�6�(�$���U�H�V�X�O�W�V���L�Q���D���J�H�Q�H���U�D�Q�N�L�Q�J���E�D�V�H�G���R�Q���W�K�H���F�R�U�U�H�O�D�W�L�R�Q���R�I���W�K�H���U�H�V�S�H�F�W�L�Y�H���J�H�Q�H�¶�V��

expression with a biological condition (signal-to-noise metric). This allows the assessment 

whether the genes within this gene set are randomly distributed or significantly enriched, hence 

primarily ranked to one of the assessed conditions. The enrichment score (ES) reflects the 

degree of overrepresented genes of the entire ranked gene list in one condition and is 

calculated by a weighted Kolmogorov�±Smirnov-like statistic (Subramanian et al., 2005) 

(Figure 18 ).  
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By normalizing the ES (normalized enrichment score = NES) GSEA compensates differences 

in gene set size and correlations between the expression dataset and the gene set. The false 

discovery rate (FDR) accounts for multiple hypothesis testing and estimates the probability of 

a false positive finding. Unless small numbers of samples are compared, an FDR< 25 % is 

usually regarded as statistically significant (Subramanian et al., 2005). As a powerful tool for 

high-throughput differential transcriptomic analysis, GSEA can be applied for molecular 

characterization of patient-derived samples, such as low or high-grade patient tumor samples 

(Wang, 2011; Wu et al., 2019).  In the context of target discovery and drug development, GSEA 

allows assessment of signaling pathway-, cell differentiation- or disease specific gene sets in 

samples from perturbation studies (Crouchet et al., 2021). 

 

 

 

 

 

Figure 18. Gene set enrichment analysis (GSEA).  a. Method illustration. Predefined gene sets are 
compared between two or more groups of conditions with available RNAseq or microarray data. The 
genes are ranked according to correlation with a phenotype. The enrichment score recapitulates to 
which extent the genes are over-represented at either the top or the bottom of the list. b. Example for a 
typical output of GSEA on the example of the Hallmark gene set TNFA_SIGNALING_VIA_NFKB that is 
�H�Q�U�L�F�K�H�G���L�Q���W�K�H���F�R�Q�G�L�W�L�R�Q���³�S�E�V�´����Abbreviations: ES= Enrichment Score. 
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2 Thesis goals 
 

Despite major advances in the understanding of liver fibrosis and HCC pathogenesis, efficient 

antifibrotic therapies to treat liver fibrosis are absent and treatment options for advanced HCC 

�R�Q�O�\���L�P�S�U�R�Y�H���S�D�W�L�H�Q�W�¶�V���S�U�R�J�Q�R�V�L�V���W�R���O�R�Z���H�[�W�H�Q�W���D�Q�G���L�Q���D���P�L�Q�R�U���S�R�Sulation (Finn et al., 2020, for 

a review see: Llovet et al., 2021)). Especially the strong causal link between liver fibrosis and 

HCC development has only been insufficiently addressed. Thus, compounds in clinical 

development for treatment of liver fibrosis not only have limited efficacy in suppressing fibrosis 

progression but also do not show any chemopreventive effects. Similarly, current HCC 

therapeutics show no effects on liver fibrosis, a major determinant of mortality in these patients. 

Thus, new compounds for treatment of liver fibrosis, HCC chemoprevention and HCC therapy 

are urgently needed. 

The perturbation of CLDN1 expression in both liver fibrosis and HCC suggests a functional role 

of CLDN1 in liver disease progression, which constitutes the main hypothesis of this thesis. 

Given the association of especially non-junctional CLDN1 with oncogenic and pro-

inflammatory cell signaling and absent toxic effects of specific non-junctional CLDN1 targeting 

mAbs (Mailly et al., 2015; Colpitts et al., 2018) this project aimed to evaluate non-junctional 

CLDN1 as a therapeutic target for I) treatment of advanced liver fibrosis and II) HCC therapy. 

Addressing the widely accepted hypothesis of common fibrosis driving cellular and molecular 

mechanisms, antifibrotic effects of non-junctional CLDN1 targeting therapies were further 

evaluated in the context of two other organs systems, the kidney and the lung. A main focus 

of this study was the application of authentic patient-derived 3D model systems as well as in-

depth assessments of the targeted cell populations and mediated molecular effects using 

scRNAseq and GSEA.  
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3 Results 
 

The results related to the two main aims of this thesis are an integral part of two manuscripts 

that are included in the following sections. In addition to project management and manuscript 

writing as first-author, my individual experimental contributions are highlighted in the respective 

summary sections prior to the article. Detailed descriptions of the respective material and 

methods are included at the end of each article. 

3.1 Non-junctional CLDN1 as a therapeutic target for treatment of liver 
fibrosis 

 

3.1.1 Results summary and own contribution 
 

I) CLDN1 is overexpressed in liver tissue of patients with chronic liver disease and correlates 

with fibrosis progression (major contribution, Article figures 1A-D). 

In order to evaluate the functional role of CLDN1 in chronic liver disease, the host laboratory 

investigated CLDN1 gene expression in liver tissue of patients with NASH. In fact, CLDN1 

overexpression was observed in livers of NASH patients and showed significant correlation 

with advanced fibrosis stages. Following up on this observation, I assessed CLDN1 gene 

expression in liver microarray data of several publicly available patient cohorts and found 

CLDN1 not only to be upregulated in patients with NASH but also in liver tissue of patients with 

chronic HBV and HCV infection. Interestingly, CLDN1 expression in patients with chronic HCV 

infection was significantly associated with the risk of fibrotic disease progression. By assessing 

CLDN1 expression in publicly available liver scRNAseq datasets derived from healthy and 

cirrhotic livers, I further identified hepatocytes, cholangiocytes and liver progenitor cells as the 

main cellular sources of CLDN1 expression in healthy liver. Moreover, I could demonstrate that 

hepatocytes in cirrhotic livers exhibit enhanced CLDN1 expression and simultaneously show 

transcriptomic resemblance to liver progenitor cells. All together my analyses suggest CLDN1 
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expression to be perturbed in chronic liver disease of all main etiologies and indicate an 

association of CLDN1 with hepatocyte de-differentiation during liver disease progression.  

II) CLDN1 is expressed on multiple liver resident cell types and upregulated by TNF�r-NF�ƒB 

signaling (major contribution: Article Figures 1A-D; 1G-M) 

My analysis of liver scRNAseq datasets indicates that CLDN1 is predominantly expressed in 

liver hepatocytes and progenitor cells but also in non-parenchymal cells albeit at lower levels. 

In order to specifically characterize membranous and therefore targetable CLDN1 in liver 

resident cell types, I acquired an isolation technique allowing high-throughput isolation and 

purification of primary human hepatocytes (PHH), liver myofibroblasts (HLMFs), Kupffer cells 

and liver sinusoidal endothelial cells (LECs) from resected human liver tissue (Kegel et al., 

2016). Using this method, I could show that CLDN1 is not only expressed on epithelial cells of 

the liver but also on Kupffer cells and HLMFs. Linking CLDN1 overexpression with 

�L�Q�I�O�D�P�P�D�W�L�R�Q�����,���L�G�H�Q�W�L�I�L�H�G���7�1�)�.-NF���%���V�L�J�Q�D�O�L�Q�J�����R�Q�H���R�I���W�K�H���P�D�L�Q���V�L�J�Q�D�O�L�Q�J���S�D�W�K�Z�D�\�V���L�Q�Y�R�O�Y�H�G��

in fibrotic liver disease progression (Roehlen et al., 2020), as a strong inducer of CLDN1 

expression in these cell types. 

II) Targeting non-junctional CLDN1 by CLDN1 mAbs inhibits liver fibrosis and tumor 

development (co-authors and collaborators) 

To evaluate non-junctional CLDN1 as a therapeutic target, the group of Prof. Baumert and 

collaborators assessed CLDN1 mAb treatment in several patient-derived in vivo, ex vivo and 

3D in vitro models of liver fibrosis. In fact, CLDN1 mAb treatment markedly and significantly 

suppressed fibrosis markers in patient-derived liver spheroids and bioprinted liver tissue. 

Moreover, transcriptomic profiling of CLDN1 mAb- or control mAb-treated patient-derived 

precision cut liver slices indicated CLDN1 perturbation to strongly suppress cell circuits related 

to liver disease progression and HCC risk. In addition, CLDN1 mAb treatment showed strong 

anti-fibrotic and tumorpreventive effects in two independent state-of the-art mouse models of 
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liver fibrosis, validating a functional role of non-junctional CLDN1 in liver fibrosis and HCC 

development. 

III) CLDN1 mAb suppresses fibrosis and carcinogenesis associated signaling and interferes 

with liver cell plasticity (major contribution: Article Figures 5A-B, 5D, 6A-O) 

In order to evaluate the molecular mechanism of CLDN1 mAb-mediated anti-fibrotic and tumor-

preventive effects, we performed RNAseq and GSEA on non-tumorous liver tissue derived 

from the two NASH fibrosis mouse models. By comparing the liver transcriptome in CLDN1 

mAb- or control treated-mice with that of NASH patients with mild or advanced fibrosis, I 

observed CLDN1 mAb-treatment to suppress multiple pro-fibrogenic and oncogenic signaling 

pathways associated with liver disease progression in situ. Moreover, the assessment of 

scRNAseq-derived cell differentiation specific gene sets revealed that CLDN1 mAb treatment 

affects fibrosis-associated liver cell plasticity. In fact, I could validate strong inhibitory effects of 

CLDN1 mAb-treatment on hepatocyte dedifferentiation, scar-associated myofibroblast 

differentiation and macrophage polarization in cell culture systems using Huh7.5.1 cells, 

primary patient-derived HLMFs and Kupffer cells.  

IV) Non-junctional CLDN1 is a potential target for treatment of lung and kidney fibrosis 

(contribution: in vitro experiments and bioinformatical analyses, Article Figures 7I-L) 

Considering that CLDN1 is not only expressed in the liver but also in other organs such as the 

kidney and the lung we aimed to assess its functional role in other fibrotic diseases. In fact, 

investigation of publicly available cohorts of patients with chronic kidney disease and lung 

fibrosis indicated an association of CLDN1 with fibrosis also in other organs than the liver. 

Interestingly, a collaboration of the Baumert laboratory with SMC Laboratories (Tokyo, Japan) 

revealed strong anti-fibrotic effects of CLDN1 mAb-treatment in a bleomycin lung fibrosis and 

a unilateral ureteral obstruction (UUO) mouse model of renal interstitial fibrosis. To question 

similar molecular effects of CLDN1 mAb-treatment in these organs, I characterized CLDN1 

expression on patient-derived kidney and lung fibroblasts and performed perturbation studies 
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in cell culture. Interestingly, I found both kidney and lung fibroblasts to express CLDN1 in a 

TNF�r-NF�ƒB dependent manner, similar to the liver. Moreover, corroborating an organ-

independent functional role of CLDN1 in fibroblast differentiation and activation, CLDN1 mAb-

treatment of lung fibroblasts strongly suppressed gene sets specific for scar-associated 

fibroblast differentiation states.  

V) Clinical translatability (collaborators) 

In order to evaluate the clinical applicability of CLDN1 mAbs the Baumert laboratory performed 

pilot toxicology and pharmacokinetic studies in non-human primates in collaboration with 

Alentis Therapeutics. Application of high doses of CLDN1 mAb up to 150mg/kg in macaques 

did not show any detectable toxicity. Moreover, pharmacokinetic assessments predicted 

therapeutic mAb concentrations to be achievable in humans, supporting the evaluation of 

CLDN1 mAb-treatment in clinical studies. 

 

3.1.2 Publication of the results 
 

�7�K�H�V�H�� �U�H�V�X�O�W�V�� �Z�H�U�H�� �L�Q�W�H�J�U�D�W�H�G�� �L�Q�W�R�� �W�K�H�� �P�D�Q�X�V�F�U�L�S�W�� �³�$�� �P�R�Q�R�F�O�R�Q�D�O�� �D�Q�W�L�E�R�G�\�� �W�D�U�J�H�W�L�Q�J�� �Q�R�Q-

junctional Claudin-1 inhibits liver fibrosis in patient-derived models by modulating cell plasticity 

�D�Q�G���V�L�J�Q�D�O�L�Q�J�´�����Z�K�L�F�K���L�V���F�X�U�U�H�Q�W�O�\���X�Q�G�H�U���U�H�Y�L�V�L�R�Q���L�Q��Science Translational Medicine. 
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3.1.3 Results article I 
 

A monoclonal antibody targeting non -junctional Claudin -1 inhibits fibrosis 

in patient -deriv ed models by modulating cell plasticity.  
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One Sentence Summary:  Non-junctional Claudin-1 is a mediator and therapeutic target for 

organ fibrosis. 
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Abstract:  Tissue fibrosis is a key driver of end-stage organ failure and cancer, overall 

accounting for up to 45% of deaths in developed countries. There is a large unmet medical 

need for anti-fibrotic therapies. Claudin-1 (CLDN1) is a member of the tight junction (TJ) protein 

family. While the role of CLDN1 incorporated in TJ is well established, the function of non-

junctional CLDN1 is largely unknown. Using highly specific monoclonal antibodies targeting a 

conformation-dependent epitope of non-junctional CLDN1, we show in patient-derived liver 3D 

fibrosis and human liver chimeric mouse models that non-junctional CLDN1 is a previously 

unknown mediator and target for liver fibrosis. Targeting non-junctional CLDN1 reverted 

inflammation-induced hepatocyte pro-fibrogenic signaling and cell fate and suppressed the 

pro-fibrogenic differentiation of Kupffer cells and myofibroblasts. Safety studies of a fully 

humanized antibody in non-human primates did not reveal any significant adverse events even 

at high steady-state concentrations. Our results provide preclinical proof-of-concept for 

CLDN1-specific mAbs for treatment of advanced liver fibrosis and cancer prevention. 

Antifibrotic effects in lung and kidney fibrosis models further indicate a role of CLDN1 as a 

therapeutic target for tissue fibrosis across organs. In conclusion, our data pave the way for 

further therapeutic exploration of CLDN1-targeting therapies for fibrotic diseases in patients. 
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INTRODUCTION 

Organ fibrosis is the result of excessive accumulation of extracellular matrix (ECM) that results 

from a wound healing response to repeated and chronic tissue injury. Leading to distortion of 

tissue architecture and loss of organ function, organ fibrosis accounts for up to 45% of death 

in developed countries(1). Moreover, fibrosis is a major risk factor for tumor development 

across organs(2). Yet, approved therapies that aim to prevent or resolve fibrosis are either 

absent as for the liver or show limited efficacy and safety(3-5). One explanation for the lack of 

efficient anti-fibrotic therapies is the fact that the cell circuits driving the disease biology are still 

only partially understood(3). Importantly, several key features and cellular drivers appear to be 

similar across different organs(1). Primary tissue injury initiates inflammation and leads to the 

release of proinflammatory, vasoactive and profibrotic cytokines. These then promote pro-

fibrogenic differentiation of resident or recruited fibroblast progenitor cells that drive production 

of a fibrotic scar. Perturbated ECM-resolving mechanisms due to repeated or chronic tissue 

inflammation ultimately result in ECM accumulation and disruption of normal tissue 

architecture(1, 3). 

In the liver, the major causes of liver fibrosis are chronic hepatitis B and C, alcoholic 

liver disease (ALD) and non-alcoholic steatohepatitis (NASH). The end-stage of liver fibrosis 

are cirrhosis and hepatocellular carcinoma (HCC)(6). Common pathways mediate the 

progression of liver fibrosis and its transition to HCC irrespective of the etiology(7). Of note, 

HCC nearly always arises in the context of advanced liver fibrosis(7, 8). While removal of the 

cause of injury in the early stage of disease can restore liver function and outcome, patients 

with advanced fibrosis remain at risk for HCC(9). This has been elegantly illustrated by the 

observation that HCV cure in advanced fibrosis only partially reduces but not eliminates the 

risk of HCC(9). Thus, direct anti-fibrotic agents are urgently needed to improve patient survival 

and outcome in advanced fibrosis by preventing liver disease progression, cancer risk and 

mortality(10). 
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Claudin-1 (CLDN1) is a member of the tight junction (TJ) protein family. While its 

function within the TJs for cell-cell-adhesion is well established, the role of non-junctionally 

expressed CLDN1 is largely unknown. In the liver CLDN1 serves as a cell entry factor of 

hepatitis C virus (HCV), a major cause of liver fibrosis(11). We have previously developed a 

humanized monoclonal antibody (mAb) targeting the extracellular loop 1 (EL1) of CLDN1 

expressed on the hepatocyte basolateral membrane(12, 13). By inhibiting CLDN1 co-receptor 

interactions this mAb potently inhibits viral entry and infection of hepatocytes(13, 14). 

Using a panel of mAbs targeting the EL1 of CLDN1 combined with patient-derived 

models and perturbation studies, we aimed to investigate the role of non-junctional CLDN1 as 

a mediator and therapeutic target for liver fibrosis and cancer prevention. Finally, in preparation 

for clinical translation, we characterized the pharmacological and safety properties of a 

humanized anti-CLDN1 antibody in non-human primates. 

 

RESULTS 

CLDN1 expression is associated with liver fibrosis and disease progression  

To investigate the role of CLDN1 as a therapeutic target in liver fibrosis, we first analyzed its 

expression in patients with chronic liver disease of viral and non-viral etiologies. Analysis of 

total CLDN1 gene expression levels in patient liver tissues retrieved from Gene Expression 

Omnibus (GEO) database(15-17) and a cohort from the University of Strasbourg (Suppl.  

Table 1) showed marked and significant upregulation of CLDN1 in liver disease of all major 

�H�W�L�R�O�R�J�L�H�V���L�Q�F�O�X�G�L�Q�J���F�K�U�R�Q�L�F���K�H�S�D�W�L�W�L�V���&�����%���D�Q�G���1�$�6�+�����S�������������������S� ���������������S�����������������6�W�X�G�H�Q�W�¶�V��

t-test (t-test), respectively, Fig.  1A). Of note, the level of CLDN1 expression was significantly 

associated with fibrotic disease progression in patients with NASH(17) and HCV-infected 

individuals post transplantation(15) (p<0.001, t-test and p=0.04, Mann Whitney U-test (U-test), 

Fig.  1B). 

We next investigated CLDN1 mRNA expression on single cell level in the healthy and 

diseased liver. Analysis of recently published single cell RNAseq data(18) revealed CLDN1 to 
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be most highly expressed on EPCAM+ epithelial liver progenitor cells and hepatocytes in 

patients without chronic liver disease (Fig.  1C). In cirrhotic liver, CLDN1 expression on 

hepatocytes was markedly increased (Fig.  1D)(19) and correlated with upregulation of liver 

progenitor markers(18), including epithelial cell adhesion molecule (EPCAM) and Tumor 

Associated Calcium Signal Transducer 2 (TACSTD2 (data retrievable at: 

https://shiny.igmm.ed.ac.uk/livercellatlas/). Within the fibrotic mesenchyme, CLDN1 mRNA 

was strongly expressed on mesothelial cells, a yet poorly investigated cell type associated with 

liver fibrosis (Fig.  1D)(19). Lineage tracing methods in mice have recently indicated 

mesothelial cells to serve as HSC and myofibroblast progenitor cells in liver fibrogenesis(20). 

Taken together, the significant up-regulation of CLDN1 expression in hepatocytes of 

fibrotic liver and its association with disease progression among different etiologies suggests 

a functional role in the pathogenesis of liver fibrosis. High expression in mesothelial cells, solely 

detectable in fibrotic liver(19), further suggest a functional role of CLDN1 in this yet poorly 

characterized putative mesenchymal progenitor cell population. CLDN1 expression in other 

liver mesenchymal cells and macrophages at lower levels (Fig.  1D) warrant further ex vivo 

characterization. 

CLDN1 is expressed both in tight junctions as well as outside the tight junctions(11). 

We have previously established a panel of humanized CLDN1-specific antibodies targeting a 

conformation-dependent epitope of EL1 in non-junctional CLDN1(12-14). A subsequent 

genome-wide protein array demonstrated that these antibodies selectively bind human CLDN1 

without any cross-reactivity to other CLDN family members and 5000 other membrane and 

secreted proteins tested (Suppl. Fig.  1). Furthermore, structural modeling revealed that the 

epitope recognized by the mAb in EL1 is only accessible outside TJs (Fig.  1E) and not in TJ 

due its conformation (Fig.  1F). 

To specifically characterize non-junctional CLDN1 expression in the liver, primary liver 

cells were isolated from human liver (Suppl. Table 2 ) and investigated by flow cytometry or 

immunofluorescence using the humanized mAb H3L3(12-14). In addition to the expected 

strong binding to primary human hepatocytes (PHH, Fig.  1G), the mAb specifically bound to 
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non-junctional CLDN1 expressed on patient-derived primary human liver myofibroblasts 

(HLMFs, Fig.  1H), the main fibrosis effector cells in chronic liver disease(3). Liver 

macrophages are the largest non-parenchymal cell (NPC) fraction characterized by high 

plasticity and phenotypic variations that depend on the disease environment(3). Flow 

cytometric analyses on native cells revealed CLDN1 expression at the membrane of primary 

Kupffer cells (Fig.  1I). In contrast, liver endothelial cells (LECs) lacked expression of CLDN1 

(Fig.  1J). 

We next aimed to elucidate molecular drivers of CLDN1 upregulation in chronic liver 

�G�L�V�H�D�V�H�����7�1�)�.-�1�)���%���V�L�J�Q�D�O�L�Q�J���L�V���D���N�H�\���V�L�J�Q�D�O�L�Q�J���S�D�W�K�Z�D�\���X�S�U�H�J�X�O�D�W�H�G���L�Q���F�K�U�R�Q�L�F���L�Q�I�O�D�P�P�D�W�R�U�\��

liver tissue and is functionally involved in liver fibrogenesis and carcinogenesis(3). 

�,�Q�W�H�U�H�V�W�L�Q�J�O�\���� �W�U�H�D�W�P�H�Q�W�� �R�I�� �+�/�0�)�V�� �Z�L�W�K�� �7�1�)�.�� �P�D�U�N�H�G�O�\�� �D�Q�G�� �V�L�J�Q�L�I�L�F�D�Q�W�O�\�� �H�Q�K�D�Q�F�H�G�� �Q�R�Q-

junctional CLDN1 expression accessible to CLDN1 mAb (p<0.0001, t-test, Fig.  1K). A similar 

�X�S�U�H�J�X�O�D�W�L�R�Q���Z�D�V���R�E�V�H�U�Y�H�G���L�Q���7�1�)�.���W�U�H�D�W�H�G���3�+�+�����D�O�E�H�L�W���W�R���D���O�R�Z�H�U���P�D�J�Q�L�W�X�G�H���W�K�D�Q���L�Q���+�/�0�)�V��

(p<0.0001, t-test, Fig.  1L������ �7�1�)�.-mediated upregulation was reduced following 

pharma�F�R�O�R�J�L�F�D�O���L�Q�K�L�E�L�W�L�R�Q���R�I���1�)���%���V�L�J�Q�D�O�L�Q�J���L�Q���E�R�W�K���+�/�0�)���D�Q�G���3�+�+�����S�����������������D�Q�G���S� ��������������

t-test, respectively, Fig.  1K-L). 

Studying CLDN1 expression in a subpopulation of patient-derived Kupffer cells 

(Fig.  1I), we used the peripheral blood monocyte-derived cell line THP1 to evaluate CLDN1 

expression in different macrophage differentiation states(21). We revealed that CLDN1 is 

expressed in M1 macrophages but not or poorly in monocytes and M0 macrophages 

(p<0.0001, p=0.004, U test, respectively, Fig.  1M, left panel). M1 macrophages are key drivers 

�R�I���F�K�U�R�Q�L�F���L�Q�I�O�D�P�P�D�W�L�R�Q���D�Q�G���O�L�Y�H�U���I�L�E�U�R�J�H�Q�H�V�L�V���D�Q�G���W�K�H���P�D�L�Q���V�R�X�U�F�H���R�I���7�1�)�.��in situ(3) (Fig.  1M, 

right panel). Interestingly, in a pilot study, incubation of HLMF with M1 macrophage-conditioned 

medium significantly upregulated CLDN1 expression (p=0.04, t-test, Fig.  1N). Collectively, 

�W�K�H�V�H�� �U�H�V�X�O�W�V�� �V�X�J�J�H�V�W�� �7�1�)�.-�1�)���%�� �V�L�J�Q�D�O�L�Q�J�� �D�V�� �D�� �G�U�L�Y�H�U�� �R�I�� �&�/�'�1���� �X�S�U�H�J�X�O�D�W�L�R�Q�� �L�Q�� �F�K�U�R�Q�L�F��

inflammatory liver disease and identify PHHs, HLMFs and M1 Kupffer cells as target and 

effector cells for non-junctional CLDN1 binding mAbs. 
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Targeting non -junctional CLDN1 by a highly specific monoclonal antibody reduces 

fibrosis and tumor burden in a human liver chimeric mouse model for liver fibrosis  

To investigate the functional role of non-junctional CLDN1 as a mediator and target for liver 

fibrosis, we next assessed the therapeutic effect of the humanized CLDN1 mAb H3L3(13) in a 

chimeric, patient-derived animal model that is closely recapitulating key features of clinical liver 

fibrosis and expressing human CLDN1. As a model we used Fah�í���í/Rag2�í���í/Il2rg�í���í (FRG)-NOD 

mice robustly repopulated with PHH(22). While these mice do not harbor any T or B cells, they 

carry liver macrophages, myofibroblasts and LECs(22). Among all liver fibrosis animal models, 

high-fat diet models are considered to be closest to the human disease(23, 24). Thus, we 

applied a well-established long-term choline-deficient, L-amino acid-defined, high fat diet 

(CDA-HFD)(24) to induce advanced liver fibrosis.  

Following establishment of advanced liver fibrosis over 16 weeks of diet, mice were 

randomized in 2 groups and received a weekly i.p. injection of either the humanized CLDN1 

mAb or an equivalent vehicle control for 8 weeks (Fig.  2A) while the diet was continued. A total 

of two independent studies were performed (Fig. 2). We first studied effects of CLDN1 mAb 

on liver fibrosis and identified humanized areas in the mouse liver by fumarylacetoacetate 

hydrolase (FAH) staining, which is absent in mouse cells(22). Sirius red staining and 

automated analysis of the collagen proportionate area (CPA) revealed markedly and 

significantly reduced total liver fibrosis and fibrosis in humanized areas in CLDN1 mAb treated 

mice in both independently performed studies (Fig.  2B-D, Suppl. Table  3). In the first 

experiment, the median total fibrosis level was 6.59% in the control group (Q1-Q3 6.43-8.54%) 

and 2.34% in CLDN1 mAb-treated humanized mice (Q1-Q3 1.31-4.51%, p=0.03, U test) 

(Fig.  2C, left panel). The median fibrosis level in humanized areas was 4.66% in the control 

group (Q1-Q3 4.00-5.48%) and 1.09% in CLDN1 mAb group (Q1-Q3 0.59-1.65%, p=0.03, U 

test, Fig.  2c, right panel). Similar antifibrotic effects were observed in the second, independent 

experiment (p=0.01, U test, respectively, Fig.  2D, Suppl. Table  3). 
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Corroborating the histological findings, humanized mice treated with CLDN1 mAb 

showed significantly downregulated hepatic gene expression of fibrosis markers, including 

collagen type II alpha 1 chain (COL2A1), TIMP1 and platelet-derived growth factor subunit A 

(PDGFA)(3) (p=0.03, p=0.02 and p=0.009, t-test, respectively, Fig.  2E). Finally, CLDN1 mAb 

treated mice exhibited strongly reduced plasma levels of C-reactive protein (CRP), a secreted 

inflammatory biomarker (p<0.01, U-test, Fig.  2F). 

Due to the chronic liver disease induced by FAH-deficiency and CDA-HFD, the 

humanized mice also developed liver tumors. Macroscopic and histological examination of 

humanized livers revealed significantly reduced tumor burden in CLDN1 mAb-treated mice in 

both experiments confirming the potential of CLDN1 mAb in preventing HCC (p<0.05 and 

p<0.01, U-test, respectively, Fig.  2G-I). Taken together these data indicate that the humanized 

CLDN1 mAb H3L3(13) significantly reduces diet-induced liver fibrosis and diminishes liver 

tumor formation in a patient-derived mouse liver fibrosis model. 

 

A murinized CLDN1 -specific mAb re duces fibrosis, liver disease progression and 

hepatocarcinogenesis in a mouse model of diet -induced fibrosis and HCC  

To further validate anti-fibrotic and cancer-preventive effects of targeting non-junctional CLDN1 

in a fully immunocompetent mouse model, we engineered a murinized version of our previously 

established rat anti-human CLDN1 mAb(12). Thus, as described for its humanized version(13) 

the complementarity-determining regions (CDRs) of rat anti-human CLDN1 mAb were fused 

to a murine Fc part (designated TAR-Rm). Of note, the epitope recognized by rat, humanized 

and murinized anti-human CLDN1 mAbs is similar. Reflecting species-specific variations in 

CLDN1 structure, the binding affinity of the murinized anti-human CLDN1 mAb to mouse 

CLDN1 was lower than the affinity of the previously developed humanized CLDN1 mAb(13) to 

human CLDN1 expressed on PHH. Still, the murinized CLDN1 mAb showed satisfactory target-

engagement as demonstrated by a robust inhibition of CLDN1-mediated HCV entry into 293T 

cells expressing mouse CLDN1 (Suppl. Fig.  S2A-F). Pharmacokinetic studies with the 
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murinized mAb in mice revealed an approximate half-life of 7.7 days. An injection of 25 mg/kg 

resulted in plasma doses saturating receptor binding with robust target engagement (Suppl. 

Fig.  S2C, G) suggesting that the murinized mAb is suitable for in vivo studies in mouse models.  

Similarly as in the humanized mouse model we chose a CDA-HFD(24) to induce NASH 

and fibrosis. To study also the effect of the mAb on advanced liver disease progressing to 

cancer, we injected one dose of diethylnitrosamine (DEN) to accelerate hepatocarcinogenesis. 

This DEN-CDA-HFD model recapitulates NASH histological and metabolic features, including 

fibrosis, and results in induction of liver tumors after 24 weeks(24). Following the establishment 

of NASH-like features within 9 weeks, the mice were randomized in 2 groups and received a 

weekly i.p. injection of either the murinized CLDN1 mAb or an equivalent vehicle control for 16 

weeks (Fig.  3A). Two mice in the control group died during the experiment for unknown 

causes; no deaths occurred in the CLDN1 mAb-treated mice. 

For functional characterization of CLDN1 mAb effects on chronic liver disease 

progression in vivo, we first analyzed key hallmarks of NASH, including liver inflammation, 

steatosis and fibrosis. A histological assessment of liver steatosis and inflammation revealed 

marked and significant improvement of liver steatosis levels and the NALFD activity score(25) 

in CLDN1 mAb-treated animals (Fig. 3B upper panel and Fig.  3C, left panels, p<0.05 and 

p<0.01, U-test, respectively). Similarly, 16 weeks administration of the CLDN1 mAb was 

accompanied by a significant reduction of ALT levels (10.2%, p=0.03, U-test), whereas total 

bilirubin and alkaline phosphatase levels remained unchanged (Suppl. Table  4). Sirius red 

staining and automated analysis of the collagen proportionate area (CPA) revealed markedly 

and significantly reduced fibrosis in the CLDN1 mAb group compared to the control group with 

a relative median fibrosis improvement of 28.4% (p=0.003, U-test, Fig.  3B-C, middle panels, 

Suppl. Table  5). Furthermore, treatment of animals with the CLDN1 mAb reduced alpha 

�V�P�R�R�W�K���P�X�V�F�O�H���D�F�W�L�Q�����.-SMA) expression, a specific marker of myofibroblasts(3) (p<0.05, U-

test, Fig.  3B, lower panel and Fig.  3C, right panel). The antifibrotic effect of the CLDN1 mAb 

were confirmed by transcriptomics showing impaired expression of collagen type I alpha 1 
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chain (COL1A1), alpha smooth muscle actin (ACTA2) and Platelet Derived Growth Factor 

Subunit B (PDGFB) (Fig.  3D). 

As observed in the humanized mice model (Fig.  2), macroscopic and microscopic 

examination of mouse livers showed a marked difference in short-term liver tumor development 

and growth. While 17/18 mice of the control group had liver tumors (94.4%; 10 mice with >6 

nodules), the CLDN1 mAb-treated group tumors were only found in 6/20 (30%; 1 mouse >6 

nodules) mice (p<0.0001 and p<0.01, U-test, respectively, Fig.  3E, upper panel and Fig.  3F, 

left panel). These findings were also confirmed by histological analysis where 83.3% of mice 

in the control group had tumors >1mm compared to 40% in the CLDN1 mAb group (p=0.007, 

U-test, Fig.  3F, right panel). Moreover, the tumor burden in terms of number and size was 

significantly higher in the control group (p=0.001, U-test, respectively, Fig.  3G, left panels, 

Suppl. Table  5). Liver tumors were further stained for the heat-shock protein 70 (Hsp70) 

(Fig.  3E, lower panel), a marker used for the clinico-pathological diagnosis of HCC. In the 

CLDN1 mAb group the prevalence of mice with at least one Hsp70-positive tumor was only 

5.0% (1/20 mice), which was significantly lower than the prevalence in the control group (8/18, 

44.4% mice with at least one Hsp70-positive tumor (p<0.01, U-test, Fig.  3G, right panel). 

Extensive safety studies including histopathology of major organs, complete serum 

chemistry and renal and liver function tests did not show any detectable adverse effects 

(Suppl. Fig.  S3 and Suppl. Table 4 ). Collectively, these data show that a CLDN1-specific mAb 

reverses NASH-associated liver fibrosis, steatosis, and inflammation and prevents 

hepatocarcinogenesis in a state-of-the-art diet model for NASH-induced fibrosis and HCC. 

 

Validation of the profibrogenic role of non -junctional CLDN1 in patient -derived 3D liver 

fibrosis and NASH models  

We next validated the antifibrotic effects of CLDN1 mAb in patient-derived ex vivo models. The 

3D ExVive Human Liver Tissue model (Organovo) mimics distinct features of NASH and 

fibrosis and allows the assessment of liver disease therapeutics(26). In this model PHH, LECs, 
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Kupffer cells (KCs) and hepatic stellate cells (HSCs) are exposed to steatogenic and 

inflammatory stress. They are co-cultured on a bioprinted scaffold using transwell technology, 

which recapitulates the human liver multicellular structure with a compartmentalized 

architecture resembling native liver (Fig.  4A, left panel)(26). In this human NASH model, 

CLDN1 mAb markedly reduced hepatocyte ballooning and macro- and micro-steatosis in three 

out of four tissue preparations (Fig.  4B). Overall incidence of bridging fibrosis as well as the 

thickness of collagen fibrils around steatotic and ballooned hepatocytes was reduced in the 

tissues treated with CLDN1 mAb. Image-based quantification of the collagen proportionate 

area (8 slices per tissue preparation) revealed that the median fibrosis level in CLDN1 mAb-

treated ExVive tissues was strongly reduced compared to control mAb-treated tissues (2.69% 

vs. 6.14%, p<0.0001, t-test, Fig.  4C). 

Next, we studied effects of CLDN1 mAb on fibrosis in patient-derived human liver 

spheroids. Spheroids are cultured as 3D micro-tissues and thereby recapitulate the liver 

microenvironment, relevant for a therapeutic response(27). Thus, patient-derived multicellular 

spheroids are considered as one of the most relevant and translatable model systems to 

assess the effect of liver-therapeutic agents(28). Liver tissues from patients with and without 

chronic liver disease and fibrosis (Suppl. Table  6) were dissociated and cultured in ultra-low 

attachment plates (Fig.  4D). This protocol allows the formation of patient-derived spheroids 

harboring original liver cell populations, including ASGPR1+ hepatocytes, CD31+ endothelial 

cells, CD68+ �.�X�S�I�I�H�U���F�H�O�O�V���D�Q�G���.�6�0�$+ myofibroblasts (Fig.  4E). Validating the functionality of 

the liver microenvironment in this 3D spheroid model, treatment with transforming growth factor 

beta (TGF-�������L�Q�G�X�F�H�G���W�K�H���H�[�S�U�H�V�V�L�R�Q���R�I��COL1A1, COL1A4, and the secretion of CCL3, a well 

described immune cell derived pro-fibrogenic cytokine(29) (Fig.  4F). Treatment of patient 

spheroids with CLDN1 mAb suppressed the induction of these pro-fibrogenic markers (p<0.05, 

�)�L�V�K�H�U�¶�V�� �H�[�D�F�W�� �W�H�V�W, respectively, Fig.  4F). Moreover, CLDN1 mAb treatment suppressed 

collagen deposition with superior effects compared to compounds in clinical development, such 

as elafibranor(30) (Fig.  4G). Finally, CLDN1 mAb treatment of spheroids derived from fibrotic 

livers reduced expression of fibrosis markers, including ACTA2 and PDGFB (Fig.  4H). 
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Given the significant and robust inhibition of fibrosis progression and tumor 

development in vivo (Figs.  2-3), we aimed to validate the effect of CLDN1 mAb on cell circuits 

associated with disease progression and carcinogenesis in liver tissues from patients with 

advanced fibrosis(31). Gene expression signatures have been established to predict 

progression of fibrotic liver disease to HCC independent of the etiology. These include an FDA-

approved prognostic liver 186-gene signature (PLS) in stromal liver cirrhosis tissue of HCC in 

all major etiologies(32-36). The clinical PLS can be used as a treatment-responsive tool to 

evaluate the effect of antifibrotic compounds on prognosis relevant cell circuits in ex vivo 

models, such as precision cut slices(31, 37). Liver slices of NASH patients with different stages 

of fibrosis (Suppl. Table  7) were incubated with CLDN1 mAb or control and analyzed for 

expression of the clinical PLS (Fig.  4I). As shown in Fig.  4J, CLDN1 mAb markedly and 

significantly reverted the PLS from poor to good-prognosis status for all patients (FDR<0.25, 

Kolmogorov-Smirnov test). Collectively, these results validate the functional impact of CLDN1 

as a mediator and target for treatment of liver fibrosis in state-of-the-art multi-cellular patient-

derived 3D model systems for liver fibrosis. 

Targeting non -junctional CLDN1 restores perturbation of liver cell circuits and signaling 

mediating chronic inf lammation and fibrosis  

Next, we aimed to elucidate the molecular mechanism of CLDN1 mAb mediated anti-fibrotic 

and tumor preventive effects in vivo using RNAseq and gene set enrichment analysis 

(GSEA)(38). To evaluate the most relevant cell circuits involved in liver disease progression 

in situ, we analyzed transcriptional signatures of fibrosis- and carcinogenesis-related signaling 

side-by-side in mouse models and a human NASH cohort with mild and advanced fibrosis 

(GSEA49541(17)) (Fig.  5A). As demonstrated in Fig.  5B, fibrotic livers in both NASH fibrosis 

mouse models exhibited upregulated fibrosis-�D�V�V�R�F�L�D�W�H�G���S�D�W�K�Z�D�\�V���� �L�Q�F�O�X�G�L�Q�J���7�1�)�.-�1�)���%���R�U��

�7�*�)�����V�L�J�Q�D�O�L�Q�J���V�L�P�L�O�D�U���W�R���1�$�6�+���S�D�W�L�Hnts with advanced compared to mild fibrosis. Treatment 

with CLDN1 mAb robustly and significantly reversed the induction of these fibrogenic circuits 

�Z�L�W�K�� �P�R�V�W�� �S�U�R�Q�R�X�Q�F�H�G�� �H�I�I�H�F�W�V�� �R�Q�� �7�1�)�.-�1�)���%�� �V�L�J�Q�D�O�L�Q�J�� ���)�'�5���������������� �.�R�O�P�R�J�R�U�R�Y�� �6�P�L�U�Q�R�Y��
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test, respectively, Fig.  5B). Similarly, carcinogenesis-associated pathways, including K-Ras 

signaling and epithelial-mesenchymal transition (EMT) are upregulated in NASH patients with 

advanced fibrosis but significantly suppressed by CLDN1 mAb treatment in both animal models 

(FDR<0.25, Kolmogorov Smirnov test, Fig.  5B). Using a large clinical data base of >500 

cirrhotic patients, a recent study defined 31 human cirrhosis gene modules relevant for liver 

disease progression, fibrosis and hepatocarcinogenesis(31). These modules enable clinical 

translation of transcriptomic signatures beyond single signaling pathways(31). Consistently, 

the expression of gene modules related to inflammatory signaling (module 7 and 24), as well 

as myofibroblast activation and ECM production (module 1 and 24), were markedly induced in 

the clinical cohort of NASH patients with advanced fibrosis compared to mild fibrosis, as well 

as in the NASH fibrosis mouse models. At the same time, the expression of gene modules 

associated with physiological hepatocyte metabolism (modules 9, 22 and 23) were suppressed 

in NASH patients with advanced fibrosis and livers of fibrotic mice (Fig.  5B). Corroborating the 

clinical relevance of observed suppressive effects on fibrosis-associated signaling, CLDN1 

mAb strongly suppressed gene expression of modules related to ECM proteins, immune 

signaling and myofibroblast differentiation, while gene expression patterns associated with 

physiological hepatocyte metabolism were restored (Fig.  5B). Finally, assessment of the 

clinical PLS(31-33, 36), revealed robust and highly significant reversion of the PLS poor 

prognosis to good prognosis status suggesting a treatment-induced improvement of liver 

disease progression and decreased HCC risk (FDR<0.001, Kolmogorov-Smirnov test, 

respectively, Fig.  5C). 

We next validated CLDN1 mAb effects on fibrogenic and carcinogenic signaling in cell-

based models. Since PHH undergo rapid de-differentiation during cell culture accompanied by 

a loss of key physiological functions, we used DMSO-differentiated Huh7.5.1 cells (Huh7.5.1dif) 

exhibiting a hepatocyte-like phenotype(39-41) as a surrogate model for functional studies. Our 

recent study has shown that this model recapitulates key cell circuits of liver disease 

progression of patients(42). As shown in Fig.  5D, RNAseq and GSEA confirmed the observed 

CLDN1 mAb-mediated suppression on hepatocyte pro-fibrogenic and carcinogenic signaling 
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in cell culture models for both viral and metabolic liver disease. Furthermore, proteomic 

assessment of signaling using phospho-specific antibody capture arrays revealed a CLDN1 

mAb-induced suppression of Src family kinase activation (Fig.  5E). Src signaling cascades are 

key drivers of liver fibrogenesis(43) and converge on several other pathways identified, 

�L�Q�F�O�X�G�L�Q�J�� �1�)���%���� �0�$�3�.�� �D�Q�G�� �6TAT signaling(44). Consistently, CLDN1 mAb treatment 

suppressed phosphorylation of downstream effectors of these pathways, including p38a, 

CREB5 (MAPK(45)) and TOR (PI3K-AKT signaling(46)) (Fig.  5E). 

Using stable CLDN1 knockout (KO) and pharmacological intervention we demonstrate 

that CLDN1 is a driver of the poor prognosis status of the PLS predicting liver disease 

progression and HCC risk for all major liver disease etiologies (FDR<0.25, Kolmogorov-

Smirnov test, respectively, Suppl.  Fig.  S4). Reversal of the poor prognosis status of the PLS 

was hereby dose-dependent, with most robust effects at 10 ���J���P�/���� �W�K�H�� �V�D�W�X�U�D�W�L�Q�J��

concentration for mAb binding to CLDN1 on hepatocytes (Suppl. Fig.  S2). Collectively, these 

findings demonstrate that targeting non-junctional CLDN1 by a highly specific mAb suppresses 

hepatocyte pro-fibrogenic and carcinogenic signaling pathways. 

 

Targeting non -junctional CLDN1 reverses inflammation -induced perturbation of 

hepatocyte cell fate and plasticity  

Single cell RNA sequencing (scRNAseq) has transformed our understanding of the cellular 

states in health and disease. In the liver, scRNASeq has revealed distinct differentiation states 

of parenchymal and non-parenchymal cells(18, 19). Well characterized examples are EPCAM+ 

bipotent liver progenitor cells as well as scar-associated myofibroblasts(18, 19). Interestingly, 

liver cirrhosis-derived hepatocytes show marked upregulation of liver progenitor cell marker 

genes, such as Prominin 1(PROM1) and SRY-Box Transcription Factor 9 (SOX9) and 

simultaneous downregulation of mature hepatocyte markers (e.g., apolipoprotein F, APOF) on 

single cell level(19) (data retrievable at: https://shiny.igmm.ed.ac.uk/livercellatlas/) suggesting 

a transformation of chronically injured mature hepatocytes towards an immature liver 
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progenitor cell-phenotype. To evaluate whether this fibrosis-associated perturbation of cell fate 

and plasticity can be detected on bulk RNAseq level, we assessed scRNAseq derived cell 

lineage marker genes (MSigDB and (18, 19)) in livers of NASH patients (GSE49541(17)) and 

human liver chimeric mice (Fig.  6A). Interestingly, gene sets encompassing marker genes of 

the EPCAM+ progenitor compartment(18), including PROM1 and SOX9 were markedly 

enriched in NASH patients with advanced compared to mild fibrosis(17) (FDR<0.001, 

Kolmogorov Smirnov test, Fig.  6B, and p=0.005, p=0.0004, t-test, Fig.  6C). Moreover, genes 

characterizing healthy mature hepatocytes(18), such as APOF, were strongly suppressed 

during liver disease progression in NASH fibrosis patients(17) (FDR<0.02, Kolmogorov 

Smirnov test, Fig.  6B and p=0.002, t-test, Fig.  6D, left panel). Similar results were obtained in 

fibrotic livers derived from two NASH fibrosis mouse models (Suppl. Fig.  S5A-B). Importantly, 

treatment with CLDN1 mAb considerably suppressed the disease-induced upregulation of 

hepatocyte progenitor markers in both mouse models (Fig.  6E-F, Suppl. Fig.  S5C-D). Mature 

hepatocyte marker gene expression on the other hand was restored (Fig.  6D, right panel, Fig. 

6E and Suppl. Fig.  S5D, right panel). Similar results were obtained in liver cell-based models 

(Fig.  6G), strongly corroborating the relevance of our findings for hepatocyte fate. Collectively, 

these data suggest that CLDN1-specific mAb treatment reverts the disease-induced immature 

hepatocyte phenotype back to a mature phenotype of non-diseased hepatocytes. 

 
Targeting non -junctional CLDN1 reverses pro -fibrogenic differentiation and activation 

of human liver my ofibroblasts and Kupffer cells  

Scar-associated mesenchymal cells express several key markers that differentiate these cells 

from its quiescent progenitor cells beyond the classical myofibroblast activation markers(19). 

Expression of marker genes of PDGFRA+ scar-associated myofibroblasts(19) (Suppl. 

Table S8) was significantly induced both in livers of NASH patients with advanced compared 

to mild fibrosis (FDR<0.001, Kolmogorov Smirnov test, Fig.  6H, left panel), as well as fibrotic 

mouse livers compared to healthy controls (FDR=0.001, Kolmogorov Smirnov test, Suppl. 

Fig.  S5E).  CLDN1 mAb-treatment significantly suppressed myofibroblast activation gene 
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signatures (FDR<0.001 Kolmogorov Smirnov test, Fig.  6I, left panel) as well as expression of 

HLMF marker genes (i.e., PDGFRA) (Fig.  6H, I, right panels). Corroborating our findings in 

vivo, RNAseq and GSEA(38) of CLDN1 mAb treated primary patient-derived HLMFs validated 

suppression of liver fibrosis associated myofibroblast differentiation states (Fig. 6J ). Thus, 

marker genes of scar-associated myofibroblasts type A (Suppl Table  9), the major phenotype 

of myofibroblasts reported to expand in fibrotic liver(19) were significantly suppressed in 

CLDN1 mAb treated HLMFs compared to cells treated with a control antibody (FDR=0.06, 

Kolmogorov Smirnov test, Fig. 6J ). Genes related to scar-associated myofibroblasts type B 

(portal fibroblasts, Suppl. Table  10) on the other hand remained unchanged by CLDN1 mAb 

(Fig.  6J)(19). Similar as obs�H�U�Y�H�G�� �L�Q�� �K�H�S�D�W�R�F�\�W�H�V���� �&�/�'�1���� �P�$�E�� �V�W�U�R�Q�J�O�\�� �V�X�S�S�U�H�V�V�H�G�� �7�1�)�.-

�1�)���%�� �V�L�J�Q�D�O�L�Q�J�� �L�Q�� �+�/�0�)�V�� ���)�'�5� �� ������������ �.�R�O�P�R�J�R�U�R�Y���� �6�P�L�U�Q�R�Y-test, Fig.  6K). Finally, we 

confirmed the direct downstream effects on myofibroblast effector functions, such as fibroblast 

contractility and ECM production. CLDN1 mAb treatment of HLMFs from different donors 

(Suppl. Table  2) markedly suppressed key activation markers, including ACTA2, COL1A1 and 

fibronectin (FN1) (p=0.003, p=0.01 and p=0.02, Wilcoxon matched pairs test, Fig.  6L). 

Collectively, these data suggest that CLDN1 mAb reverses the differentiation of profibrogenic 

�P�\�R�I�L�E�U�R�E�O�D�V�W�V���E�\���L�Q�W�H�U�I�H�U�L�Q�J���Z�L�W�K���7�1�)�.-�1�)���%���V�L�J�Q�D�O�L�Q�J�� 

Focusing next on immune cell signatures in liver tissues of patients and animal models, 

we observed a strong and significant suppressive effect of CLDN1 mAb treatment on fibrosis-

associated macrophage activation (GO: 

POSITIVE_REGULATION_OF_MACROPHAGE_ACTIVATION, MSigDB) (FDR<0.01, 

Kolmogorov Smirnov-test, Fig.  6M). Expression of ITGAX, also known as CD11c(47) as well 

as TREM2, recently defined as the key marker of scar-associated pro-fibrogenic 

macrophages(19) was markedly downregulated in the livers of CLDN1 mAb treated NASH 

fibrosis mice (Fig.  6N). Consistently, in pro-inflammatory (M1) primary Kupffer cells (Suppl. 

Table 2), CLDN1 mAb treatment suppressed �7�1�)�. and IL6 gene expression, two cytokines 

implicated in liver fibrogenesis and hepatocarcinogenesis (p=0.03 and p=0.01, Wilcoxon 

matched pairs test, respectively, Fig.  6O, left panels). Moreover, CLDN1 mAb treatment 
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significantly reduced TIMP1 expression, a potent inhibitor of matrix degradation and 

macrophage-mediated resolution of fibrosis (p=0.03, Wilcoxon matched pairs test, Fig.  6O, 

right panel). These data suggest that CLDN1 mAb inhibits the differentiation and activation of 

Kupffer cells into a pro-inflammatory and pro-fibrogenic phenotype. 

Collectively, our integrative analyses in patient liver tissues, patient-derived mouse 

models, cell lines and primary cells, demonstrate that treatment with CLDN1 mAb reverses 

fibrosis-associated cell fate and plasticity in the three major cell types mediating fibrosis. 

 

CLDN1 is a candidate target for treatment of lung and kidney fibros is  

As the discovered mechanistic role of CLDN1 during fibrosis is not necessarily limited to the 

liver, a CLDN1-targeted therapy holds the potential to be effective for other fibrotic diseases. 

Indeed, several studies have suggested a role of CLDN1 in the pathogenesis of chronic kidney 

disease(48, 49). However, its role as therapeutic target remains unknown. Upregulation of 

CLDN1 expression in patients with glomerulonephritis as well as murine fibrotic kidneys(50) 

(p=0.009 and p<0.0001, t-test, respectively, Fig.  7A) validates the involvement of CLDN1 in 

the pathogenesis of renal fibrotic disease. Furthermore, CLDN1 was significantly 

overexpressed in patients with idiopathic pulmonary fibrosis (IPF)(51) as well as lung 

fibrosis(52), independent of the etiology (p=0.0001 and p<0.0001, t-test, respectively, Fig.  7B). 

Strikingly, CLDN1 expression was also significantly upregulated in lungs of patients with 

COVID19 disease (p<0.0001, t-test, Fig.  7B, right panel) associated with high morbidity and 

mortality due to pulmonary complications including fibrosis(53). These findings indicate an 

implication of CLDN1 in fibrogenesis across organs. 

To investigate the role of CLDN1 as a therapeutic target we used two state-of-the-art 

mouse models for kidney and lung fibrosis (Fig.  7C). Treatment with the murinized CLDN1-

specific mAb (Suppl. Fig.  S2) resulted in robust anti-fibrotic effects in the unilateral ureteral 

obstruction (UUO) mouse model of kidney fibrosis(54) as shown by a marked and significant 

decrease in collagen proportionate area in kidney sections of mAb-treated compared to the 
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control group (median collagen proportionate area: 2.89% vs. 7.49%, p=0.0003, U-test, 

Fig.  7D-E, Suppl. Table  11). Moreover, histological assessment of mouse kidneys revealed a 

suppression of macrophage infiltration by CLDN1 mAb (Fig.  7F). 

In lung fibrosis, the effects of CLDN1 mAb were studied in a bleomycin-induced 

pulmonary fibrosis mouse model compared to dexamethasone, a frequently off-label used drug 

with protective effects in lung fibrosis patients(4) (Fig.  7C). Treatment with CLDN1 mAb 

suppressed lung fibrosis in these animals as shown by a significant decrease in Ashcroft 

score(55) (p=0.04, U-test, Fig.  7G, Suppl. Table  12�����D�V���Z�H�O�O���D�V���0�D�V�V�R�Q�¶�V���7�U�L�F�K�U�R�P�H���V�W�D�L�Q�L�Q�J��

(Fig.  7H�������6�L�P�L�O�D�U���W�R���W�K�H���O�L�Y�H�U�����&�/�'�1�����Z�D�V���H�[�S�U�H�V�V�H�G���D�Q�G���U�H�J�X�O�D�W�H�G���Y�L�D���7�1�)�.-�1�)���%���V�L�J�Q�D�O�L�Q�J��

in both lung (Fig.  7I-J, left panel) and kidney fibroblasts (Fig.  7J, right panel) (p<0.0001 and 

p<0.001, t-test, respectively). In line with the role of CLDN1 in liver cell fate and differentiation 

(Figs.  5-6), treatment of IPF patient-derived myofibroblasts with CLDN1 mAb resulted in 

reversal of previously described pro-fibrogenic lung fibroblast differentiation states (56) 

(Fig.  7K). CLDN1 mAb strongly suppressed expression of marker genes of ACTA2+ 

myofibroblasts, PLIN2+ lipomyofibroblasts, and HAS1hi fibroblasts (Suppl. Table  13-15), that 

were reported to expand in fibrotic IPF lungs (FDR=0.04, FDR=0.05 and FDR=0.03, 

Kolmogorov-Smirnov-test, respectively)(56). As observed in HLMFs, CLDN1 mAb-treatment 

�V�X�S�S�U�H�V�V�H�G���7�1�)�.-�1�)���%���V�L�J�Q�D�O�L�Q�J���L�Q���S�U�L�P�D�U�\���O�X�Q�J���I�L�E�U�R�E�O�D�V�W�V�����)�'�5� �������������.�R�O�P�R�J�R�U�R�Y-Smirnov 

test, Fig.  7L). Collectively, these findings uncover CLDN1 as a previously unknown candidate 

target for kidney and lung fibrosis which warrants further investigation. 

 

ALE.F02, an anti -CLDN1 therapeutic candidate antibody for treating human fibrotic 

diseases, is safe in cynomolgus monkeys  

Given the role of CLDN1 in the barrier function of epithelial cells, a thorough and in-depth safety 

analysis of non-junctional CLDN1 targeted therapies is key for any clinical translation. Our 

safety studies in mice including epithelial function tests, histopathology of major organs, 

complete serum chemistry and renal and hepato-biliary function tests did not identify any 
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detectable adverse effects of CLDN1-targeting mAbs (Suppl. Fig.  S3, Suppl. Table  4). To 

ensure the safety of CLDN1-mAbs in a species with full human target homology and equivalent 

antibody affinity, toxicity studies were expanded to non-human primates (Suppl. Table 16). As 

a candidate for future human therapeutic applications, we chose a fully humanized variant 

derived from the same original OM-7D3-B3 rat anti-human CLDN1 antibody clone(12, 13) as 

H3L3 which we designated ALE.F02. Differently form H3L3, the Fc region of the ALE.F02 

molecule contains three mutations (L234F, L235E and P331S) which have been introduced to 

reduce binding to Fc gamma receptors whilst maintaining binding to the neonatal Fc receptor. 

To conduct a combined non-GLP dose-range finding and toxicology study, we chose 

cynomolgus monkeys (M. fascicularis), where the sequence of CLDN1 and its binding epitope 

is 100% conserved. A rapid escalation protocol achieved safe, multiple weekly dosing up to 

the highest tested dose of 150 mg/kg. No major clinical / behavioral changes were observed 

and temperature, feeding, bodyweight remained normal throughout the observational period. 

Most importantly, there was no indication of NISCH syndrome in the animals, a condition 

caused by genetic CLDN1-deficiency in humans associated with defects in the epithelial barrier 

function. These confirmed that CLDN1-targeted therapies are safe in vivo and that ALE.F02 

did not affect the integrity or barrier function of tight junctions. ALE.F02 serum levels were 

analyzed by ELISA and PK modeling were performed, indicating a dose-dependent, 

sustainable and effective antibody level in macaques (Fig.  8A). Using the monkey data, 

CLDN1 receptor occupancy in humans were predicted for single doses of 0.3, 1, 3, 10 and 

30 mg/kg ALE-F02. Simulations with an inter-individual variability predicted that PK profiles in 

humans with a single dose of ~10 mg/kg ALE-F02 fully saturate CLDN1 for about 2 weeks 

(Fig.  8B).  

 

DISCUSSION 

In this study we uncovered non-junctional CLDN1 as a mediator and therapeutic target for 

tissue fibrosis �± a major global health challenge with limited therapeutic options. Using the liver 
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as a model of chronic inflammation-associated fibrogenesis and carcinogenesis we show that 

targeting non-junctional CLDN1 by highly specific mAbs effectively inhibit tissue fibrosis 

progression and tumor development across a large series of complementary patient-derived 

in vivo and ex vivo model systems. Our data show that targeting non-junctional CLDN1 by 

specific mAbs (i) robustly reduce liver inflammation, fibrosis, tumor development and tumor 

burden in NASH fibrosis mouse models (Fig.  2-3); (ii) strongly reduces liver fibrosis in state-

of-the art ex vivo patient-derived models (Fig.  4) and (iii) reverses transcriptomic liver disease 

signatures predictive for liver fibrosis progression and HCC risk in vivo and ex vivo (Fig.  4-5).  

A key strength of our study is its focus on authentic patient-derived model systems, the 

consistency of results across complementary model systems, different organs and patient 

cohorts supporting its validity and translatability into the clinic. While knockout studies in cell-

based models confirmed the functional role of CLDN1 as a driver of cell circuits in liver fibrosis 

(Suppl. Fig.  S4), a potential limitation could be the absence of genetic in vivo knockout studies. 

Since a genetic KO will result in loss of CLDN1 tight junction barrier function, it would therefore 

be not suitable to study the specific role of non-junctional CLDN1. Indeed, due to its key role 

in development and barrier function(57), congenital CLDN1 knockout is lethal in mice(58).  

Our comprehensive analysis and results suggest the following model (Suppl. Fig. S6 ): 

Persistent inflammation due to chronic liver disease results in the upregulation of non-junctional 

CLDN1 on the �F�H�O�O���P�H�P�E�U�D�Q�H���L�Q���.�X�S�I�I�H�U���F�H�O�O�V�����P�\�R�I�L�E�U�R�E�O�D�V�W�V���D�Q�G���K�H�S�D�W�R�F�\�W�H�V���Y�L�D���7�1�)�.-�1�)���%��

signaling (Fig.  1). Within the cell membrane non-junctional CLDN1 is part of a membranous 

complex that cross-talks with receptor tyrosine kinases (RTKs) and growth factor signaling. 

Interference of CLDN1-RTK interaction by CLDN1 mAb inhibits pro-fibrogenic and pro-

�F�D�U�F�L�Q�R�J�H�Q�L�F���V�L�J�Q�D�O�L�Q�J�����L���H�������1�)���%�����0�$�3�.�����6�U�F(3, 43) (Fig.  5-6). Our detailed gene expression 

analyses revealed that non-junctional CLDN1 plays a key role in cell fate and plasticity of 

hepatocytes and non-parenchymal cells which is line with its functional role in EMT and organ 

development(59). The reprogramming of hepatocytes and its microenvironment ultimately 

results in the attenuation of tissue fibrosis and HCC risk (Fig.  5-6). 
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CLDN1-targeting strategies for treatment of liver fibrosis are a novel, effective and 

differentiated concept. The large majority of liver disease therapeutics target metabolism, 

inflammation or cell death, which are relevant in the early stage of disease. Only few 

compounds with potential anti-fibrotic properties have entered clinical development with largely 

disappointing results in terms of efficacy, while displaying considerable safety issues(60-62). 

Moreover, as shown recently for GLP1 analogues(63), robust improvement of steatosis and 

inflammation does not necessarily induce improvement of fibrosis. A key differentiator of 

CLDN1-specific mAb is the combination of robust anti-fibrotic and HCC preventive effect as 

demonstrated across preclinical models (Fig.  1-4), which addresses the key unmet medical 

need in advanced liver fibrosis. 

Our data obtained here and in previous studies(12-14) demonstrates that the 

administration of the antibody is safe without detectable adverse and off-target effects. This is 

due to a specific binding of the developed mAb to a conformation-dependent epitope on 

CLDN1 which is concealed in CLDN1 functionally associated in TJs(12) (Fig.  1). Safety studies 

in non-human primates (Fig.  8 and Suppl. Table  16) demonstrate that even repeated high 

dose administration does not induce any major adverse effects and support a further clinical 

development in humans. Given the preclinical data, the target population for CLDN1 mAb 

therapies will be patients with F3/F4 fibrosis at risk for HCC.  

Beyond the liver, our in vivo data suggest that CLDN1 is also a previously unrecognized 

candidate target for kidney and lung fibrosis �± two entities of high morbidity and mortality with 

unsatisfactory treatment options(4, 5). Given the observed upregulation of CLDN1 expression 

in lung tissues of patients with COVID19 (Fig.  7), CLDN1-targeting approaches may also offer 

an approach for prevention and treatment of COVID19-associated lung fibrosis(53). Our 

functional studies suggest common mechanisms across organs as demonstrated by similar 

�L�Q�K�L�E�L�W�L�R�Q���S�U�R�I�L�O�H�V���R�I���O�X�Q�J���I�L�E�U�R�E�O�D�V�W���G�L�I�I�H�U�H�Q�W�L�D�W�L�R�Q���E�\���&�/�'�1�����P�$�E���Y�L�D���L�Q�W�H�U�I�H�U�H�Q�F�H���Z�L�W�K���7�1�)�.-

�1�)���%���V�L�J�Q�D�O�L�Q�J����Fig.  7). However, given the expression of CLDN1 in organ-specific cell types 

of distinct function such as parietal epithelial cells in the kidney(64) or aberrant basaloid(65) in 

the lung, it is likely that also additional organ-specific mechanisms are at play. 
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Collectively, the development of CLDN1-specific mAb provides an opportunity for the 

clinical development of a first-in-class compound for treatment of organ fibrosis, a major and 

rapidly growing unmet medical need world-wide. Good tolerability, absence of adverse 

toxicological finding, and adequate pharmacokinetic profile of a lead candidate antibody 

suggest that such a therapeutic approach may become reality in the near future. 
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MATERIAL AND METHODS  

 

Study design. The primary objective of this study was to evaluate non-junctional CLDN1 as a 

driver of organ fibrosis. This was accomplished by combining target expression analysis in 

healthy and diseased patients with complementary intervention studies in patient-derived in 

vivo and ex vivo model systems and mechanistic studies. Thus, computational transcriptomic 

analyses were conducted in publicly available and own patient cohorts of chronic liver disease. 

Target expression was characterized on major primary liver cell populations derived from at 

least 3 different donors. Genetic knockout-studies were performed to validate CLDN1 as a 

driver of liver disease progression and HCC risk. Non-junctional CLDN1 accessible by highly 

specific humanized mAb was further evaluated as a target to treat fibrosis in a large set of 

complemental in vivo (humanized and NASH fibrosis mouse model, UUO kidney fibrosis and 

bleomycin lung fibrosis model) and ex vivo models (bioprinted tissues, patient-derived 

spheroids and precision cut liver slices). Finally, transcriptomic analyses of liver tissues derived 

from in vivo mouse studies were used to determine the molecular mechanism of CLDN1 mAb 

mediated treatment effects. Key elements of CLDN1 mAb mediated molecular effects were 

validated in patient-derived fibroblasts and Kupffer cells, as well as cell line models of chronic 

liver disease. Finally, in preparation for clinical translation, we characterized target specificity 

and validated the pharmacological and safety properties of a humanized anti-CLDN1 antibody 

in non-human primates. Experiments were not blinded and performed in triplicates in at least 

three independent experiments, unless otherwise stated. Patient tissues for ex vivo and in vitro 

studies were randomly assigned.  

Human subjects a nd patient cohorts. Human liver tissue samples were obtained from 

patients who had undergone liver resections between 2014 and 2020 at the Center for 

Digestive and Liver Disease (Pôle Hépato-digestif) at the Strasbourg University Hospitals, 

University of Strasbourg, France. All patients provided a written informed consent, the protocol 

followed the ethical principles of the declaration of Helsinki and was approved by the ethics 

committee of the University Hospital of Strasbourg and the local independent ethics committee 
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(comités de protection des personnes). Demographic data and clinical characteristics of 

patients enrolled are summarized in Suppl. Table  1-2 and 5-6, respectively. Datasets of 

clinical cohorts with chronic liver disease (GSE34798, GSE83148, GSE49541), chronic kidney 

disease (GSE11585), kidney fibrosis (GSE60685(50)), IPF (GSE2052(51)), lung fibrosis 

(GSE24988(52)) and COVID 19 disease (GSE150316) were selected following comprehensive 

database analysis, where we identified CLDN1 as part of the microarray data. Liver scRNAseq 

data (GSE124395 and GSE136103) were investigated using publicly available webtools 

(http://human-liver-cell-atlas.ie-freiburg.mpg.de/ and 

https://shiny.igmm.ed.ac.uk/livercellatlas/). 

Bioinformatic and statistical analyses.  Human RNAseq data was mapped using 

HISAT2(66) to the human genome hg19. Mouse RNAseq data was mapped to the mouse 

genome mm10 and annotated using the Gencode vM15 gene annotation. Data from 

humanized mice were mapped similarly, but to an artificial genome consisting of all human 

(hg19) and mouse (mm10) chromosomes, and only reads mapping to human chromosomes 

were kept for further analysis as described(67). Reads were counted with htseq-count, and a 

differentially expression analysis was performed with DESeq2 applying GENCODE 19(68). 

Gene Set Enrichment Analysis (GSEA)(38) was used for unbiased pathway analysis using 

Molecular Signature Database (MSigDB)(69). Unbiased assessment of HALLMARK(70), Gene 

ontology and curated gene sets(69) were used for primary screening of clinical relevant 

signaling pathways and cell circuits, that were then subsequently analyzed in RNAseq data of 

our mouse models. Results from GSEA were adjusted for the false discovery rate (FDR). 

FDR<0.25 was considered as statistically significant. All gene sets used for final analysis 

(Fig.  5) are listed in Suppl. Table 17 . All other data was compared using t-test, when normally 

distributed or non-parametric tests (U-test and Fisher test) when non-normally distributed 

(Shapiro-Wilk test). Functional results in patient-derived liver cells were compared using Mann-

Whitney matched paired test. Results with a p-value <0.05 were considered statistically 

significant. 
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 Fig. 1. CLDN1 is overexpressed in chronic liver disea se. A. CLDN1 overexpression in liver 

tissues of patients with chronic HCV (GSE34798, left panel), HBV infection (GSE83148, middle 

panel) and NASH (U Strasbourg cohort, right panel). B. CLDN1 expression in livers of NASH 

patients with mild (F1-2) or advanced fibrosis (F3-4) (GSE49541, left panel) and liver tissues 

of HCV-infected patients after liver transplantation with stable or progressive fibrotic disease 

(GSE34798, right panel). C. CLDN1 expression on single cell level in different liver resident 

cell types derived from healthy liver tissue(18) is shown as gene tSNE. D. CLDN1 expression 

on single cell level in cirrhotic tissue-derived liver cells compared to healthy liver(19) is shown 

as gene violins. E. Computationally predicted structural model of the non-junctional 

CLDN1/CLDN1 mAb H3L3 complex. F. Structural model of the CLDN1/CLDN1 mAb H3L3 

complex aligned on the model of the claudin tight junctions proposed by Suzuki et al.(71). 

Claudin-1 and the antibody are represented as blue and red cartoons, respectively. G. 

Representative flowcytometric assessment of CLDN1 mAb H3L3 binding to PHH. H. 

Representative images of CLDN1 mAb H3L3 binding to patient derived HLMFs, as assessed 
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by immunofluorescence. I-J. Representative flowcytometric assessment of CLDN1 mAb H3L3 

binding to primary patient-derived Kupffer cells (I) and LECs (J). K-L. HLMFs (K) and PHH (L) 

�Z�H�U�H���W�U�H�D�W�H�G���Z�L�W�K���7�1�)�.�����,�.�.-�������R�U���7�1�)�.�������,�.�.�������D�Q�G���V�X�E�M�H�F�W�H�G���W�R���I�O�R�Z�F�\�W�R�P�H�W�U�L�F���D�Q�D�O�\�V�L�V���R�I��

�&�/�'�1�����P�$�E���+���/�����E�L�Q�G�L�Q�J�����û�0�)�,���R�I���&�/�'�1�����P�$�E���W�R���F�R�Q�W�U�R�O���P�$�E���L�V���V�K�R�Z�Q���I�R�U��each treatment 

group as fold change compared to untreated cells. M. CLDN1 and �7�1�)�. gene expression in 

THP1, THP-1-derived differentiated macrophages (M0) and THP1-derived pro-inflammatory 

M1 macrophages (M1) is shown as fold change compared to untreated THP1 cells. N. HLMFs 

were incubated with conditioned medium derived from M0 or M1 differentiated THP1 cells. 

CLDN1 gene expression is shown as fold change. Bars show mean ±SEM and single data 

�S�R�L�Q�W�V�����”������ �
�
�
�
�S������������������ �
�
�
�S���������������� �
�
�S�������������� �
�S�������������� �W-test (A, B, K-L, N) and U-test (M) 

respectively. Abbreviations: CLDN1=Claudin-1; HBV=Hepatitis B virus; HCV= Hepatitis C 

virus; LEC= Liver endothelial cells; MFI= Mean fluorescence intensity; MP=mononuclear 

phagocyte; NASH= Non-alcoholic steatohepatitis; PHH= Primary human hepatocytes. 
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Fig. 2. Treatment with CLDN1 mAb reduces liver fibrosis and tumor burden in a patient -

derived human liver chimeric mouse model for liver fibrosis . A. Study protocol of 

humanized mouse NASH model. B. Representative histological images of FAH (humanized 

areas, upper panel) and Sirius red (lower panels) staining in both treatment groups. C-D. 

Collagen proportional area in the total liver tissue and humanized areas of experiment 1 (C), 
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and experiment 2 (D). E. Gene expression of fibrosis markers COL2A1, TIMP1 and PDGFA in 

humanized mice livers. F. CRP levels detected by ELISA in mouse plasma. G-H. Tumor burden 

in CLDN1 mAb vs. control-treated humanized mice (G: experiment 1, H: experiment 2). I. 

Representative macroscopic images of tumor burden in humanized mouse livers. Scale bars 

in (B�����F�R�U�U�H�V�S�R�Q�G���W�R���������—�P���D�Q�G�����������—�P�����U�H�V�S�H�F�W�L�Y�H�O�\�����%�R�[�S�O�R�W�V���U�H�S�U�H�V�H�Q�W���P�H�G�L�D�Q�����w��������st and 

3rd �T�X�D�U�W�L�O�H�� ���E�R�W�W�R�P�� �D�Q�G�� �W�R�S�� �R�I�� �W�K�H�� �E�R�[���� �D�Q�G�� �V�L�Q�J�O�H�� �G�D�W�D�� �S�R�L�Q�W�V�� ���”������ �%�D�U�V�� �V�K�R�Z�� �P�H�D�Q�� �“SEM. 

*p<0.05, **p<0.01, U-test (C-D, G-H), t-test (E-F), respectively. Abbreviations: CDA-

HFD=choline-deficient, L-amino acid-defined, high fat diet; COL2A1=collagen type 2 alpha 1 

chain; FAH=fumarylacetoacetate hydrolase; FDR=False discovery rate; HCC=Hepatocellular 

carcinoma; PDGFA=Platelet Derived Growth Factor Subunit A; PHH=primary human 

hepatocytes; TIMP1=TIMP Metallopeptidase Inhibitor 1. 
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Fig. 3. Targeting non -junctional CLDN1 by CLDN1 mAb reduces fibrosis and tumor 

development in a N ASH fibrosis mouse model.  A. Study protocol of DEN-CDA-HFD NASH 

fibrosis mouse model. B. Representative histological images of steatosis (upper panel), fibrosis 

(middle panel) and myofibroblast activation (bottom panel) in mouse livers. C. Quantitative 

assessment of liver fat proportional area and NAFLD activity score (left panels), as well as 
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�F�R�O�O�D�J�H�Q���D�Q�G���.-SMA proportional areas (right panels) in treatment groups. D. Gene expression 

of fibrosis markers COL1A1, ACTA2 and PDGFB in livers of NASH fibrosis mice. E. 

Representative images of macroscopic tumor burden and HSP70+ areas in mouse livers. F. 

Macroscopic (left panel) and histological (right panel) assessment of tumor burden. G. Number 

(left panel), size (middle panel) of tumor nodules and proportion of HSP+ tumors (right panel) 

in mice livers. Scale bars in (B) and (E) correspond to 100 µm and 500 µm, respectively. 

�%�R�[�S�O�R�W�V���U�H�S�U�H�V�H�Q�W���P�H�G�L�D�Q�����w��������st and 3rd quartile (bottom and top of the box) and single data 

�S�R�L�Q�W�V�����”�������%�D�U�V���V�K�R�Z���P�H�D�Q���“�6�(�0�����
�S���������������
�
p<0.01, ***p<0.001, ****p<0.0001, U-test (C, F, 

G) and t-test (D), respectively. Abbreviations: �$�&�7�$�����J�H�Q�H�����.-SMA(protein)=alpha smooth 

muscle actin; COL1A1=collagen type 1 alpha 1 chain; CDA-HFD=choline-deficient, L-amino 

acid-defined, high fat diet; DEN=Diethylnitrosamine; HCC=Hepatocellular carcinoma; 

H&E=Haemotoxylin and Eosin; HSP70=Heat-shock protein 70; NASH=Non-alcoholic 

steatohepatitis; PDGFA=Platelet Derived Growth Factor Subunit B; SEM=standard error of the 

mean. 
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Fig. 4. Modeling of  fibrosis in patient -derived ex vivo models of chronic liver disease 

and therapeutic effect of CLDN1 -specific mAb. A.  Illustration of Organovo ExVive fibrosis 

model. B. Images of Trichromic Masson and H&E staining in Organovo ExVive Human Liver 

Tissues sections treated with CLDN1 mAb or control mAb. Macrovascular steatosis is indicated 

by green and microvascular steatosis by red arrows. Scale bars correspond to 40 µm. C. 

Quantitative assessment of collagen proportional area in Organovo ExVive Human Liver 

Tissues. D. Illustration of liver spheroid establishment from patient liver tissues. E. 

�,�P�P�X�Q�R�V�W�D�L�Q�L�Q�J�� �R�I�� �$�6�3�*�5������ �&�'�������� �&�'������ �D�Q�G�� �.-SMA in patient-derived liver spheroids. 

Staining with anti-mouse AF647 conjugated secondary antibodies were used as a control. 

Spheroids were visualized by Celigo imaging cytometer. Scale bar corresponds to 500 µm. F. 

Gene expression of COL1A1, COL1A4 and CCL3 concentration in spheroid supernatant in 

�7�*�)���� �H�[�S�R�V�H�G�� �O�L�Y�H�U�� �V�S�K�H�U�R�L�G�V�� �W�U�H�D�W�H�G�� �Z�L�W�K�� �H�L�W�K�H�U�� �&�/�'�1���� �P�$�E�� �R�U�� �F�R�Q�W�U�R�O�� �P�$�E����G. Total 

collagen deposition in patient-derived liver spheroids stimulated with FFA+LPS+TGF�� and 

treated with CLDN1 mAb, control mAb or Elafibranor. H. Gene expression of ACTA2 and 

PDGFB in CLDN1 mAb or control mAb-treated liver spheroids derived from fibrotic liver tissue. 

I. Illustration of precision cut liver slices study protocol. J. Modulation of PLS to good (green) 

or poor (orange) prognosis status in precision cut liver slices. The significance (FDR, 

Kolmogorov smirnov test) of induction (red) or suppression (blue) of PLS poor- or good-

�S�U�R�J�Q�R�V�L�V�� �J�H�Q�H�V�� �L�V�� �L�O�O�X�V�W�U�D�W�H�G�� �E�H�O�R�Z���� �%�R�[�S�O�R�W�V�� �U�H�S�U�H�V�H�Q�W�� �P�H�G�L�D�Q�� ���w������ ��st and 3rd quartile 

���E�R�W�W�R�P�� �D�Q�G�� �W�R�S�� �R�I�� �W�K�H�� �E�R�[���� �D�Q�G�� �V�L�Q�J�O�H�� �G�D�W�D�� �S�R�L�Q�W�V�� ���”������ �%�D�U�V�� �V�K�R�Z�� �P�H�D�Q�� �“�6�(�0���� �
�S��������������

****p<0.0001, t-test (C), Fishers exact test (F, H). Abbreviations: COL1A1=collagen type 1 

alpha 1 chain; COL1A4=collagen type 1 alpha 4 chain; ECs=Endothelial cells; FDR=False 

discovery rate; H&E=Haemotoxylin and Eosin; HCs=Hepatocytes; HSCs=Hepatic stellate 

cells; KCs=Kupffer cells; NASH=Non-alcoholic steatohepatitis; PLS=Prognostic liver signature; 

SEM=standard error of the mean. 
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Fig. 5. Treatment with CLDN1 -specific mAb suppresses liver cell circuits mediating 

inflammation, fibrosis and carcinogenesis. A. Graphical illustration of methodological 

approach. B. Modulation of fibrogenic and carcinogenic signaling pathways and human 

cirrhosis gene modules(31) in NASH patients with mild or advanced fibrosis (GSE49541(17), 

left panels), humanized NASH fibrosis mice treated with CLDN1 mAb or control (middle panels) 

and regular NASH fibrosis mice treated with CLDN1 mAb or control (right panels). Heatmaps 

illustrate NES of altered gene sets (all FDR<0.25 except for induction of fibrogenic, Kras 

signaling and cirrhosis modules #1, #7, #19, #24 and #23 in humanized mice control tissues 

�D�Q�G���U�H�Y�H�U�V�D�O���R�I���(���)���W�D�U�J�H�W�V�����7�*�)�����V�L�J�Q�D�O�L�Q�J���D�Q�G���F�L�U�U�K�R�V�L�V���P�R�G�X�O�H�V�����������������D�Q�G�����������L�Q���&�/�'�1����

mAb treated NASH fibrosis mice, FDR>0.25). C. Modulation of PLS and NAFLD/NASH 

signature to good (green) or poor (orange) prognosis status in liver tissues of NASH fibrosis 

mice and humanized NASH fibrosis mice treated with CLDN1 mAb or control. The significance 

(FDR, Kolmogorov smirnov test) of induction (red) or suppression (blue) of PLS poor- or good-

prognosis genes is illustrated below. D. Modulation of fibrosis- and carcinogenesis-associated 

signaling pathways by CLDN1 mAb in the HCV and NASH in vitro model. E. Effect of CLDN1 

mAb on phosphokinase signaling in the NASH in vitro model. Abbreviations: ECM= 

Extracellular Matrix; EMT= epithelial-mesenchymal transition; FDR=False discovery rate; 

MSigDB= Molecular Signature Database; na= not applicable; ns= non-significant; NASH=Non-

alcoholic steatohepatitis.; NES= Normalized enrichment score; RD=Regular diet. 
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Fig. 6. Targeting non -junction al CLDN1 inhibits fibrosis -associated phenotypes of PHH, 

�+�/�0�)�� �D�Q�G�� �.�X�S�I�I�H�U�� �F�H�O�O�V�� �E�\�� �L�Q�W�H�U�I�H�U�L�Q�J�� �Z�L�W�K�� �7�1�)�.-�1�)���%���� �0�$�3�.�� �D�Q�G�� �6�U�F�� �V�L�J�Q�D�O�L�Q�J�� A. 



103 
 

Graphical illustration of methodological approach. B. Modulation of gene sets characterizing 

mature hepatocytes ((18) and MSigDB: 

AIZARANI_LIVER_C11/C14/C17C30_HEPATOCYTES) and immature progenitor cells ((18) 

and MSigDB: AIZARANI_LIVER_C4/C7/C24/C39_EPCAM 

_POS_BILE_DUCT_CELLS) in NASH patients with mild or advanced fibrosis (GSE49541(17). 

C. Gene expression of PROM1 and SOX9 in NASH patients with mild or advanced fibrosis 

(GSE49541(17)). D. Gene expression of APOF in NASH patients with mild or advanced fibrosis 

(GSE49541(17)) and humanized NASH fibrosis mice is shown. E. Effect of CLDN1 mAb on 

liver progenitor and mature hepatocyte marker gene sets in humanized NASH fibrosis mice. F. 

Gene expression of PROM1 and SOX9 in humanized NASH fibrosis mice. G. Modulation of 

liver progenitor and mature hepatocyte related gene sets in Huh7.5.1dif infected with HCV and 

treated with CLDN1 mAb or control mAb. H. Differential expression of a gene set characterizing 

scar-associated myofibroblasts (Suppl Table 8 and (19)) (left panel) and gene expression of 

PDGFRA (right panel) in NASH patient with mild compared to advanced fibrosis. I. Effect of 

CLDN1 mAb on expression of scar-associated myofibroblast marker genes in the regular 

NASH fibrosis mouse model. J. Effect of CLDN1 mAb on scar-associated myofibroblast type 

A and B marker genes (Suppl. Table  9-10) in patient derived HLMF. K. Enrichment plot for 

�7�1�)�.-�1�)���%�� �V�L�J�Q�D�O�L�Q�J�� ���+�$�/�/�0�$�5�.�B�7�1�)�$�B�6�,�*�1�$�/�,�1�*�B�9�,�$�B�1�)�.�%���� �L�Q�� �+�/�0�)�V�� �W�U�H�D�W�H�G�� �E�\��

CLDN1 mAb compared to control mAb. L. Expression of ACTA2, COL1A1, and FN1 in HLMFs 

(n=7 donors) treated with CLDN1 mAb or control is shown as fold change compared to 

untreated cells. M. Modulated expression of gene sets related to macrophage activation (GO: 

POSITIVE_REGULATON_OF_MACROPHAGE_ACTIVATION, MSigDB) is shown as 

heatmaps, indicating NES of significant (FDR<0.25) alterations. N. Gene expression of ITGAX 

and TREM2 in treatment groups of the NASH fibrosis mice models. O. Expression of IL6, 

�7�1�)�.����and TIMP1, in Kupffer cells (n= 5 donors) treat�H�G���Z�L�W�K���,�)�1�����/�3�6���L�Q���S�U�H�V�H�Q�F�H���R�I���&�/�'�1����

mAb or control mAb is shown as fold change compared to untreated cells. Vertical bars show 

�P�H�D�Q�� �“�6�(�0�� �D�Q�G�� �V�L�Q�J�O�H�� �G�D�W�D�� �S�R�L�Q�W�V�� ���”������ �+�R�U�L�]�R�Q�W�D�O�� �E�D�U�V�� �L�Q�G�L�F�D�W�H�� �1�(�6�� �R�I�� �V�L�J�Q�L�I�L�F�D�Q�W�O�\��

(FDR<0.25) altered gene sets. *p<0.05, ** p<0.01, **** p<0.0001, t-test (C, D, F, H-I, N), 
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Wilcoxon matched pairs test (L, O), respectively. Abbreviations: APOF=Apolipoprotein F; 

FDR=False discovery rate; HLMFs=Human liver myofibroblasts; ITGAX=Integrin Subunit 

Alpha X; NASH=Non-alcoholic steatohepatitis. NES=Normalized enrichment score; 

PDGFRA=Platelet Derived Growth Factor Receptor Alpha; PROM1=Prominin 1; SOX9=SRY-

Box Transcription Factor 9; TREM2=Triggering Receptor Expressed On Myeloid Cells 2. 
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Fig. 7. CLDN1 is overexpressed in fibrotic kidney and lung diseases including COVID19 

and targeting CLDN1 reduces fibrosis in lung and kidney fibrosis mouse models . A. 

CLDN1 gene expression in renal tissues of MG (left panel, GSE11585) and fibrotic kidney 

tissue (right panel, GSE60685(50)) compared to respective healthy kidneys is shown as signal 

intensity values. B. CLDN1 gene expression in pulmonary tissues of patients with IPF (left 

panel: GSE2052(51)), pulmonary fibrosis (middle panel: GSE24988(52)) and postmortal lung 

tissues of patients with COVID19 disease (right panel: GSE150316) compared to healthy lung 

tissue (GSE2052(51)) is shown as signal intensity values. C. Illustration of the UUO and 

bleomycin mouse models of kidney and lung fibrosis. D. Representative images of Sirus-red 

staining in kidneys from vehicle control and CLDN1 mAb-treated animals. E. Quantitative 

assessment of liver collagen proportional area in UUO mice treated with vehicle control, 

Telmisartan or murinized CLDN1 mAb (n=8, respectively). F. Representative images of F40/80 

immunostaining in kidney tissues of CLDN1 mAb or control-treated animals. G. Representative 

images of Trichochrom masson staining of lung tissue from vehicle control and CLDN1 mAb-

treated animals. H. Histological evaluation of pulmonary fibrosis by Ashcroft score(55) in 

vehicle control (n=14), CLDN1 mAb (n=13) and dexamethasone (n=8) treated animals. I. 

Representative images of CLDN1 mAb binding to CLDN1 on lung fibroblasts. Scale bar 

correspond to 100 µm. J. Kidney fibroblasts (left panel) and lung fibroblasts (right panel) were 

�W�U�H�D�W�H�G���Z�L�W�K���7�1�)�.�������� ng/mL), IKK-16 (1 �—�0�������7�1�)�.�������,�.�.�������R�U���Y�H�K�L�F�O�H���F�R�Q�W�U�R�O���D�Q�G���V�X�E�M�H�F�W�H�G��

�W�R���I�O�X�R�U�R�F�\�W�R�P�H�W�U�L�F���D�Q�D�O�\�V�L�V���R�I���&�/�'�1�����P�$�E���+���/�����E�L�Q�G�L�Q�J�����U�H�V�S�H�F�W�L�Y�H�O�\�����û�0�)�,���R�I���&�/�'�1�����P�$�E��

to control mAb is shown as fold change compared to untreated cells. K. Modulation of gene 

sets characterizing lung fibrosis-associated fibroblast differentiation states(56) in CLDN1 mAb 

or control mAb treated IPF patient derived fibroblasts. L���� �(�Q�U�L�F�K�P�H�Q�W�� �S�O�R�W�� �I�R�U�� �7�1�)�.-�1�)���%��

signaling (HALLMARK_TNFA_SIGNALING_VIA_NFKB) in IPF fibroblasts treated by CLDN1 

�P�$�E�� �F�R�P�S�D�U�H�G�� �W�R�� �F�R�Q�W�U�R�O�� �P�$�E���� �%�R�[�S�O�R�W�� �U�H�S�U�H�V�H�Q�W�V�� �P�H�G�L�D�Q�� ���w������ ��st and 3rd quartile (bottom 

�D�Q�G���W�R�S���R�I���W�K�H���E�R�[�����D�Q�G���V�L�Q�J�O�H���G�D�W�D���S�R�L�Q�W�V�����”�������9�H�U�W�L�F�D�O���E�D�U�V���V�K�R�Z���P�H�D�Q���“�6�(�0���D�Q�G���D�Q�G���V�L�Q�J�O�H 

�G�D�W�D�� �S�R�L�Q�W�V�� ���”������ �+�R�U�L�]�R�Q�W�D�O�� �E�D�U�V�� �L�Q�G�L�F�D�W�H�� �1�(�6�� �R�I�� �V�L�J�Q�L�I�L�F�D�Q�W�O�\�� ���)�'�5�������������� �D�O�W�H�U�H�G�� �J�H�Q�H�� �V�H�W�V����

*p<0.05, ***p<0.001, **** p<0.0001, t-test (A-B, E, G, J). Abbreviations: �.-SMA=alpha smooth 
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muscle actin; IPF=idiopathic pulmonary fibrosis; MFI=Mean fluorescence intensity; 

MG=membranous glomerulonephritis; UUO=unilateral ureteral obstruction. 
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Fig. 8. CLDN1 mAb pharmacokinetic in non -human primates.  A. Predicted exposure of the 

anti-CLDN1 antibody ALE.F02 in macaca (median, 5th and 95th percentiles from 200 

simulated profiles). Dots are the observed serum concentrations. All data in nmol/L, color 

correspond to the dose levels. B. Predicted receptor occupancy in human, indicating the total 

systemic free accessible CLDN1 not occupied by the administered antibody as a function of 

time. Shown are median, 5th and 95th percentiles from 100 simulated PK/PD profiles. 
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Supplementary Information  

 

SUPPLEMENTARY MATERIAL AND METHODS  

Modeling of the claudin -1/antibody complex. Generation of a CLDN1 structural model: To 

date the structure of CLDN1 has not been solved and no structure is available in the protein 

data bank (PDB)(72). We therefore generated an atomistic model by homology modeling.  

Sequence analysis revealed that claudin-19 (CLDN19) has a sequence similarity of 57% with 

CLDN1 and was therefore selected as a template.  A structural model of CLDN1 was generated 

and optimized using PRIME, a dedicated pipeline implemented in the Schrodinger suite for 

molecular modeling(73, 74). Generation of the antibody model: The structure of the antibody 

was generated using the antibody modelling pipeline implemented in the Schrodinger suite for 

molecular modeling(75-77). MD simulations: To explore conformational variability and 

dynamics of CLDN1, we performed extensive molecular dynamics (MD) simulations. An 

atomistic model of CLDN1 in a membrane was build using the OPM webserver(78).  In 

particular CLDN1 was immersed in a POPC lipid bilayer with a concentration of 0.15M NaCl. 

Furthermore, the TIP3P model(79) was used to describe the water molecules while all the other 

parts of the system were described by the OPLS3e force field(80). The full system was then 

equilibrated using the following protocol: 1. Brownian Dynamics was run for 100 ps in an NVT 

ensemble (T=10 K) applying harmonic restraints on solute heavy atoms (force constant 50 

kcal/mol/Å2);  2. NVT (T=10K) MD simulation of 12 ps in NVT ensemble conserving the same 

restraints applied in 1.;  3. NPT (T=300K and P=1atm) MD simulation (12 ps) conserving the 

same restraints applied in 1.; 4. NPT (T=300K and P=1atm) MD simulation (24 ps) without 

restraints. Pressure and the temperature were fixed at 300 K and 1 atm by the Martyna-Tobias-

Klein barostat(81) and the Nose-Hoover chain thermostat (82), respectively. Finally, three 

independent production runs of 1 �Ps were performed. The DESMOND software in its GPU 

implementation was used as simulations engine(83). Finally, a cluster analysis was run to 
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extract the most relevant conformations from the MD trajectories. This analysis was carried out 

with the ttclust program(84). The CLDN1 backbone atoms were considered for both alignment 

and clustering, the optimal number of clusters was automatically determined using the �³�H�O�E�R�Z�´��

method with kmeans (85). Modeling of Claudin-1/Antibody complex: Cluster analysis identified 

six different clusters.  However, only two included more than 20% of the conformations 

sampled during MD. The centers of these to clusters where, therefore, used for the modelling 

of the structure of the claudin-1/antibody complex. CLDN1/antibody docking were performed 

using  the Haddock v2.4 webserver(86, 87) following the procedure described by Bonvin and 

coworkers(88) and the definition of the epitope given in Fofana et al.(12) Finally, two complex 

structures, one for each representative CLDN1 structure, were selected for further 

investigations. Next, to optimize the CLDN1/antibody interface and account for induced-fit 

effects on the proteins, two complexes were simulated by MD for 500ns using the same set-

up described before, and the trajectories analyzed by cluster analysis.  Finally, the interaction 

free energy (�' G) for the most  representative structure from the two largest clusters were 

computed using the PRODIGY software(89) and the model with the best (more negative) �' G 

was selected as the final model of the Claudin-1/Antibody complex. 

Retrogenix study:  �5�H�W�U�R�J�H�Q�L�[�¶�V���F�H�O�O���P�L�F�U�R�D�U�U�D�\���W�H�F�K�Q�R�O�R�J�\���Z�D�V���S�H�U�I�R�U�P�H�G�����D�V���G�H�V�F�U�L�E�H�G(90). 

Briefly, 5484 expression vectors, encoding both ZsGreen1 and a full-length human plasma 

membrane protein or a cell-surface tethered human secreted protein, were arrayed in duplicate 

�D�F�U�R�V�V�� ������ �P�L�F�U�R�D�U�U�D�\�� �V�O�L�G�H�V�� ���µ�V�O�L�G�H-�V�H�W�V�¶���� �I�R�U�� �S�Uimary screen. An expression vector (pIRES-

hEGFR-IRES-ZsGreen1) was spotted in quadruplicate on every slide and was used to ensure 

that a minimal threshold of transfection efficiency had been achieved or exceeded on every 

slide. Human HEK293 cells were used for reverse transfection/expression. The test antibody 

was added to each slide after cell fixation giving a final concentration of 2 µg/ml. Detection of 

binding was performed by using AlexaFluor 647 labelled anti-human IgG Fc detection antibody. 

Fluorescent images were analysed and quantitated (for transfection) using ImageQuant 

�V�R�I�W�Z�D�U�H�����$���S�U�R�W�H�L�Q���µ�K�L�W�¶���Z�D�V���G�H�I�L�Q�H�G���D�V���D���G�X�S�O�L�F�D�W�H���V�S�R�W���V�K�R�Z�L�Q�J���D���U�D�L�V�H�G���V�L�J�Q�D�O���F�R�P�S�D�U�H�G���W�R��
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�E�D�F�N�J�U�R�X�Q�G���O�H�Y�H�O�V�����+�L�W�V���Z�H�U�H���F�O�D�V�V�L�I�L�H�G���D�V���µ�V�W�U�R�Q�J�����P�H�G�L�X�P�����Z�H�D�N���R�U���Y�H�U�\���Z�H�D�N�¶�����G�H�S�H�Q�Ging on 

the intensity of the duplicate spots. To confirm the hits and assess specificity, vectors encoding 

all hits identified in the primary screens, plus vectors encoding CD20 and EGFR, were arrayed 

and expressed in HEK293 cells on new slides. Confirmation/Specificity screens and analyses 

were carried out as for primary screening except that identical slides were treated, after cell 

fixation, with the test antibody individually at the same concentration as before (2 µg/ml), 1 

µg/ml Rituximab biosimilar, or no test antibody/secondary only (n=2 slides per treatment).  

Isolation of primary liver cells.  Mouse: Primary Mouse Hepatocytes (PMH) were isolated 

from fresh non-diseased mouse liver tissue, as described(91). Human: Isolation of PHH and 

non-�S�D�U�H�Q�F�K�\�P�D�O���F�H�O�O�V���I�U�R�P���S�D�W�L�H�Q�W�V�¶���O�L�Y�H�U���W�L�V�V�X�H����Suppl. Table 2 ) was performed as previously 

described(92). Briefly, human liver tissue samples from surgical interventions were digested 

using a two-step EGTA/collagenase perfusion technique. PHH were depleted by initial 

centrif�X�J�D�W�L�R�Q���D�W�������[�J���D�Q�G���1�3�&�¶�V���Z�H�U�H���I�X�U�W�K�H�U���S�X�U�L�I�L�H�G���E�\���V�H�U�L�D�O���F�H�Q�W�U�L�I�X�J�D�W�L�R�Q���D�W���G�L�I�I�H�U�H�Q�W���V�S�H�H�G��

and density gradient centrifugation. Fast attachment of Kupffer cells to culture plates as well 

as magnetic separation of endothelial cells using CD31 microbeads (CD31 MicroBead Kit, 

�K�X�P�D�Q�����0�L�O�W�H�Q�\�L�����)�U�D�Q�F�H�����I�X�U�W�K�H�U���D�O�O�R�Z�H�G���V�H�S�D�U�D�W�L�R�Q���D�Q�G���F�X�O�W�L�Y�D�W�L�R�Q���R�I���.�X�S�I�I�H�U���F�H�O�O�V�����+�6�&�¶�V���D�Q�G��

�/�(�&�¶�V(92). 

Binding studies of murinized and humanized CLDN1 specific mAbs by flow cytometry. 

Binding of murinized and humanized CLDN1 mAb to cells was analyzed by flow cytometry with 

~1x105 cells in triplicate per condition. PHH and PMH (primary antibody staining): Isolated PHH 

and PMH were incubated with increasing concentrations of humanized CLDN1 mAb H3L3 or 

murinized mAb CLDN1 mTAR (0.01-100 µg/mL), respectively. 293-T cells (primary antibody 

staining): 293-T cells were transfected with plasmids encoding for human or mouse CLDN1 

fused with cerulean fluorescent protein or empty plasmid fused with cerulean fluorescent 

protein (kindly provided by M. Evans, Mount Sinai Hospital, New York). Transfected cells were 

incubated with increasing concentrations of humanized CLDN1 mAb H3L3, murinized CLDN1 

mAb mTAR or the respective isotype control antibodies. HLMF (primary antibody staining): 
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�,�V�R�O�D�W�H�G�� �+�6�&�¶�V�� �Z�H�U�H�� �G�L�I�I�H�U�H�Q�W�L�D�W�H�G�� �L�Q�W�R�� �+�/�0�)�V�� �Z�L�W�K�L�Q�� ������ �G�D�\�V�� �R�I�� �F�X�O�W�X�U�H�� �R�Q�� �S�O�D�V�W�L�F(93). 

�3�K�H�Q�R�W�\�S�L�F�� �L�G�H�Q�W�L�W�\�� �Z�D�V�� �V�X�E�V�H�T�X�H�Q�W�O�\�� �F�R�Q�I�L�U�P�H�G�� �E�\�� �.-SMA positive staining using 

immunofluorescence (see below). For flowcytometric analysis of CLDN1 mAb binding under 

conditions of inflammation, transdifferentiated HLMFs were treated with TNF-�.�� ������ ng/mL), 

IKK-16 (1 µM) or TNF-�.�� ������ ng/mL) + IKK-16 (1 µM) for 24 h, prior to incubation with 

humanized CLDN1 mAb H3L3 or isotype control mAb at 10 µg/mL. Kupffer cells (primary 

antibody staining): Phenotypic identity of patient derived Kupffer cells was confirmed by CD68 

positive staining using immunofluorescence (see below). Kupffer cells were then incubated 

with humanized CLDN1 mAb H3L3 or isotype control mAb at 50 µg/mL. �/�(�&�¶�V��(primary 

antibody staining)�����,�V�R�O�D�W�H�G���/�(�&�¶�V���Z�H�U�H���F�R-stained with anti-CD31 FITC conjugated antibody 

(Beckman Coulter, France, 1:20) and humanized CLDN1 mAb H3L3 or isotype control mAb at 

50 µg/mL, followed by assessment of CLDN1 mAb binding to CD31+ LECs by flow cytometry. 

Secondary antibody staining (all cell types): Following incubation with the respective mAbs 

concentrations for 1h, all cells were washed and incubated with phycoerythrin (PE)-conjugated 

species-specific (human or mouse) secondary antibodies at 4 °C for 45 min to allow detection 

of binding. Cells were subsequently washed and fixed with 2% paraformaldehyde (PFA). Data 

were acquired using Cytoflex B2R2V0 (Beckman Coulter) and analyzed using CytExpert 2.1 

and FlowJo v10 (Beckman Coulter). All experiments were repeated in at least 3 independent 

experiments (and/or donors) in triplicate. CLDN1 expression was calculated as the difference 

of the mean fluorescence intensities of cells stained with CLDN1 mAb and cells stained with 

the isotype control mAbs. The kinetics of the interaction between humanized or murinized mAb 

against human or mouse CLDN1, respectively, were determined by gating in cerulean positive 

cells using FlowJo and the Michaelis-Menten mathematical model using R 3.5.1 (http://www.R-

project.org/). 

Reagents and  antibodies. The following reagents were used for in vitro experiments in this 

study: DMSO, oleic acid and palmitic acid (Sigma-Aldrich, St. Louis, Missouri), IL6 (Sigma-

Aldrich�����6�W�����/�R�X�L�V�����0�L�V�V�R�X�U�L�������7�*�)�������5�	�'���6�\�V�W�H�P�V�����0�L�Q�Q�H�D�S�R�O�L�V�����8�6�$�������,�)�1�������7�K�H�U�P�R���)�L�V�K�H�U��
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Scientific, Freiburg, Germany), PMA (Sigma-Aldrich, St. Louis, Missouri). Humanized CLDN1 

specific mAb H3L3 has been described(13) and were produced by Evitria, Schlieren. Murinized 

CLDN1 specific mAb (TAR-Rm) was generated by co-transfecting chinese hamster ovary 

(CHO) cells with plasmids containing appropriate heavy and light chain variants as 

described(13) by Evitria, Schlieren. The isotype control antibodies used are palivizumab 

IgG4(94) (Evitria, Schlieren) and motavizumab (Eviteria, Switzerland). 

Liver fibrosis mouse models.  All experiments were performed at the animal facility of Inserm 

U1110 according to local laws and ethics committee approval (institutional protocol approval 

number APAFiS #3559 and #7216). Pharmacokinetics studies. Three C3H male mice (6-8 

weeks old) were i.p. injected with 500 µg of murinized CLDN1 specific mAb TAR-R-mIgG. At 

day 1, 3, 8 and 15 after injection, 100 µL blood was harvested under general anesthesia 

(isoflurane 3%) by retro-orbital puncture with dry capillaries. Serum levels of the murinized 

CLDN1 specific mAb were quantified by flow cytometry as described(14). Briefly, 3x104 

CLDN1-overexpressing Huh7.5.1 cells were incubated for 30 min at 4 °C with 20 µL of 1/50-

diluted serum or serial concentrations (0, 0.1, 0.3, 1, 3, 10 and 30 µg/mL) of CLDN1 specific 

mAb TAR-R-mIgG in 1:50-diluted serum from an untreated C3H mouse. After extensive 

washing, cells were labelled with PE-conjugated goat-anti-mouse Abs (Jackson 

ImmunoResearch Laboratories, Pennsylvania, USA) and fixed with 2% paraformaldehyde. 

Cells were analyzed on a BD LSRII FACS. To determine the mAb concentration at each time 

point, the PE mean fluorescence intensity (MFI) of all viable cells in experimental samples were 

compared with that of the titration curve. The mAb serum levels were then plotted against time 

and the half-life was calculated for each mouse using its regression curve. DEN-CDA-HFD 

model: Forty 7-week old male C57BL/6J mice (Charles River Laboratories, MA, United States) 

received a single i.p. injection of DEN (100 mg/kg) (Sigma-Aldrich, France) and were 

subsequently fed with the CDA-HFD (A06071302, Research Diet, NJ, USA) after 3 weeks. 

After 6 weeks of diet, the mice were randomized in 2 groups, receiving weekly i.p. injections of 

500 µg of either CLDN1 specific mAb or vehicle control for 16 weeks. After 16 weeks of 
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treatment, all mice were sacrificed, the blood was sampled and the liver as well as other major 

organs (i.e., brain, heart, lung, kidney, stomach, intestine, spleen, bladder and skin) were 

harvested and underwent macroscopic and microscopic examination (Suppl.  Fig.  S2). 

Humanized liver NASH mouse model: Fah�í���í/Rag2�í���í/Il2rg �í���í (FRG) �±NOD breeding mice were 

kept at the Inserm Unit 1110 SPF animal facility and maintained with 16 mg/L of 2-(2-nitro-4-

trifluoro-methyl-benzoyl)-1,3 cyclohexanedione (NTBC; Swedish Orphan Biovitrum) in drinking 

water. Six-week old mice were intravenously injected with 1.5 x 109 plaque forming units (pfu) 

of an adenoviral vector encoding the secreted form of the human urokinase-like plasminogen 

activator (Ad-uPA)(22). Forty-eight hours later, 106 PHH were injected intrasplenically via a 27-

gauge needle. For the procedure, the mice were kept under gaseous isoflurane anesthesia 

and received a subcutaneous injection of buprenorphine at the dose of 0.1 mg/kg. After the 

transplantation the NTBC was gradually decreased and completely withdrawn in 7 d. The 

transplant success was evaluated 2 months after the procedure by dosing human albumin in 

mouse serum as previously described(14). The mice successfully transplanted were fed with 

CDA-HFD for 16 weeks and then treated with humanized CLDN1 specific mAb 500 µg or 

vehicle for additional 8 weeks. CRP was measured in collected plasma of the humanized mice 

using Human C-Reactive Protein/CRP Quantikine ELISA Kit (R&D Systems, France) 

according to the �P�D�Q�X�I�D�F�W�X�U�H�U�¶�V���L�Q�V�W�U�X�F�W�L�R�Q�V����Histological and image analysis. All organs were 

immediately fixed in a 10% formalin solution after harvesting and subsequently included in 

paraffin. Liver slices stained with hematoxylin & eosin (H&E) and Sirius Red were obtained for 

�D�O�O�� �P�L�F�H���� �$�Q�� �L�P�P�X�Q�R�K�L�V�W�R�F�K�H�P�L�V�W�U�\�� �V�W�D�L�Q�L�Q�J�� �I�R�U�� �+�6�3�������� �)�$�+�� �D�Q�G�� �.-SMA were performed 

respectively in the DEN-CDA-HFD and humanized NASH experiments. For each mouse, 5 to 

10 consecutive images at 10x or 20x magnification per staining were captured and analyzed 

or the entire histological slide scanned and analyzed using ImageJ software v1.51j8 (Rasband 

W, National Institutes of Health, USA). For the collagen proportional area quantification in 

humanized areas, two consecutive liver cuts were stained with FAH and Sirius Red. The 

corresponding FAH positive area in the Sirius Red histological slide was selected as region of 

interest and then the collagen proportional area quantified using ImageJ software(95). 
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Kidney fibrosis (unilateral ureteral obstruction model, UUO) mouse model:  Seven-week-

old female C57BL/6J mice were obtained from Japan SLC, Inc. (Japan) and housed and cared 

for in accordance with the Japanese Pharmacological Society Guidelines for Animal Use at 

SMC laboratories, Japan. Animals were housed and fed with a normal diet (CE-2; CLEA Japan, 

Japan) under controlled conditions. On day 0, UUO surgery was performed under mixed 

anesthetic agents (medetomidine, midazolam, butorphanol). CLDN1 mAb (500 ���J�� �L�Q��

100 µL/mouse, n=8) or vehicle (100 µl, n=8) was administered intraperitoneally of twice weekly 

for 14 days. Telmisartan (30 mg/kg, n=8) was administered orally once daily for 14 days. The 

animals were sacrificed by exsanguination through direct cardiac puncture under isoflurane 

anesthesia (Pfizer Inc.) at day 14. For plasma biochemistry, non-fasting blood was collected in 

polypropylene tubes with anticoagulant (Novo-Heparin, Mochida Pharmaceutical Co. Ltd., 

Japan) and centrifuged at 1,000xg for 15 min. at 4 °C. The supernatant was collected and 

stored at -80 °C until use. Plasma urea nitrogen was measured by FUJI DRI-CHEM 7000 

(Fujifilm, Japan). Histological and image analysis. To visualize collagen deposition, kidney 

sections were stained using picro-Sirius red solution (Waldeck, Germany). For quantification 

of interstitial fibrosis area, bright field images in the corticomedullary region were captured 

using a digital camera (DFC295) at 200-fold magnification, and the positive areas in 

5 fields/section were measured using ImageJ software. For immunohistochemistry, sections 

were cut from paraffin blocks and deparaffinized and rehydrated. Endogenous peroxidase 

activity was blocked using 0.3% H2O2 for 5 min., followed by incubation with Block Ace 

(Dainippon Sumitomo Pharma Co. Ltd., Japan) for 10 min. The sections were incubated with 

a 100-fold dilution of anti-F4/80 antibody (BMA Biomedicals, Switzerland) at room temperature 

for 1 hour. After incubation with secondary antibody (HRP-Goat anti-rat antibody, Invitrogen, 

USA), enzyme-�V�X�E�V�W�U�D�W�H���U�H�D�F�W�L�R�Q�V���Z�H�U�H���S�H�U�I�R�U�P�H�G���X�V�L�Q�J�����������¶�G�L�D�P�L�Q�R�E�H�Q�]�L�G�L�Q�H���+���2�����V�R�O�Xtion 

(Nichirei Bioscience Inc., Japan). For quantitative analysis of inflammation areas, bright field 

images of F4/80-immunostained sections were captured using a digital camera (DFC295) at 

200- and 400-fold magnifications. 
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Lung fibrosis (Bleomycin -induced ) mouse model: Six-week-old female C57BL/6J mice 

were obtained from Japan SLC, Inc. (Japan) and housed and cared in accordance with the 

Japanese Pharmacological Society Guidelines for Animal Use at SMC laboratories, Japan. 

Animals were housed and fed with normal diet (CE-2; CLEA Japan, Japan) under controlled 

conditions. On day 0, mice were anesthetized with a mixture of medetomidine (Nippon Zenyaku 

Kogyo, Japan), midazolam (Sandoz K.K., Japan) and butorphanol (Meiji Seika Pharma, Japan) 

anesthesia and intratracheally administered BLM (Nippon Kayaku, Japan) in saline at a dose 

of 3 mg/kg, in a volume of 50 µL per animal using a Microsprayer (Penn-Century, USA). 

CLDN1 mAb (500 ���J���P�R�X�V�H�� �D�Q�G�� �� mL/kg, n=9) or vehicle (5 mL/kg, n=9) was administered 

intraperitoneally twice weekly from day 0 to 20. Dexamethasone (0.25 mg/kg, n=9) was 

administered orally once daily from day 0 to 20. The animals were sacrificed at day 21 by 

exsanguination through the abdominal aorta under a mixture of medetomidine, midazolam and 

butorphanol anesthesia. Histological and image analysis. Right lung tissues prefixed in 10% 

neutral buffered formalin were embedded in paraffin and sectioned at 4 �—�P���� �)�R�U�� �0�D�V�V�R�Q�¶�V��

Trichrome staining, the sections were stained �Z�L�W�K�� �0�D�V�V�R�Q�¶�V�� �7�U�L�F�K�U�R�P�H���V�W�D�L�Q�L�Q�J�� �.�L�W�� ���6�L�J�P�D����

�8�6�$���� �D�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H�� �P�D�Q�X�I�D�F�W�X�U�H�U�¶�V�� �L�Q�V�W�U�X�F�W�L�R�Q�V���� �7�K�H�� �G�H�J�U�H�H�� �R�I�� �S�X�O�P�R�Q�D�U�\�� �I�L�E�U�R�V�L�V�� �Z�D�V��

evaluated using the Ashcroft score(55). 

Non-human primate study . This study was performed and controlled by Charles River 

Laboratories, under study number CRL 20229915.  Pharmacokinetic modeling was performed 

by LYO-X (Allschwil, Switzerland); in brief, for parameter estimation and diagnostic plots, 

Monolix Suite 2019R2, and for the human PK-binding simulations, Simulx (Monolix Suite 

2019R2), mlxR 4.1.0 (Lavielle 2019) and R 3.6.0 (R Development Core Team 2008) were used.  

Functional assessment of the murinized CLDN1 specific mAb.  Mouse CLDN1-transfected 

293-T cells were pre-incubated with control mAb or murinized CLDN1 mAb (100 µg/mL) for 1 h 

at 37 °C and subsequently exposed to HCV pseudoparticles (HCVpp) for 4 h at 37 °C, as 

described(96). HCVpp entry was analyzed by measuring intracellular luciferase activity after 
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72 h (relative light units, RLU). Inhibition was expressed as a percentage relative to cells 

treated with Control mAb as described(14). 

RNA extraction from human and murine liver tissue. Liver cells were lysed in TRI-reagent 

(Molecular Research Center), and RNA was purified using Direct-zol RNA MiniPrep (Zymo 

�5�H�V�H�D�U�F�K���� �D�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H�� �P�D�Q�X�I�D�F�W�X�U�H�U�¶�V�� �L�Q�V�W�U�X�F�W�L�R�Q�V���� �5�1�$�� �T�X�D�Q�W�L�W�\�� �D�Q�G�� �T�X�D�O�L�W�\��were 

assessed using NanoDrop (ThermoScientific). Gene expression profiling was performed using 

250-500 ng total RNA. 

Prognostic liver signature expression analyses . Profiling of the prognostic liver signature 

(PLS) was performed using Nanostring nCounter assay as described(34). Induction or 

suppression of the PLS in gene expression data was determined as previously reported using 

the Gene Set Enrichment Analysis (GSEA)(38), implemented in GenePattern genomic analysis 

toolkits. False discovery rate (FDR) <0.25 was regarded as statistically significant(38). Global 

status corresponds to the difference between low-risk and high-risk gene enrichments. 

Organovo ExVive Human Liver Tissue NASH fibrosis model . The study was conducted by 

Organovo (San Diego, CA, USA). PHH and nonparenchymal cell populations (LEC, HSC and 

Kupffer cells) cultured in conditioned medium (sugars, free fatty acids and inflammatory 

inducers) were bioprinted in 3D using the NovoGen Bioprinter platform as described(26). Four 

NASH induced ExVive Human Liver Tissues with Kupffer cells were exposed to CLDN1 mAb 

�+���/�����R�U���L�V�R�W�\�S�H���F�R�Q�W�U�R�O���P�$�E���D�W�����������J���P�/���G�D�L�O�\���I�R�U���������G�D�\�V�����$�I�W�H�U���������G�D�\�V�����W�L�V�V�X�H�V���Z�H�U�H���V�W�D�L�Q�H�G��

with hematoxylin and eosin and Trichromic Masson. Eight sections of each tissue replicate 

underwent histological quantification. One image per each of the eight sections for the four 

tissue replicates stained with Trichromic Masson underwent fibrosis quantification (total 32 

images). Image analysis was performed using ImageJ software. 

Patient -derived liver spheroids and tumorspheres. Liver tissues from patients with or 

without chronic liver disease (Suppl. Table 6) were gently digested using a two-step digestion 

with EGTA for 15 min on ice and 0.02% collagenase P for 30 min at 37 °C. The sample was 
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then washed with PBS 1x and loaded on a 70 µm cell strainer. Digested tissue was gently 

smashed, and the cell strainer washed with up to 10 mL PBS 1x. Collected cell clusters were 

further filtered through a 0.45 µm filter and centrifuged for 5 min at 800xg. The cell pellet 

containing all liver cell types was then re-suspended in Mammocult basal medium (StemCell), 

supplemented with human proliferation supplement (3.4%), hydrocortisone (0.056%) and 

heparin (0.011%) and cultured in 96 well ultra-low attachment plates (Corning, Sigma Aldrich, 

France). Cell characterization in spheroids by immunofluorescence: Spheroids were fixed with 

formaldehyde (4% for 2 hours), permeabilized with Triton 0,5%, blocked with 5% FBS, and 

incubated with ASGPR1- PE (REA608, Mi�O�W�H�Q�\�L�������������������.�6�0�$�����D�E���������������������������&�'���������%�L�R�O�H�J�H�Q�G��

Y1/82A, 1:50) or CD31-FITC (CST 89C2, 1:50) overnight. Respective species-specific 

�V�H�F�R�Q�G�D�U�\���D�Q�W�L�E�R�G�L�H�V�����&�.���������.�6�0�$���D�Q�G���&�'���������Z�H�U�H���D�G�G�H�G���I�R�U�����K�����I�R�O�O�R�Z�H�G���E�\���Z�D�V�K�L�Q�J���V�W�H�S�V����

Spheroids were visualized by Cel�L�J�R�Œ���L�P�D�J�L�Q�J���F�\�W�R�P�H�W�H�U����Spheroid fibrosis model: Following 

spheroid formation overnight, spheroids derived from fibrotic liver tissue were incubated with 

CLDN1 mAb or control mAb (10 µg/mL, respectively) for 6 days. For chemical induction of 

fibrogenesis in spheroids derived from non-fibrotic healthy liver tissue, culture medium was 

supplemented with TGF-���������� ng/mL in presence of CLDN1 mAb or control mAb (10 µg/mL, 

respectively). After 7 days of culture, spheroids were lysed, and RNA was extracted using 

Arcturus PicoPure RNA Isolation Kit (Applied Biosystems, France). Subsequently, total RNA 

was reverse transcribed (H Minus First Strand cDNA synthesis Mix, ThermoScientific, France) 

on a Thermocycler (Bio-Rad T100, Bio-Rad, Hercules, CA, USA). Quantitative PCR was 

performed on the CFX96 Touch Real-Time PCR Detection system with 10 µL reaction volumes 

containing 5 µL SYBR Green 2x mix (Bio-Rad), 2 µL of RNAse-free water and 250 nM gene 

specific sense and antisense primers. For qPCR analyses Prime PCR SYBR Green Assays 

for ACTA2, COL1A1, COL1A4, and PDGF-�� (Biorad, France) were applied according to the 

�P�D�Q�X�I�D�F�W�X�U�H�U�¶�V�� �L�Q�V�W�U�X�F�W�L�R�Q�V�� Gene expression were normalized to the housekeeping gene 

GAPDH ���%�L�R�U�D�G���� �)�U�D�Q�F�H���� �X�V�L�Q�J�� �W�K�H�� �¨�¨�&�W�� �P�H�W�K�R�G(97). Spheroid culture supernatant was 

processed for CCL3 quantification by ELISA (ab214569, Abcam, France) according to the 

�P�D�Q�X�I�D�F�W�X�U�H�U�V�¶�� �L�Q�V�W�U�X�F�W�L�R�Q�V����Assessment of collagen deposition in spheroids: Healthy liver 
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tissue (Suppl. Table 6 ) was processed into multicellular spheroids, stimulated with FFA 

(100ng/ml), LPS (100ng/ml) and TGF�� (10ng/ml), and then treated with Elafibranor (10µM), 

isotype control antibody (10µg/ml), or CLDN1 mAb (10µg/ml) for 4 days. Total collagen 

deposition was quantified using Total Collagen Assay Kit perchlorate-free (Abcam), according 

�W�R���W�K�H���P�D�Q�X�I�D�F�W�X�U�H�U�¶�V���L�Q�V�W�U�X�F�W�L�R�Q�V��  

Precision cut ex  vivo liver slice culture.  Liver tissue slices (200-500 µm-thick) were 

prepared from surgically resected non-tumorous liver tissues from NASH patients who 

underwent liver resection for HCC (Suppl. Table 7). The slices derived from adjacent non-

tumorous tissue were cultured with CLDN1 specific mAb or isotype control mAb (10 µg/mL) for 

24 h and harvested for gene expression analysis, as described above. Gene expression data 

from non-diseased liver tissues (University Strasbourg NASH cohort, Suppl. Table 1) were 

used as reference controls to verify the induction of the PLS in the studied NASH patients. 

Genome wide RNA -seq analyses.  RNA-Seq libraries were generated from 300 ng of total 

RNA using TruSeq Stranded mRNA Sample Preparation Kit (Illumina, Part Number RS-122-

2101). Briefly, following purification with poly-T oligo attached magnetic beads, the mRNA was 

fragmented using divalent cations at 94 °C for 2 min. The cleaved RNA fragments were copied 

into first strand cDNA using reverse transcriptase and random primers. Strand specificity was 

achieved by replacing dTTP with dUTP during second strand cDNA synthesis using DNA 

Polymerase I and RNase H. Following addition of a single 'A' base and subsequent ligation of 

the adapter on double stranded cDNA fragments, the products were purified and enriched with 

PCR (30 sec at 98 °C; [10 sec at 98 °C, 30 sec at 60 °C, 30 sec at 72°C] x 12 cycles; 5 min at 

72°C) to create the cDNA library. Surplus PCR primers were further removed by purification 

using AMPure XP beads (Beckman Coulter) and the final cDNA libraries were checked for 

quality and quantified using 2100 Bioanalyzer (Agilent). Libraries were sequenced on the 

Illumina HiSeq 4000 as Single-�5�H�D�G�� ������ �E�D�V�H�� �U�H�D�G�V�� �I�R�O�O�R�Z�L�Q�J�� �,�O�O�X�P�L�Q�D�¶�V�� �L�Q�V�W�U�X�F�W�L�R�Q�V���� �,�P�D�J�H��

analysis and base calling were performed using RTA v2.7.3 and bcl2fastq v2.17.1.14. 
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In vitro  perturbation studies on THP1 cell line and primary Kupffer ce lls . THP1: Human 

monocytic cell line THP1 (ATCC cell bank) was cultured in DMEM supplemented with 10% 

heat-inactivated fetal bovine serum at 37°C and 5% CO2. Differentiation into M0 macrophages 

was induced by treatment of THP1 cells (1.5 x105 cells per well in 12 well plates) with phorbol 

12-myristate 13-acetate (PMA) for 320nM hours. Differentiation into M1 macrophages was 

induced by subsequent treatment with LPS (100ng/mL) + IFN (20ng/mL) of THP1-derived M0 

macrophages for 24 h(21). All experiments were performed in at least three independent 

experiments in triplicate. Kupffer cells: Primary Kupffer cells were isolated from non-tumorous 

patients liver tissue as described(92) and maintained in RPMI supplemented with 10% heat-

inactivated fetal bovine serum at 37°C and 5% CO2. Identity and purification of Kupffer cells 

was validated by expression of CD68 (CUSABIO, USA) as assessed by immunofluorescence 

(see below). For CLDN1 gene expression analysis, primary Kupffer cells (1.5 x105 cells per 

well in 12 well plates) were differentiated into M1 phenotype by incubation with LPS (100ng/mL) 

+ IFN (20ng/mL) for 24 �K���R�U���W�U�H�D�W�H�G���Z�L�W�K���7�1�)�.���������Q�J���P�/�����I�R�U������ h. For perturbation studies of 

CLDN1 mAb effects on M1 Kupffer cell differentiation, primary patient-derived Kupffer cells 

were treated with vehicle Control (Mock) or LPS (100ng/mL) + IFN (20ng/mL) in presence of 

CLDN1 mAb or control mAb (50µg/mL, respectively) for 3 days(21). Kupffer cells were derived 

from n= 5 different donors (Suppl. Table 2 ) and experiments were performed in triplicate per 

condition and donor. 

In vitro perturbation studies on human liver myofibroblasts (HLMF).  Isolated human 

hepatic stellate cells (HSCs)(92) were seeded at a density of 5 x 104 cells/cm2 in DMEM with 

10% FBS on collagen-coated 12 well plates. Following 10 days of cultivation on plastic, all cells 

showed a HLMF-like phenotype(93)�����$�W���W�K�L�V���V�W�D�J�H���������G���R�I���F�X�O�W�X�U�H�����L�G�H�Q�W�L�W�\���D�Q�G���S�X�U�L�W�\���R�I���+�/�0�)�¶�V��

were vali�G�D�W�H�G�� �E�\�� �H�[�S�U�H�V�V�L�R�Q�� �R�I�� �.-SMA (ab5694, Abcam, France), as assessed by 

immunofluorescence (see below). For analysis of CLDN1 mAb effects on HLMFs activation 

markers, primary HLMFs were seeded at 5 x 104 cells/cm2 in 12 well plates and treated with 
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CLDN1 mAb (50 ug/mL) or vehicle control for 3 days. HLMFs were derived from n= 7 different 

donors (Suppl. Table 2) and experiments were performed in triplicate per condition and donor. 

Immunofluorescence. Cells were seeded onto 8-chamber cover glasses (Lab-Tek II #1.5, 

Sigma-Aldrich). The next day, cells were washed twice with PBS and fixed with 4% PFA for 

15 min at room temperature, followed by permeabilization with 0.1% Triton-X for 10 min. After 

two washing steps, cells were blocked for 30 min with 10% FBS. Primary antibody staining with 

anti-�.-SMA Ab (1:100, Abcam, France) or anti-CD68 (1:100, CUSABIO, USA) and CLDN1 

mAb H3L3 or control mAb (10 µg/mL, respectively) was performed overnight at 4 °C. Cells 

were washed with PBS and incubated with goat anti-human Alexa Fluor 488 and/or goat anti-

rabbit Alexa Fluor 647 secondary antibodies (Jackson, United Kingdom) at a dilution of 1:200. 

Nuclear staining was done using DAPI (1 µg/mL) and cells were visualized using epi-

fluorescence microscopy. Results were confirmed in at least 3 independent experiments. 

Gene expression analyses in 2D cell culture experiments . Total RNA extraction from 2D 

cell cultures was performed using RNAeasy Mini Kit (Quiagen, France) according to the 

�P�D�Q�X�I�D�F�W�X�U�H�U�¶�V���L�Q�V�W�U�X�F�W�L�R�Q�V����Subsequently, 100-500 ng RNA was reverse transcribed (H Minus 

First Strand cDNA synthesis Mix, ThermoScientific, France) on a Thermocycler (Bio-Rad T100, 

Bio-Rad, Hercules, CA, USA). Quantitative PCR was performed on the CFX96 Touch Real-

Time PCR Detection system with 20 µL reaction volumes containing 10 µL SYBR Green 2x 

mix (Bio-Rad), 4 µL of RNAse-free water and 250 nM gene specific sense and antisense 

primers. The primer sequences were as follows: ACTA2 �)�Z���� ���¶-TGA AGA GCA TCC CAC 

�&�&�7���� �5�Y���� ���¶-ACG AAG GAA TAG CCA CGC; COL1A1: �)�Z���� ���¶-CCT CAA GGG CTC CAA 

CGA �*�����5�Y�������¶-TCA ATC ACT GTC TTG CCC CA; TNFA: �)�Z�������¶-GAG GCC AAG CCC TGG 

TAT �*�����5�Y�������¶-CGG GCC GAT TGA TCT CAG C; IL6: �)�Z�������¶-ACT CAC CTC TTC AGA ACG 

�$�$�7���7�*�����5�Y�������¶-CCA TCT TTG GAA GGT TCA GGT TG; TIMP1: Fw�������¶-GCC CAG AGA GAC 

ACC AGA GAA �&�����5�Y�������¶-CTA TCA GCC ACA GCA ACA AC AGG. All gene expression levels 

were normalized to housekeeping genes HPRT1 ���)�Z�������¶-CTG GAA AGA ATG TCT TGA TTG 

�7�*�*�����5�Y�������¶-TTT GGA TTA TAC TGC CTG ACC AAG in HLMFs) and GAPDH ���)�Z�������¶-GTC 
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TCC TCT GAC TTC AAC AGC G, �5�Y���� ���¶-ACC ACC CTG TTG CTG TAG CCA A) using the 

�¨�¨�&�W���P�H�W�K�R�G(97). 

In vitro models of hepatocyte chronic injury.  Huh7.5.1 and LX2 stellate cells were cultured 

�L�Q���'�X�O�E�H�F�F�R�¶�V���0�R�G�L�I�L�H�G���(�D�J�O�H���0�H�G�L�X�P�����'�0�(�0�����F�R�Q�W�D�L�Q�L�Q�J�����������I�H�W�D�O���E�R�Y�L�Q�H serum (FBS) and 

1% DMSO for differentiation (Huh7.5.1dif cells) as described(39-41). NTCP-overexpressing 

HepG2 (HepG2-NTCP) cells were selected using puromycin and cultured in DMEM with 10% 

FBS as previously described(98). HCV: DMSO-differentiated Huh7.5.1dif cells were plated in 

6-well plates and infected with HCVcc Jc1 (genotype 2a/2a) as described(39). HCV infection 

was assessed at day 10 by qRT-PCR of intracellular RNA as described(39). CLDN1 mAb or 

control mAb (10 µg/mL, respectively) were added for 3 days following HCV infection. HBV: 

HepG2-NTCP cells were plated in 12-well plates and infected with HBV purified from patient 

serum(98) in presence of CLDN1 mAb or control mAb (10 µg/mL, respectively). HBV infection 

was assessed at day 7 post-infection by qRT-PCR quantification of HBV pre-genomic RNA 

(pgRNA)(98). FFA-NASH model: DMSO-differentiated Huh7.5.1dif cells co-cultured with LX2 

cells (20%) were plated in 12-well plates and exposed to FFA (800 µM oleic acid and 400 µM 

palmitic acid) for 48 hours as described(99). CLDN1 mAb or control mAb (10 µg/mL, 

respectively) were added for 3 days following FFA treatment. Ethanol-ALD model: DMSO-

differentiated Huh7.5.1dif cells were plated in 6-well plates and exposed to ethanol (40 mM) in 

presence of CLDN1 mAb or control mAb (10 µg/mL, respectively) for 10 days. Fresh medium 

containing ethanol and mAbs was replenished daily. Each cell culture model was assessed in 

at least three independent experiments, performed in triplicate. 

Analysis of phosphokinase phosphorylation. Phosphokinase phosphorylation was 

assessed in cell lysates derived from the NASH in vitro model using the Proteome Profiler 

�+�X�P�D�Q�� �3�K�R�V�S�K�R�N�L�Q�D�V�H�� �$�U�U�D�\�� �.�L�W�� ���5�	�'�� �6�\�V�W�H�P�V�� �,�Q�F�������� �D�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H�� �P�D�Q�X�I�D�F�W�X�U�H�U�¶�V��

instructions. Levels of phosphokinases were assessed using biotinylated detection antibodies 

followed by chemiluminescence detection. 
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CLDN1 knockout using CRISPR -Cas9 technology.  Huh7.5.1 stably expressing Cas-9 

endonuclease (Huh7.5.1-Cas9) were DMSO-differentiated for 7 days (Huh7.5.1-Cas9diff), and 

then either co-cultured with LX-2 stellate cells (20%) and treated with free fatty acids (FFA; 

800 µM oleic acid and 400 µM palmitic acid) or infected using HCV Jc1. After 3 (FFA treatment) 

or 7 days (HCV Jc1 infection), cells were transduced with lentiviruses expressing control single 

guide RNA (sgRNA) or sgRNA targeting CLDN1 gene expression (sgCLDN1). Expression 

plasmids were provided by Dr. David Root (Broad Institute of Harvard and MIT, Cambridge, 

USA). Transduced cells were selected under hygromycin treatment (500 ���J���P�/�����I�R�U�������G�D�\�V���D�Q�G��

�O�\�V�H�G���X�V�L�Q�J���L�6�F�U�L�S�W�Œ���5�7-qPCR sample preparation reagent. The HCV- or FFA-induced PLS 

was analyzed using nCounter Nanostring technology in cell lysates. In parallel, cells were used 

to analyze CLDN1 expression by flow cytometry using a CLDN1 specific mAb (10 ���J���P�/���� 
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SUPPLEMENTARY FIGURES 

Supplementary Figure  S1, related to Fig. 1. CLDN1 mAbs are highly specific for human 

CLDN1. 

 

 

 

 

 

 

 

 

 

Interaction of CLDN1 mAbs (representatively shown for ALE.F02) with human plasma 

membrane and secreted proteins, as assessed by Retrogenix assay is shown. A strong 

positive signal was only detected for hCLDN1 and the IgG heavy chain. No cross-reactivity 

was found for >5000 other proteins tested. Minor non-specific interactions were found for 

CXCL12 and IGF1. Abbreviations: CLDN=Claudin; CXCL12=C-X-C Motif Chemokine Ligand 

12; IGHG3=Immunoglobulin Heavy Constant Gamma 3; IGF=Insulin like growth factor 1; 

Rep=Replicate. 
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Supplementary Figure  S2, related to Fig.  3. Functional assessment and pharmacokinetics 

of the murinized and humanized anti-human CLDN1-specific mAb. 

 

A-B. Binding of humanized anti-CLDN1 mAb H3L3 or murinized CLDN1 mAb to CLDN1 

expressed on primary human (PHH) (A) or mouse hepatocytes (PMH) (B) as assessed by flow 

cytometry is shown C. The binding kinetics of the interaction between humanized or murinized 

mAb against human or mouse CLDN1 expressed on PHH and PMH were determined by 

applying the Michaelis-Menten mathematical model (PHH���� �E�O�D�F�N���� �D�S�S�D�U�H�Q�W�� �.�G�� �R�I�� �§�� ���� nM; 
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�3�0�+���� �J�U�H�\���� �D�S�S�D�U�H�Q�W�� �.�G�� �R�I�� �§�� ������ nM), respectively. D-E. The humanized and murinized 

CLDN1 mAb show robust binding to 293T cells, engineered to express human or murine 

CLDN1 (mCLDN1), respectively. F. mCLDN1 expressing 293T cells were incubated with a 

murinized CLDN1 mAb (100 µg/mL) for 1 h at 37 °C prior to incubation with HCV 

pseudoparticles bearing glycoproteins JHF1 genotype 2a of HCV. HCVpp entry into 293T cells 

was assessed by measuring luciferase activity after 72 h and is shown as percentage relative 

to entry into untreated cells. �
�S���������������6�W�X�G�H�Q�W�¶�V���W-test. G. Left panel: Serum concentrations of 

the murinized CLDN1 mAb were determined at the indicated time points after a single i.p. 

injection of 500 µg (25 mg/kg) of murinized mAb into three C3H mice. Right panel: The half-

life of the murinized CLDN1-specific is shown, as determined using regression curve analyses. 

Abbreviations: SEM=standard error of the mean; PHH=primary human hepatocytes; 

PMH=primary mouse hepatocytes. 
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Supplementary Figure S3, related to Fig 3. Histopathology of organs in DEN-CDA-HFD 

mouse model treated with CLDN1-specific mAb or vehicle Control for 16 weeks. 
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All the organs were fixed in formalin, embedded in paraffin, stained by hematoxylin and eosin 

and analyzed by an expert veterinary pathologist from Phemonin-ICS, Illkirch, France. One-

hundred-twenty-eight histological slides were analyzed. Eosin was weak on some sections (as 

shown in the brain image of the vehicle control group) without affecting the quality of the 

analysis. 

 

 

 

 

 

 



129 
 

Supplementary Figure S4, related to Fig. 5.  CLDN1 mAb reverses the poor prognosis status 

of the clinical PLS in models of all major etiologies of chronic liver disease. 

 

A. Quantification of viral load by JC1 gene expression analysis in Huh 7.5.1diff cells after 

infection with HCVccc for 10 days and subsequent treatment with CLDN1 mAb or Control mAb. 

B. Graphical illustration of PLS assessment in in vitro models of all major etiologies of chronic 

liver disease. C. Absent binding of humanized CLDN1 mAb to Huh7.5.1-Cas9 cells expressing 

single guide RNAs (sgRNAs), assessed by flowcytometry is shown. D. Modulation of PLS to 

good (green) or poor (orange) prognosis status in sgCLDN1 or sgCTRL transfected- as well 

as CLDN1 mAb or control mAb-treated in vitro models of NASH, alcoholic liver disease, HBV 

and HCV infection compared to Mock cells. The significance (FDR, Kolmogorov smirnov test) 

of induction (red) or suppression (blue) of PLS poor- or good-prognosis genes is illustrated 

below. Abbreviations: HBV= Hepatitis B Virus; HCV= Hepatitis C virus; FDR= False discovery 
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rate; FFA= Free fatty acids; KO= Knockout; PLS= Prognostic Liver Signature; SEM= Standard 

error of the mean; sg= single guides. 

Supplementary Figure S5, related to Fig. 6.  Reversal of injury-induced hepatocyte 

differentiation by CLDN1 mAb in humanized and NASH fibrosis model. 

A-B. Differential expression of gene sets characterizing mature hepatocytes ((18) and 

MSigDB: AIZARANI_LIVER_C11/C14/C17C30_HEPATOCYTES) and immature progenitor 

cells ((18)and MSigDB: 

AIZARANI_LIVER_C4/C7/C24/C39_EPCAM_POS_BILE_DUCT_CELLS) in healthy (RD) 

versus fibrotic livers in the humanized (A) and classical NASH fibrosis mouse model (B) is 
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shown. C. Effect of CLDN1 mAb on hepatocyte de-differentiation in NASH fibrosis mice. D. 

Gene expression of SOX9 and APOM in NASH fibrosis mice treated with CLDN1 mAb or 

Control are shown. E. Modulation of gene sets characterizing scar-associated myofibroblasts 

in healthy (RD) versus fibrotic livers in the classical NASH fibrosis mouse model. Colored 

horizontal bars indicate NES of significantly (FDR<0.25, Kolmogorov Smirnov test, 

respectively) altered gene sets. Vertical bars show mean ± SEM. *p<0.05, t-test, respectively. 

Abbreviations: Apolipoprotein M=APOM; False discovery rate=FDR; NASH= Non-alcoholic 

steatohepatitis; Normal diet= ND; Normalized enrichment score=NES; SRY-Box Transcription 

Factor 9=SOX9. 
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Supplementary Figure S6: Model for CLDN1 mAb mechanism of action  

 

 

 

 

 

 

 

 

 

Model of mechanism of action. Within the cell membrane CLDN1 forms a complex that cross-

talks with growth factor receptors (GFR) and receptor tyrosine kinases (RTKs). The CLDN1 

specific mAb interferes with the CLDN1 complex formation modulating intracellular signaling, 

such as MAPK-, Src and TNF-�1�)���%���V�L�J�Q�D�O�L�Q�J���L�Q���K�H�S�D�W�R�F�\�W�H�V�����K�H�U�H�E�\���V�X�S�S�U�H�V�V�L�Q�J���K�H�S�D�W�R�F�\�W�H��

de-differentiation and pro-fibrogenic cytokine expression and restoring mature hepatocyte 

metabolism. CLDN1-specific mAb further binds to M1 Kupffer cells, reducing the expression of 

secreted myofibroblast activators and pro-fibrogenic factors. Interference of CLDN1 mAb with 

�1�)���%�� �V�L�J�Q�D�O�L�Q�J�� �L�Q�� �P�\�R�I�L�E�U�R�E�O�D�V�W�V�� �V�X�S�S�U�H�V�V�H�V�� �D�F�W�L�Y�D�W�L�R�Q�� �D�Q�G�� �W�K�X�V�� �S�U�R�G�X�F�W�L�R�Q�� �R�I�� �H�[�W�U�D�F�H�O�O�X�O�D�U��

matrix and scarring. Collectively, modulation of hepatocyte, Kupffer cell and myofibroblast 

signaling by CLDN1 specific mAb inhibits fibrosis associated cell plasticity, inflammation, 

fibrogenesis and carcinogenesis and at the same time improves metabolic functions of the 

hepatocyte. Abbreviations: �.�6�0�$� �D�O�S�K�D�� �V�P�R�R�W�K�� �P�X�V�F�O�H�� �D�F�Win; APOF=Apolipoprotein F; 

CLDN1=Claudin-1; Col1A1=collagen 1A1; FN1=Fibronectin; GFR=Growth factor receptors; 
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HP=Haptoglobin; HSC=Hepatic stellate cell; IL6=Interleukin 6; MAPK=Mitogen-activated 

protein kinases; PROM1=Prominin 1; RTK=Receptor tyrosine kinase; SOX9= SRY-Box 

Transcription Factor 9; TIMP1=TIMP Metallopeptidase Inhibitor 1; TNFa=Tumor necrosis 

factor alpha. 
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SUPPLEMENTARY TABLES  

Supplementary Table 1, relating to Fig. 1a. Demographic and clinical characteristics of the 

University of Strasbourg NASH cohort. 

 Control  
(n=10) 

NASH 
(n=10) 

Age (years)  43 (23-73) 39 (25-54) 

Female (%)  18 (90) 4 (40) 

Waist circumference (cm)  98.5 (75-149) 136 (100-170) 

BMI (kg/m2)  31.9 (22.4-50.0) 46.9 (40.5-60.5) 

Blood fasting glucose (mg/dL)  84 (66-130) 114 (83-162) 

Insulin (µUI/mL)  6.1 (1.7-29.5) 9.2 (4.8-83.5) 

HOMA-IR index  1.14 (0.33-5.90) 3.31 (0.99-33.40) 

Total cholesterol (mg/dL)  166 (113-288) 151 (93-181) 

Triglycerides (mg/dL)  122 (60-209) 194 (93-273) 

FFA (mg/dL)  26 (8-36) 24 (13-35) 

LDL cholesterol (mg/dL)  106 (59-217) 81 (46-101) 

HDL cholesterol (mg/dL)  41 (31-67) 31 (18-42) 

AST (UI/L)  21.5 (12-85) 48.5 (20-176) 

ALT (UI/L)  18 (5-122) 56.5 (27-229) 

ALP (UI/L)  60 (36-122) 54.5 (35-97) 

GGT (UI/L) 20.5 (5-221) 35.5 (19-114) 

Total bilirubin (mg/dL)  0.6 (0.3-1.01) 0.6 (0.3-0.9) 

Iron (µg/dL)  76 (30-197) 66 (30-146) 

Ferritin (ng/mL)  70.5 (14-399) 155 (10-2380) 

Transferrin saturation %  27.5 (9-81) 23.5 (10-49) 

CRP (mg/L)  2.84 (0.18-9.59) 6.27 (1.39-19.40) 

 

Continuous variables are indicated as median and range. Abbreviations: ALP=alkaline 

phosphate, ALT=alanine aminotransferase, AST=aspartate aminotransferase, BMI=Body 

Mass Index, CRP=C-reactive protein, FFA=free fatty acid, GGT=gamma-glutamyl transferase, 

HDL=high density lipoprotein, HOMA-IR=homeostasic model assessment of insulin resistance, 
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LDL=low density lipoprotein, NAFL=non-alcoholic fatty liver, NASH=non-alcoholic 

steatohepatitis. 

 

Supplementary Table 2, relating to Fig.1 and 6.  Demographic and clinical characteristics of 

patients recruited for isolation of Kupffer cells, LECs and HSCs. 

ID Age(y)  Sex 
Chronic liver         

disease  
   Indication for  

    liver resection  
                 Isolated  
                 cell type  

304   52            F                     No                                  CCM                                    LEC, Kupffer cells 

352   48           M                     No                                  CCM                                                HSCs 

372   51           M                     No                                  CCM                                                HSCs 

374   59           F                      No                                  CCM                                                HSCs 

383   71           F                      No                                  CCM                                   HSCs, Kupffer cells 

389   82           F     HCV cured +NAFLD (F2)*               CCA                                   HSCs, Kupffer cells 

397   23           F                      No                                    PHL                         HSCs, LECs, Kupffer cells 

401   36           F                      No                                   CCM                         HSCs, LECs, Kupffer cells 

429   62           M                     No                                   CCM                                           Kupffer cells 

 

*Fibrosis stage(25) 

Abbreviations: CCA= Cholangiocellular Carcinoma, CCM= Colon cancer liver metastasis; 

HSC=Hepatic stellate cells; LECs= Liver endothelial cells, NAFLD= Non-alcoholic fatty liver 

disease, PHL= Primary hepatic leiomyosarcoma, y= years. 

 

 

 

 

 



136 
 

Supplementary Table 3, relating to Fig 2. Individual data of the main efficacy endpoints of 

the humanized NASH mice treated with vehicle control or humanized CLDN1 mAb. 

Experiment #1  

Group  Mouse ID  Total fibrosis %  Fibrosis in humanized area %  Tumor Number  

   
  

V
eh

ic
le

 4409 10.495 6.30 24 

4411 6.589 4.66 30 

4412 6.261 3.35 17 

Median   6.59 4.66 24.00 
Mean  7.78 4.77 23.67 
s.e.m.   1.36 0.86 3.76 

     

   
  C

LD
N

1 
m

A
b

 

4405 1.101 0.51 17 

4407 5.843 1.80 5 

4408 3.168 1.51 12 

4424 1.516 0.68 11 

Median   2.34 1.09 11.50 
Mean  2.91 1.12 11.25 
s.e.m.   1.08 0.31 2.46 

     
Test   MW MW MW 

p-
value  

 
0.0339 0.0339 0.0498 

 

Abbreviations: MW= Mann Whitney U test, s.e.m.= standard error of the mean. 
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Experiment #2  

Group  Mouse ID  Total fibrosis %  Fibrosis in humanized area %  Tumor Number  
   

   
   

   
   

   
   

   
   

   
   

  
   

V
eh

ic
le

 

1005 7.708 7.708 9 
1006 11.862 12.531 10 
4472 11.8925 11.8925 NA 
4477 6.048 4.438 22 
4478 1.167 0.886 13 
4479 10.4915 9.34 14 
4490 4.751 4.046 7 
4491 1.881 2.017 7 
4492 7.13 7.13 7 
4493 4.401 6.152 5 

Median   6.59 6.64 9.00 
Mean  6.73 6.61 10.44 
s.e.m.   1.21 0.84 1.75 

     

   
   

   
   

   
   

   
   

   
  C

LD
N

1 
m

A
b

 

1001 2.11 2.667 5 

1002 4.55 5.352 5 

1008 1.48 1.48 4 

1009 4.446 4.5225 4 

1010 1.716 1.716 4 

4470 1.618 1.864 2 

4471 1.1705 1.5995 4 

4483 2.556 2.308 5 

4484 3.552 0.96 13 

4485 1.322 0.583 10 

Median   1.91 1.79 4.50 
Mean  2.45 2.31 5.60 
s.e.m.   0.41 0.48 1.05 

     

Test   MW MW MW 

p-value   0.013 0.013 0.0093 

Abbreviations: MW= Mann Whitney U test, s.e.m.= standard error of the mean 
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Supplementary Table 4, relating to Fig. 3. Metabolic parameters and CLDN1 mAb 

concentrations in DEN-CDA-HFD mice treated with vehicle control or murinized CLDN1 mAb. 

 
Vehicle  

(mean ± s.e.m.)  

CLDN1 mAb  

(mean ± s.e.m.)  

p-value  

(MW test)  

ALT (UI/L)  244 ± 12 217 ± 14 0.033 

AST (UI/L)  276 ± 16 271 ± 20 0.664 

ALP (UI/L)  129 ± 30.2 103.1 ± 3.3 0.584 

Total bilirubin (µmol/L)  3.89 ± 0.40 4.57 ± 0.62 0.511 

Total proteins (g/L)  46.2 ± 0.8  49.1 ± 0.4 0.013 

Albumin (g/L)  22.4 ± 0.7 23.8 ± 0.5 0.275 

Creatinine (µmol/L)  8.79 ± 0.50 7.98 ± 0.39 0.316 

Urea (mmol/L)  9.01 ± 0.18 8.75 ± 0.39 0.371 

Sodium (mmol/L)  145.0 ± 1.7 147.7 ± 0.7 0.059 

Potassium (mmol/L)  5.33 ± 0.14 5.04 ± 0.13 0.152 

Calcium (mmol/L)  2.05 ± 0.04 2.09 ± 0.02 0.602 

Glucose (mmol/L)*  8.25 ± 0.51 9.12 ± 0.31 0.179 

Total cholesterol (mmol/L)*  1.08 ± 0.06 1.12 ± 0.05 0.784 

CLDN1 mAb (µg/mL)  -- 125.8 ± 8.5 -- 

 

*Mice not fasted. 

Abbreviations: ALT= alanine aminotransferase, AST= aspartate aminotransferase, ALP= 

alkaline phosphatases, MW= Mann Whitney U test, s.e.m.= standard error of the mean. 
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Supplementary Table 5, relating to Fig. 3. Individual data of the main efficacy endpoints of 

DEN-CDA-HFD mice treated with vehicle control or CLDN1 mAb. 

Group  Mouse 
ID Fibrosis %  Tumor macroscopy 

(Y=1/N=0) 
Tumor N at 
histology  

Max tumor size 
(mm) 

Tumor 
HSP70+ 

(Y=1/N=0) 

V
eh

ic
le

 

621 11.25 1 9 5.8 1 
622 8.59 1 7 2.2 1 
623 14.19 1 8 7.0 1 
624 9.95 1 3 1.5 0 
625 11.07 1 1 1.2 0 
631 9.53 0 0 NA 0 
632 18.69 1 3 1.5 0 
633 6.83 1 2 0.9 0 
634 7.69 1 1 2.1 0 
635 11.46 1 2 1.6 0 
641 8.28 1 11 1.2 1 
642 11.89 1 4 0.6 0 
643 8.24 1 3 1.0 0 
644 8.01 1 13 1.6 0 
645 8.79 1 10 8.1 1 
652 9.52 1 11 9.3 1 
653 6.67 1 17 13.0 1 
654 9.26 1 4 1.6 1 

Median   9.39 NA 4.00 1.62 NA 
Mean  10.00 0.94 6.06 3.55 0.44 
s.e.m.  0.68 0.06 1.15 0.89 0.12 

C
LD

N
1 

m
A

b
 

626 9.92 0 1 1.4 0 
627 11.76 1 7 6.0 1 
628 8.29 0 0 NA 0 
629 8.93 0 0 NA 0 
630 8.81 0 1 0.9 0 
636 5.16 0 2 0.5 0 
637 4.64 0 3 0.8 0 
638 6.57 1 2 1.3 0 
639 4.76 1 2 1.3 0 
640 6.87 0 1 1.1 0 
646 6.05 0 0 NA 0 
647 6.29 0 1 0.7 0 
648 13.55 1 2 1.1 0 
649 4.33 0 1 0.6 0 
650 6.06 0 1 0.6 0 
656 4.39 1 6 1.5 0 
657 7.91 0 0 NA 0 
658 8.60 0 2 0.4 0 
659 4.94 0 2 0.8 0 
660 7.97 1 3 1.1 0 

Median   6.72 N/A 1.50 1.00 N/A 
Mean  7.29 0.30 1.85 1.25 0.05 
s.e.m.  0.56 0.11 0.41 0.33 0.05 
Test  MW FT MW MW FT 

p-
value  

 

Per mouse 
0.003 

Per image 
<0.001 

<0.001 0.001 0.001 0.007 

Abbreviations: FT= Fisher test, HSP70= heat shock protein 70, MW= Mann Whitney U test, 

N/A= not applicable., s.e.m.= Standard error of the mean. 
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Supplementary Table 6, relating to Fig. 4.  Demographic and clinical characteristics of 

patients shown in Fig. 4c-g.  

 

Abbreviations: BCM= breast cancer metastasis, CCM= colon cancer liver metastasis, F= 

female, GBC= Gallbladder adenocarcinoma, HCC= Hepatocellular carcinoma, M= male, 

NAFLD= Non-alcoholic fatty liver disease, NASH=Non-alcoholic steatohepatitis, y= years. 

 

Supplementary T able 7, relating to Fig. 4.  Demographic and clinical characteristics of 

patients shown in Fig. 4h .  

 

 

 

 

 

 

 

Abbreviations: NASH= Non-alcoholic steatohepatitis. 

 

 

 

  ID  Age(y)    Sex 
  Chronic liver    
  disease  

Indication for  
liver resection  

Fibrosis  
 stage  

         Applied type  
         of tissue  

353 83 M NAFLD HCC F2 diseased, non-tumorous 

351 78 M NAFLD CCM F0 diseased, non-tumorous 

410 70 M - CCM F0 healthy, non-tumorous 

471 70 M - GBC F0 healthy, non-tumorous 

525 50 F - BCM F0 healthy, non-tumorous 

 NASH #1 NASH #2 NASH #3 NASH #4 NASH #5 

Age (years) 74 60 74 81 75 

Sex (Male/Female) Male Male Male Male Male 

Fibrosis stage(25) 4 3 3 4 2 

Obesity (Yes/No) Yes No No No No 

Diabetes (Yes/No) Yes Yes No No Yes 

Hypertension (Yes/No) Yes Yes No No No 
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Supplementary Table 8, relating to Fig.6. Scar-associated myofibroblast marker genes*. 

DCN TMSB10 FBLN1 RPL36 CYR61 MARCKSL1 

C1R EFEMP1 CD81 PRSS23 CCL2 THBS2 

LUM BGN MMP2 IL32 RPS12 CTSC 

COL3A1 MMP23B PDGFRA ANXA1 ADAMTSL2 TCEAL4 

C1S IFITM3 FBLN5 NR2F1 IGFBP7 EMP3 

C7 PPIB COLEC11 TSPAN4 CTSD WBP5 

COL1A2 NNMT CD74 COL5A1 ITGBL1 RPLP1 

COL1A1 NPC2 SPON2 ENG IGFBP3 RPS17 

CFH COL6A1 COL6A3 RPL37 FSTL1 RPS23 

TIMP1 MARCKS COL14A1 ISLR PPIC RPS15 

PCOLCE AEBP1 G0S2 RPS15A FCGRT HLA-DPA1 

CST3 THY1 LTBP4 PTGDS PLTP COL4A2 

OLFML3 
HLA-
DRB1 RCN3 RRBP1 SSR2 TFPI 

CXCL12 SRPX IGFBP4 EFEMP2 RPS18 HLA-DRA 

CLEC11A COL6A2 LY6E INMT CLEC2B IGF2 

GGT5 S100A10 MGP SPARC IGFBP6 LAMB1 

CD63 MEG3 RPL13 ECM1 TIMP2 CCL21 

FTL EMILIN1 LGALS3BP CCDC80 VCAN CEBPD 

RARRES2 RPL12 TMEM176A SERPING1 ALDH1A1 RARRES1 

ASPN S100A11 PRELP FN1 TPT1 DAAM1 

S100A13 LRP1 TYROBP LXN QSOX1 

 

RBP1 ADH1B TMEM176B MFAP4 RPS24 

SERPINF1 CYBA IFITM1 RPL39 RAMP1 

DPT RPL28 RPS28 VKORC1 F2R 

 

*derived from(19). 
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Supplementary Table 9, relating to Fig.6. Scar-associated myofibroblast type A marker 

genes*. 

 

 

 

 

 

 

*derived from(19). 

 

Supplementary Table 10, relating to Fig.5. Scar-associated myofibroblast type B marker 

genes*. 

COL1A2 IGF1 NNMT RPLP0 YBX3 LXN 

S100A6 RARRES1 TSHZ2 VIM MMP2 CCND2 

C3 SERPINF1 ADIRF ANXA1 RPSA SFRP2 

FBLN1 MDK STEAP1 RPS3 PTGIS IGFBP4 

CCDC80 CLU CTHRC1 S100A16 IGFBP2 DNAJB1 

COL1A1 FSTL1 COL6A3 DHRS3 NR4A2 PLP2 

OGN SLIT3 LGALS1 VCAN SVIL CAV1 

SPARCL1 ANXA2 OSR1 COL6A1 BOC MGP 

S100A4 IGFBP6 OAF MMP23B GPRC5A CAPZB 

NBL1 COL3A1 S100A10 CRABP2 PCOLCE  

 

*derived from(19). 

 

COLEC11 HLA-A EDNRB CALM2 MASP1 PTGIR 

IGFBP7 
HLA-
DRB1 HGF CITED2 ALDH1A1 HLA-DRB5 

PPP1R14A HLA-B HLA-C TMEM204 TMSB4X ITM2C 

GGT5 C11orf96 TPM1 COX7A1 CTSD SGCA 

CALD1 LTBP4 ENG BST2 HLA-DPA1 ARHGAP15 

TYROBP 4-Sep COL4A2 CCL21 MARCKS RGS16 

B2M MYL9 RAMP1 RBPMS ASPN COL4A1 

ADAMTSL2 C8orf4 IGFBP3 RBP1 GPX3  
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Supplementary Table 11, relating to Fig.7. Individual Sirus-red positive areas in renal 

fibrosis UUO mice treated with vehicle control or CLDN1 mAb. 

Control  

 

CLDN1-specific mAb  

Mouse 
ID 

Photo 
No. 

Total 
area  

(pixel) 

Positive 
area  

(pixel) 

Positive 
area 
 (%) 

Positive 
area 
(%) 

Mouse 
ID 

Photo 
No. 

Total 
area  

(pixel) 

Positive 
area  

(pixel) 

Positive 
area 
 (%) 

Positive 
area 
(%) 

101 

1 3145728 344415 10.95 

8.88 201 

1 2942661 91823 3.12 

3.14 
2 3145728 277600 8.82 2 3145728 9667 0.31 
3 3145728 616310 19.59 3 3145728 178982 5.69 
4 3145728 106844 3.40 4 3145728 105012 3.34 
5 2525427 41941 1.66 5 3145728 102614 3.26 

102 

1 3145728 54042 1.72 

6.88 202 

1 2955677 149707 5.07 

4.26 
2 1852892 282606 15.25 2 3145728 157964 5.02 

3 2901737 105846 3.65 3 3145728 158958 5.05 
4 2680358 270561 10.09 4 3145728 137962 4.39 
5 1677944 61894 3.69 5 3145728 55942 1.78 

103 

1 2613185 45756 1.75 

12.74 203 

1 3145728 106839 3.40 

3.01 

2 3145728 79596 2.53 2 3145728 96460 3.07 

3 3145728 105531 3.35 3 3145728 104407 3.32 

4 2128925 256408 12.04 4 3145728 108886 3.46 

5 1805725 795103 44.03 5 3145728 56876 1.81 

104 

1 1907636 96743 5.07 

5.62 204 

1 2053687 221370 10.78 

7.07 
2 3145728 116189 3.69 2 2922969 175727 6.01 
3 2498956 300009 12.01 3 3145728 280234 8.91 
4 3145728 197408 6.28 4 3145728 95235 3.03 
5 3145728 32587 1.04 5 3145728 208497 6.63 

105 

1 3145728 107920 3.43 

5.12 205 

1 3145728 26479 0.84 

1.70 

2 3145728 228570 7.27 2 3145728 113376 3.60 
3 3145728 57914 1.84 3 3145728 31501 1.00 
4 3145728 163861 5.21 4 3145728 24949 0.79 

5 3145728 247323 7.86 5 3145728 71784 2.28 

106 

1 2391160 25941 1.08 

5.31 206 

1 3145728 56743 1.80 

1.77 
2 2481193 192484 7.76 2 3145728 84916 2.70 
3 2409692 128920 5.35 3 3145728 52829 1.68 
4 3145728 46287 1.47 4 3145728 61369 1.95 
5 3145728 343353 10.91 5 3145728 22164 0.70 

107 

1 2952140 36770 1.25 

9.96 207 

1 3145728 44821 1.42 

0.79 
2 1283270 262341 20.44 2 3145728 33427 1.06 

3 1882451 145227 7.71 3 3145728 33393 1.06 
4 3145728 140876 4.48 4 3145728 5123 0.16 
5 2652902 421933 15.90 5 3145728 7575 0.24 

108 

1 3145728 225836 7.18 

5.42 208 

1 3054515 39178 1.28 

1.41 
2 3145728 302298 9.61 2 3016949 51887 1.72 
3 3145728 207383 6.59 3 2771583 44394 1.60 
4 3145728 88954 2.83 4 2615483 39127 1.50 
5 3145728 28495 0.91 5 2568128 23833 0.93 
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Supplementary Table 12, relating to Fig.7. Individual Ashcroft scores in bleomycin 

pulmonary fibrosis mice treated with vehicle control or CLDN1 mAb. 
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Supplementary Table 13, relating to Fig.7. HAShigh fibroblast marker genes*. 

AC090498.1 ETF1 GNPTAB CSTB MESDC1 ANKRD37 ATPIF1 HLA-C 

MT-CYB KIAA1324L LITAF RCAN1 RAB3A TLE1 ZFAND3 METAP2 

A2M PGM3 MYL9 MID1 SLC25A33 RCN3 CD70 PPP4R2 

CDKN2A PTGES3 ISG20L2 PKM CEBPZ OSER1 PFKFB3 NR2F2 

GALNT13 FAT1 CDKN1A MAP1LC3B CACNA2D1 IGF2 VCAN ADD3 

HSP90AA1 CXorf40B SLC16A1 MTRNR2L12 SMARCA1 CD276 EDNRA WTAP 

HSPE1 PTP4A1 GPRC5A COL6A2 SEMA3C YPEL2 EMP1 EFEMP1 

LINC01605 CD9 PRRC2C GXYLT2 SKIL GOLM1 CDC42EP2 MT1M 

HSPD1 CERCAM MGP ATXN7 UCK2 HINT1 SPCS1 ARPC5L 

FHL2 ARF4 PNPLA8 CTSL HBEGF CREM QSOX1 PDLIM4 

KIAA1217 COL1A1 HAS1 RALGPS2 S1PR3 PPIC ARMCX3 WT1 

PDLIM3 EIF5A PLK2 THBS3 FGF2 OAF JARID2 FRZB 

NAF1 FAM180A FKBP4 MT-ND5 TOB1 BAG2 TFG KDELR2 

TNFSF9 MORF4L2 BTAF1 ARC SFTPC CCDC71L SOCS3 IFITM3 

LINC00152 ISLR RPL17 GAS7 FLNA THBS2 CXCL14 XBP1 

MT-ATP8 INSIG1 ARHGAP5 CYB5A RHOC PCDH7 MAP2K3 CYP1B1 

SELK MEDAG VEGFA PITPNB ATP5G2 ERVK3-1 ARSI ADGRD1 

SLC12A8 ZBTB21 IFITM2 CMTM3 PPRC1 NAV1 MYH9 LIMCH1 

MT-CO2 MAP4K5 SLC4A7 TAF13 MT-ND4 CPNE8 WWTR1 H3F3A 

TLL1 BLOC1S6 C16orf45 TCF21 SCGB1A1 ARHGDIB MINOS1 SFPQ 

AC113404.1 STIP1 KLHL21 IPMK PTRH2 MAP3K4 SCG2 PSAP 

MT-CO3 TPM2 FERMT2 BAZ1A ECM1 ALDH2 HLA-DPB1 CHSY1 

HSP90AB1 
RP11-
210L7.3 ROR1 HSPB8 ADAMTS16 YWHAQ GLA KDM5B 

CDKN2B AHSA1 PAMR1 VAT1 TEX10 COX4I2 PGAP1 PTGES 

HSPA4L GEM TXN JOSD1 CLDN11 EBF1 MAGED1 LAMC1 

FEM1C ITGB1 UBE2B 
CTC-
444N24.11 MICAL2 CALM1 LY96 USP2 

ABL2 OSMR-AS1 ZNF460 VIM TFB2M IGF1 SRGN ATP5L 

HSPA8 MEG3 BAIAP2 NDEL1 CTSD EIF3J GOPC PCBP2 

MXRA5 KDM6B ASB1 MCC TUBB2A EIF2S1 CHIC2 PDGFRL 

MT-CO1 PTHLH IQCJ-SCHIP1 UBAP1 NGF SEPW1 RSL1D1 ZFC3H1 

GPX3 SULF1 MYC MIR22HG JAG1 SAMD9 CTSK BNC2 
RP11-
474O21.5 ACLY COL3A1 TUBB3 HTRA3 COX4I1 PNO1 HNRNPAB 

RABGEF1 
MIR4435-
2HG HSD3B7 HMGN2 MAPRE1 GART ANGPT1 SPG20 

LINC01060 CCT2 HSPA1A RUNX2 HMGN3 RCN1 CSNK1A1 MAPK1IP1L 

UGDH PDK4 GNG12 LRRC59 MLF1 STAG1 ANXA5 KRT18 

GCLM TES ARL5B BMP1 GTPBP4 LSM12 NNMT SRP14 

USP12 FAM3C CEBPD SDC2 DOT1L DENND4A LOX LRRC17 

TAGLN CHMP1B PLIN3 OSMR CCNK PXDN TGIF1 PHGDH 

NRIP1 NR4A3 PRKCI MSC 3-Mar CD248 EPHX1 CLIP1 

DNAJA1 EIF1 ANKRD28 TSR1 TMEM263 SMS ANK2 HNRNPF 
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DCBLD2 NR4A2 PRRX1 HBP1 RRM1 ANGPTL4 C1QTNF3 IGFBP7 

CRABP2 ELOVL5 FBN1 NOTCH2 ADAMTSL1 SESN3 CDC42SE1 AMD1 

ZBTB38 STX4 RARG KIAA1462 CRIP2 RGS2 FKBP14 TMEM59 

RLF FNIP2 VAPB TGM2 NDFIP2 SSR4 SH3D19 LOXL1 

BAG3 SCGB3A1 CDK17 KPNA4 AC058791.1 TPBG FLNB TOR1AIP2 

CHORDC1 SERTAD1 SLC19A2 SERTAD2 KTN1 UBQLN1 ARPC3 ANKLE2 

SPARC SGK1 RND3 ADAMTS2 NOP58 MYL6 FKBP5 CTTN 

DYRK3 SLC30A1 BZW2 EGR3 KLF4 BDNF NUP58 PER3 

ZSWIM6 HERC4 TXNRD1 FOSB ZMAT3 GALNT2 UQCR10 GLUD1 

PLA2G4A HAS2 HIVEP2 TUBA1C FSCN1 RBP1 CXCL6 CCDC80 

CPXM1 ZDBF2 RAB7A NFE2L2 CCNT1 ZC3HAV1 CMSS1 SMDT1 

SERPINH1 DPYSL3 PANX1 SMIM3 SLFN11 PSME1 ITPRIP KPNA2 

DOK5 PRRG3 SELM RNF149 UBE2D3 RNASEK HSPB1 PEG10 

MT-ND4L HDLBP ALDH1A3 AKAP12 FNDC1 AGO2 OTUD4 COX6A1 

HSPA4 COQ10B CPZ EGFL6 SEPP1 CLMP TUBB2B CHCHD10 

ANXA1 ASCC3 CADPS2 CTNNAL1 TIMP2 H3F3B RC3H1 GPC1 

ARL4C DNAJB6 ATP13A3 HMOX1 TCEB1 S100A4 NUPR1 MYL12A 

COL1A2 MT-ND2 FBXO34 C10orf10 RPS6KA3 TAF1D RARRES1 ARHGAP21 

SQSTM1 TIPARP IPO7 ITGAV CIRBP AFG3L2 SERINC5 EPB41L2 

TCP1 MTRNR2L8 HRH1 MAPK6 DDX21 SH3PXD2B EDIL3 LY6E 

PHLDA1 TSC22D2 INPP1 RGMB IDI1 NIFK ADH1C ADAMTS15 

NT5E P4HA1 TNFRSF10B MMP2 CCDC109B CD44 PTPN1 CXCL12 

ARID5B MT-ND3 TNFAIP6 METRNL MYOF FAM110B TRAF4 ETNK1 

ROR1-AS1 JAM3 UAP1 SPON2 BZW1 DDX3X ABHD2 PLA2G5 

SNAI2 TWIST1 PLAUR TIMP3 NTM SEMA4A DSTN GRPEL1 

GJA1 PPP1R14A UCHL3 MAP4K4 GPSM2 UHRF1BP1L DSEL CILP2 

LIMA1 PTGIS JUN CNTN4 EMILIN2 TRIO NFATC1 FBLN2 

LRRC8C LMCD1 CD74 UTP4 AFF4 KCNE4 FKBP10 SUMO2 

ZFAND2A TPM4 FGFR1 CLEC11A NOP16 USP15 SPSB1 HMGB1 

SPAG9 IL1R1 ERRFI1 AFAP1 TSPO MIR222HG UBE3A NOV 

HSPH1 ANGPTL2 PLOD2 NOLC1 CADM3 GABPB1 TMEM2 ALDH1A1 

RPS26 RPL41 GABARAPL1 TNFRSF12A CTNNB1 AOC3 SOX4 CA12 

CHD1 REL GNAI3 LRIF1 TTC3 RGS5 SRGAP1 HIGD1B 

EIF4E KCTD9 YWHAZ ZFP36L1 AKIRIN1 GNL2 IL33 PERP 

YWHAG ELL2 SACS CLIC4 FRS2 MDM2 FABP5 KLF2 

CBLB DDX3Y FRMD6 IFI16 GSTP1 EMP2 SEC23A PABPC1 

DNAJB4 FAM198B PPTC7 NXT1 GNL3 UFM1 COX8A NFAT5 

MSX2 C1QTNF6 COL4A1 MRPL18 HIST3H2A SLC40A1 CCT3 C14orf2 

RAB23 PPDPF COL4A2 DNTTIP2 ITGA11 IL6R PEBP1 BCAP31 

PEA15 TICAM1 MAFF DNAJB9 SLC20A1 SEMA3B NUFIP2 HOTAIRM1 

DRAM1 TOP1 NBPF14 ALG13 PRMT9 ELN RGCC SEMA6A 

EIF4A3 COL6A1 WDR43 FKBP9 NDUFA4 HLA-DPA1 DES NDUFA3 

LHFPL2 ETV3 MLLT11 MED13 CREB3L1 COL5A1 PIM1 ACSL3 

DNAJB1 WBP5 HNRNPA2B1 LATS2 CCT4 PFDN2 DDX5 OLFML3 

IL6ST SOD3 DNMBP NUP153 ESYT2 HIVEP1 AHNAK EIF5 
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ACTA2 SLPI SDCBP SERBP1 TPT1 HIPK3 FLRT2 PHLDB2 

YES1 ABI3BP CD55 C3orf58 CRY1 APP IGFBP6 CD68 

ADH1B CREB5 NAA50 FOSL1 TRIM69 EIF1AX PAICS MAP3K8 

GLIS3 MMP14 MAT2A KLF3 HEG1 FLNC SSC5D PCDHGC3 

MT-ND1 DPT CAMSAP2 FAM114A1 CYP51A1 ANKH KDELR3 ANXA2 

HSPA9 PTGFRN RCOR1 PCBP1 HNRNPH3 ARL4D IER3 KRTCAP2 

C1orf21 SYAP1 HSPA1B USP36 MRC2 UBL3 CKAP4 COL5A2 

SNX9 APOD GPC6 ACSL4 TSC22D1 PHLDB1 RAB1A INHBA 

RYBP GFPT2 HNRNPA0 TSPAN5 NDUFA4L2 EDF1 ASAH1 NPM1 

TXNIP PRSS23 CYCS SAMD8 PXDC1 CD200 SNRPB CD81 

CACYBP RUNX1 HECTD2 COX5B FAP DCLK1 NIP7 FILIP1 

FSTL1 BIN1 WDR45B SAR1A AHNAK2 PPP1R15B ATP1B3 HLA-A 

GNPNAT1 MT-ND6 THBS1 HLA-DRB1 CSRNP1 EIF4G2 HSPA5 EEA1 

RANBP2 FAM46A STK17A MEST MEIS2 PPP2R2A POLR1C 
RP11-
14N7.2 

KLF6 PTGS2 SPRY2 SLC38A2 TSPAN3 KRAS NR4A1 SLC39A14 

ZFAND5 CALM2 IPO5 NRBF2 THAP2 NUP98 LHFP FOSL2 

U2AF1L5 DDX27 CMBL TUBB6 SLC39A6 IFI27 HMGA1 LAMA4 

ITIH5 NSUN2 DUSP5 SPHK1 CLIC2 ANTXR2 SEC31A OPTN 

JMJD1C HNRNPU H2AFJ HLA-DRA TOB2 COPS2 NR1D2 PAFAH1B1 

HOMER1 COL14A1 APBB3 MMP23B KLF9 MRPS6 PDGFD NOTCH3 

EPHB2 RASAL2 BACH1 S100A16 TMED5 B4GALT1 MYLK DAZAP2 

DCUN1D3 ZNF703 RAP1B TSHZ2 PFKP C2 ATF4 ATF3 

PLXDC1 KLHL4 CLCF1 APOE MCL1 MYO1E PLAU RASL11A 

AES GPM6B KCTD20 LDHB ZBTB16 SCGB3A2 LMOD1 PDPN 

RBBP6 UGCG HMCN1 C8orf4 ATP5D PNP SNHG12 TPI1 

RELB FTH1 MFAP5 ABCA1 ABCA9 TINAGL1 TRIB1 ARL6IP4 

TNXB PTP4A3 KITLG F10 DBN1 GOLGA4 CAST MIR155HG 

HLA-DRB5 TALDO1 DCXR PFDN5 LRRN4CL CALU OLFML2B CFD 

SLC3A2 PTRF NDUFS5 SPATS2L NUDT4 SAMHD1 LYZ RORA 

PLAGL1 PPP1R10 NEU1 CFI WDR83OS SGCE EIF4G1 DUSP4 

FAM126A PTN GUK1 ANTXR1 ACKR3 DBNDD2 CNN1 HIF1A 

SFRP1 PTGDS COL15A1 UGP2 CD82 FGF7 MGST3 PRR13 

RPS19 NDUFB10 G3BP1 CAPN2 ARFGAP3 CD4 FNDC3B UQCR11 

RPL22L1 ATP6V0E1 BRD2 FKBP1A EIF3A NFIL3 LGALS3BP CIB1 

NDUFV2 CLEC2B CHN1 NDUFA13 VPS28 S100A6 ZEB2 CD34 

MBNL2 GPC3 RRBP1 USMG5 DNAJA4 ANAPC16 LDHA S100A11 

SCPEP1 GGT5 COX5A EIF3K NGFRAP1 TCEB2 LINC00657 GDF15 

KRT8 MARCKS SELENBP1 GPCPD1 EDNRB LXN ABLIM1 NCL 

UQCRB MFAP2 IL1RL1 CHPF RDH10 ADIRF SPTAN1 ADAM12 

EGFR TNS1 TACC1 GPNMB RGN GRINA SYNCRIP MACF1 

SLC7A5 C2orf40 LPL CLEC3B NDUFB7 TGFB1I1 COX6B1 VASN 

PCOLCE STAT3 CTSS LEPR DKK3 SFRP4 ITGA1 CXCL8 

ATP5J ADGRF5 COMP MT1A ROBO2 NME3 MEF2C LSP1 

CCL26 SCN7A DKK1 RNASE1 SGCA S100A10 OSR1 AURKAIP1 
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MXRA8 RSRP1 NPNT ARL6IP5 PIEZO2 CHRDL1 SLC16A7 SLC2A3 

SYPL1 MT1X HILPDA TGFBR3 PSME2 CD302 MARCKSL1 TUBA1A 

COMT KCNMA1 CXCL2 TBX2 PODN BCL3 NBL1 

 

HGF DDIT4 HOPX NDFIP1 4-Sep THY1 CES1 

CYBA SFTPB ABHD5 TNFRSF1A CSRP1 C7 ITGA8 

RBM39 TYROBP AKR1C1 SCARA5 IGFBP4 ATP6V1F SH3BGRL 
* Derived from(56) 

Supplementary Table 14, relating to Fig.7. ACTA2+ myofibroblast marker genes*. 

FN1 TFPI2 FAP CD34 MGST1 SMPDL3A TNFRSF1A LPP 

LTBP2 FGFR4 CD302 LGALS3 SOD3 CFH ATP13A3 ID3 

LIMCH1 SLC40A1 CD248 EFEMP1 PMP22 CPXM1 PLN FHL1 

CDH11 ASPN ARC CTGF ANTXR1 SELENBP1 MAFF SERPINA3 

ADIRF DNAJB1 CD55 SLC25A4 NOLC1 HNRNPF EIF4A1 CILP 

PLA2G2A COL5A2 CHD1 NCL TCF12 FAM162B ARL4D FIBIN 

A2M PALLD MDK MYH11 ADGRD1 IGFBP7 MYOC FABP4 

MACF1 EIF4A3 GJA4 NR4A2 WDR43 EZR EGR3 C1R 

ITGBL1 TCF21 CALM1 COL1A1 NAMPT CLCF1 RARRES1 MAP1B 

CES1 PLIN2 EFHD1 ESAM KCTD12 MYL6 PDK4 C2orf40 

HAS1 MT1M HMGN1 NDNF PCBP1 PDLIM5 SFPQ KIAA1217 

MYC G0S2 PTP4A1 MMP19 PRSS23 SLC4A7 PIK3R1 HTRA1 

TM4SF1 NPNT ITM2A RPL41 ABLIM1 MIR22HG SPTBN1 SRGN 

MOXD1 HSP90AB1 FOSL1 HNRNPAB FKBP4 WISP2 SEMA3C THBS1 

COL6A3 TMEM119 DNAJA1 NT5E CXCL12 CHMP1B AEBP1 TGM2 

MAMDC2 NR4A3 BCAM WT1 INPP4B CFB SRSF3 SLC2A3 

ROBO2 ANGPT1 ENC1 LMO4 CLEC3B ACTG2 UBC CEBPB 

ERRFI1 SPINT2 TPM2 TNC PI16 ADAMTS9 UGP2 SERPINA3.1 

COL8A1 SLC38A5 LSP1 MTRNR2L12 KRT8 ZNF331 PHLDA2 MGP 

UGDH CTHRC1 HMOX1 ATF3 MXRA8 LGALS1 LMOD1 IFI6 

MFAP2 SELK ISYNA1 KLF9 PFDN2 CREB5 CRISPLD2 SERPINE1 

CCDC80 PTGIS OSR1 NOTCH3 FLNC GABARAPL1 LGALS3BP TXNIP 

MEDAG ADAMTS1 NDRG1 PLAU 11-Sep MEF2C PIM3 CXCL1 

CDKN1A RGS5 3-Mar PCOLCE2 ZYX FAM46A IL32 FHL2 

EMILIN1 SFRP1 NRP2 SRSF2 RABGEF1 RANBP2 ITGA5 HIF1A 

GPRC5A SMOC2 ITGA2 MTHFD2 PPP1R12A ENO1 NUDT4 BGN 

UAP1 DES EPS8 ELL2 FIGF YBX3 MT-CYB FBN1 

PLXDC2 LDHA FKBP1A FBLN5 OSTC 
RP11-
14N7.2 NRIP1 PDPN 

MT1A DIO2 SEPP1 MMP2 JUNB GNL3 ARID5B THBD 

PLEKHH2 NOP16 NDUFA4L2 COL10A1 ITM2C CCL11 S100A13 RGS16 

QSOX1 CRIP1 HSD11B1 EGFL6 ENAH HNRNPU MMP14 BTG2 

IGF2 TDO2 ETV1 GNG11 WDR1 UACA HEYL INHBA 

C3 HIGD1B PTP4A3 CTSB YWHAG INSIG1 EDNRA RASD1 

RHOB LUM RSPO3 LSAMP ATP1A1 TUBB3 AKR1C1 CHRDL1 
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RARRES2 HSPH1 ELN COL1A2 ACTA2 PLK2 TCF4 KLF2 

GPC3 COL16A1 C1QTNF1 SPARC TPT1 STMN1 TIMP3 C10orf10 

SCN7A DDX21 CNN2 LBH TUBB2A RSL1D1 CBLB TSC22D3 

DKK3 TUBB4B SCARB2 LHFP PA2G4 HSPB6 MINOS1 FGF7 

ITGA8 SGK1 MFGE8 ZNF106 BTG3 ANGPTL4 FMO2 HSPB8 

HSPD1 CDC42EP2 TAGLN2 ADGRF5 NPC2 XBP1 HSPA1A TNFRSF12A 

MT2A CPE PPIB NAP1L1 LINC01133 PTMA DDX3X MEG3 

POSTN KRT18 HSPA8 SCARA5 CADM3 SNRPB TXN EGR1 

CD82 TSPAN13 COL5A1 VEGFA DSTN F2R SOCS3 COL12A1 

COMP GDF10 F3 TSPAN8 DNTTIP2 ARL6IP5 FAT1 AC090498.1 

IGFBP6 HSP90AA1 C16orf45 ZFAND5 ABL2 MLLT11 SPSB1 PTGDS 

EIF1 NKD2 EIF5A HES4 RPS27 TUBA1B MT1G LINC00152 

NBL1 IFITM1 ID4 NXT1 FOSL2 HSPB1 VASN FOSB 

MAT2A DST C1QTNF7 TIPARP BAZ1A HSPA1B CST3 ZFP36 

FST SLPI PLPP1 LRRN4CL SLC16A1 EMP2 IGF1 CFD 

COX4I2 ACKR3 FAT4 FHL5 C1QTNF3 RAB31 CYSTM1 CXCL2 

HSPE1 ALDH1A3 TUBA1C GNPNAT1 NR2F1 SH3BP5 PIM1 IGFBP3 

ENPP2 SNHG15 PTK7 ALDH2 MMP23B PDLIM4 EPAS1 SOD2 

BAG3 ROBO1 COL15A1 MFAP4 FMO3 HSPA9 HMGA1 PTGS2 

LTBP1 BDKRB1 CYP7B1 DBNDD2 ADAMTS4 KLF3 CYR61 SFRP4 

ATP1B3 AKAP12 STEAP4 PDGFRL CEBPZ EIF4E MYO1B CXCL3 

CYCS TNFRSF19 SRSF7 ALDH1A1 KLF4 CSRNP1 IFI16 DPT 

BMP5 MCAM SORBS2 SH3PXD2A EDNRB ACTN4 MT1X DCN 

CTSL CREM NR4A1 TOB1 NPM1 LAMB1 RRBP1 CRABP2 

GFPT2 COL3A1 EIF1B ETF1 KDM6B ISG15 MARCKS GPX3 

HMCN1 SNCG SLC20A1 PHLDA1 SNU13 CSRP2 SRPX SFRP2 

MYL9 PNRC1 AMD1 RGS3 SLIT2 PDGFRB TPM1 ADH1B 

MFAP5 LAMA2 LITAF APOLD1 TCP1 NREP TAGLN ADM 

TINAGL1 GSN TCEB1 UBA2 CRYAB ZFP36L1 COL6A1 ICAM1 

RGCC EBF1 RAN DKK1 NOP58 PLAUR GPNMB CH25H 

SPON1 COL13A1 H3F3B SH3D19 ACTB TXNRD1 PPP1R15A PPP1R14A 

ACSL4 PIEZO2 MAOB CNN1 CYP1B1 TMSB10 HILPDA  

VCAN PROCR PMEPA1 NRP1 WNT2 SERTAD1 COL18A1  

IFI27 MYH10 STOM SFTA1P MT1E IGFBP2 CXCL8  
* Derived from(56) 
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Supplementary Table 15, relating to Fig.7. PLIN2+ lipomyofibroblast marker genes*. 

CTSL AOC3 ANGPT1 LARP4 METAP2 SARAF ARF5 PLN 

MT-CYB EIF4A3 RABGEF1 KCTD20 NABP1 EMP3 MIR222HG MINOS1 

BGN MGST1 PA2G4 ITGA8 NFIL3 ANAPC16 FAM180A HIST1H4C 

MYL9 DNAJC2 STK40 COX5B C1S PRRC2C EIF3M INPP4B 

TAGLN LIMA1 ZNF800 SLC43A3 OLFML3 ANXA6 MT1A GJA4 

ACTA2 MEG3 LINC00473 NRIP1 PHLDB1 RGN NME3 ADAMTS9 

UAP1 FBN1 IL1R1 THBS1 SRM ARPC5 FGFR4 CNN3 

ACSL4 NR4A3 CCND2 CD151 PRKCDBP H3F3A CSNK1A1 S100A4 

PLIN2 RNF149 DDX27 ESYT2 NNMT PLSCR1 LGALS3BP ADIRF 

TMSB4X TSC22D1 RSPO3 COLEC12 PTP4A3 ILF2 NEAT1 LGALS1 

GFPT2 NDUFA4L2 FBL BAG3 SRSF1 DAZAP2 ARL6IP4 CNN2 

CRIP2 MT2A SRGAP1 LMOD1 TCEB1 4-Sep CDKN1A ALDH2 

IGF2 CAV2 TMED5 SNED1 IVNS1ABP CHCHD10 APOLD1 RUNX1 

PPP1R14A ARL4D KDM6B FAM162B AKIRIN1 EDNRB NFIA LITAF 

DKK3 SLC4A7 CLDN11 FGF2 CRIP1 ELL2 CHURC1 OGN 

TPM2 F3 SH3BGRL PIM1 BICC1 H3F3B RTN4 UGCG 

NOP16 MYH9 GPNMB PRDM2 SEMA3B TGIF1 TCF21 HMOX1 

EIF1B CSRP1 SAT1 COX6A1 MAMDC2 ASAH1 SOD3 LTBP1 

GPRC5A C1R FN1 FRZB ADM CTHRC1 SH3PXD2B MFGE8 

CXCL12 PNO1 LRRC59 TIPARP INTS6 CES1 NUPR1 SLPI 

MT-ATP8 SRSF2 EIF5A B2M CREM CTSF FIS1 ETS2 

FST THBS2 PTP4A1 PXDC1 CFD PALLD COX7C CLEC3B 

DDX21 BDKRB2 ASPN DBNDD2 LURAP1L RNASEK JMJD1C SRGN 

3-Mar GNPNAT1 MCL1 MT1X MYL12A GCLM TMEM47 PIK3R1 

MT-CO2 FLNA PLTP EIF1AX CYCS PTMS CHMP1B HSPA5 

ITM2A ATP1B3 C1orf21 WTAP TWISTNB SLC16A7 FCGRT JUND 

SPSB1 PIM3 VASH2 TWIST2 GABARAPL1 RPS29 LPP TFPI2 

NCL BRIX1 HLA-C TSPAN8 EIF4E SPAG9 SRSF3 HSPB8 

DSTN HSPD1 FAM126A TXNIP MEF2C TFRC GJA1 GPC3 

HNRNPAB SERPINF1 ALDH1A3 EIF3A TCP1 RAN HSPB6 S100A13 

MYLK UBC NR2F2 TUBB2B ABLIM1 TIMP3 HSPA2 IFITM1 

ERRFI1 SFPQ EDIL3 C2orf40 G3BP1 TGM2 TRIB1 CSRP2 

IGFBP7 HNRNPF DKC1 BZW2 CHN1 EPAS1 PEA15 TM4SF1 

MEDAG NDUFA4 SOD2 ABCA9 PPP1R12A PDLIM7 PLAT ARID5B 

MT-CO1 ZFP36L2 FGFR1 EFEMP1 TUBA4A EHD2 RPS26 CH25H 

HSP90AB1 COX4I2 DAB2 BCCIP TGFBR3 SPHK1 MACF1 HAS2 

CYP1B1 PAMR1 SLC25A33 PCOLCE H2AFJ SNHG12 NREP DUSP1 

FGF7 ARHGDIB NIP7 SRSF5 PEBP1 NEDD9 MFAP5 HOPX 

PDLIM4 SRPX CTGF ENO1 HEYL CTSB MT1M PTGDS 

FKBP1A FOSL1 PNRC1 EGR1 MT-ND6 LAMB1 COX7A2 KLF2 

MYC MGST3 C7 TRMT10C REXO2 
RP11-
14N7.2 MSRB3 CXCL1 

EIF1 TUBB2A BIN1 SVEP1 ADD3 GSN PTX3 PDGFRA 
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MT-ND4L COL4A1 PAICS HNRNPDL MOXD1 EDF1 LRP1 BTG1 

AC090498.1 MESDC1 PTGIS PPP3CA CLCF1 GLT8D2 NDUFB7 COL6A2 

NOP58 DCAF13 EGFR BCAM ARPC3 COMP S100A16 REL 

VEGFA IGF1 NAMPT FUS TNFAIP6 ADGRF5 PTN ELN 

SRSF7 NT5E TUBB6 C10orf10 SDCBP CCNL1 TCEAL4 NR4A2 

WT1 PTRH2 CYBRD1 EXOSC4 TGFB1I1 HMGN2 RRAD IGFBP2 

CALD1 PLBD1 TXNRD1 TXN BAIAP2 RASL12 IGSF10 S100A10 

BTG3 CD82 B4GALT1 TUBB3 PLEKHH2 SORBS2 TUBA1B FBLN2 

MYL6 SH3BP5 CPXM2 SERTAD1 VAMP8 STRAP MT-ND3 CRABP2 

C16orf45 C16orf89 NOTCH3 TPBG ISYNA1 TIMP2 C1QTNF3 HSPA1B 

PDGFRL HNRNPU EMILIN2 CCDC109B NEGR1 TGFBI UQCR10 PLK2 

LSP1 CYP26B1 GPX3 ABHD5 PCBP1 TNS1 DDX24 ARC 

EGFL6 NFE2L2 TNXB INPP1 STAT3 TMEM204 C9orf16 SFRP2 

ATP13A3 XBP1 KRT18 RANBP2 INSIG1 F2R PDGFRB HSPA1A 

PLAU KLF3 TINAGL1 PLPP3 IPO7 CTSD SLC39A14 QSOX1 

CCDC80 MYH11 DES RPF2 CREB5 BRD2 ACTG1 COL14A1 

ZFP36L1 FSTL1 POSTN RBM25 TBX2 EIF3K JUNB GADD45B 

HSPA8 SNU13 ITGBL1 SGCA CCDC47 ZC3H15 STEAP1 HIGD1B 

MAT2A OSR1 SYNCRIP OSMR CTSH SLC3A2 HLA-DRB1 ID2 

CHD1 BZW1 TOP1 PROS1 MIDN KRT8 PSME1 CXCL3 

CEBPZ CPXM1 PLS3 ST3GAL1 SERTAD2 COX6B1 SCN7A RGS2 

PPDPF STK17A POLR1C HNRNPA0 SNRPB DDR2 C12orf57 NBL1 

NPM1 TNFRSF1A SLC40A1 TPT1 UGP2 C8orf4 ANK2 CXCL2 

ATP5G2 GRPEL1 ABL1 CILP FAM46A CFL1 ENAH RGCC 

C3 SEPW1 CD34 GABARAP FABP5 PRRX1 RARRES1 RHOB 

EZR METRNL TOMM5 TFAM ACTN1 UBE2N ANKRD28 EMP1 

AMD1 RFK SCARA5 DDX3Y CDH11 RPL22L1 HIF1A FABP4 

LBH KLF4 TNC ABCA8 TMEM176B HLA-DPB1 TSKU ATF3 

NXT1 EDNRA UCK2 RBM39 COX4I1 PDE5A TLN1 THBD 

CHRDL1 ABL2 IGFBP4 SLC16A1 RCAN2 MYL12B SMOC2 CTSK 

LTBP2 EBF2 EIF2S1 H2AFX ADAMTS16 TSC22D3 GPM6B G0S2 

BDKRB1 NOP56 FBLN1 IGFBP6 SLC19A2 PARK7 COL15A1 PRG4 

LRRN4CL COL8A1 SLC20A1 SOAT1 HLA-DRA HNRNPH1 FERMT2 SGK1 

ETF1 MPZL1 TSPAN3 CYB5R3 MARCKSL1 ATPIF1 PLXDC2 FHL2 

CAV1 COTL1 LIMCH1 SEMA6A HIPK3 ABI3BP SNAI2 APOE 

WDR43 RGS5 SNRPD1 HMGN3 MYH10 TGFBR2 RAB13 BMP5 

CBLB HSP90AA1 CALM1 HSPA9 HAS1 SPCS1 HCFC1R1 NR4A1 

IFI16 NIFK GTPBP4 SYNGR2 CD4 GUCY1A3 MCAM NFKBIA 

ACKR3 CIRBP DNTTIP2 TAF1D PLA2G2A RBBP6 ESAM JUN 

LDHA ARPC5L GLIS3 SPARC FLNB COX7A1 TACC1 CTSC 

EGR3 BAZ1A DDX5 EIF5 PITPNB IL33 MRC2 GEM 

KLF9 SERBP1 CFI CCT2 FOSB WDR83OS MSN PTGS2 

ITGA1 A2M PERP HMGA1 RDH10 ATP5D NDUFB10 CFB 

PLAUR TSHZ2 EIF3J CRIM1 ACTN4 PODN TMEM70 C11orf96 

RPL41 TUBB4B GSPT1 NME1 APP PAG1 WFDC1 CNN1 
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ATP1A1 TUBA1C STEAP2 PNPLA8 COX8A SPINT2 ILK TNFAIP3 

CALM2 CD248 NAA50 EIF5B VAT1 VIMP NEXN VCAN 

DCN DNAJB1 IL6ST USP36 EIF4A1 ACTG2 HMGN1 ADAMTS4 

SFRP1 COL4A2 FAM198B SPTSSA UQCRB SQSTM1 LXN LMCD1 

GNL3 TMEM176A RIOK1 VASN MT-ND2 HTRA3 MIR22HG SERPINA3 

RSL1D1 MLLT11 TRIO UQCR11 SF1 TRAPPC1 LMNA WISP2 

YWHAG MT-ND1 NUFIP2 ELOVL5 KPNA2 SNX9 TNFAIP2 IFI27 

PFDN2 CPZ ANGPTL4 DUSP6 CDC42EP2 GNG11 GAS7 COL3A1 

ZNF593 SEMA3C HSPH1 TNFRSF12A WWTR1 HLA-B SOCS3 

 

UGDH RBMS1 OAF ANXA1 ROBO2 FOSL2 MAFF 

MT-CO3 CD55 TXLNG DDX3X AKAP12 GUCY1B3 CCDC71L 

ADAMTS15 MT-ND5 SELM SELK LPL ZFAS1 PDK4 

NOLC1 HRH1 MRTO4 RERG CTNNAL1 NPNT MALAT1 

DNAJA1 ITGA5 TPM1 DCLK1 CD9 PDPN HSPE1 

MTRNR2L12 MT1G CXCL8 DKK1 RGS16 CCL2 AKR1C1 
* Derived from (56) 

 

Supplementary Table 16, relating to Fig.8. Overview of Non-GLP Study CRL 20229915 

performed in cynomolgus monkeys with ALE.F02 

Study type and  
duration of dosing  

Species, origin, 
number of animals  

Animal  
ID 

Doses  
(mg/kg/day)  

Administration  

Single dose , 42 days Cynomolgus monkey 
(Vietnam) 

1 male/group 

2001 0.3mg/kg IV bolus 

 2002 3mg/kg IV bolus 

 2003 15mg/kg IV bolus 

Repeat dose , 28 days, 
4 doses applied weekly 

Cynomolgus monkey 
(Vietnam) 

2 males/group 

2004 
2005 

60mg/kg IV infusion 
(30 min) 

 2006 
2007 

150mg/kg IV infusion 
(30 min) 
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Supplementary Table 17, relating to Supplementary Methods and Fig. 5 -6. Gene sets 

derived from Molecular Signatures Database v7.4 used in this study. 

 

MSigDB source collection  Gene set  

Hallmark gene sets HALLMARK_TNFA_SIGNALING_VIA_NFKB 

Hallmark gene sets HALLMARK_TGF_BETA_SIGNALING 

Hallmark gene sets HALLMARK_IL6_JAK_STAT3_SIGNALING 

Curated Gene sets KEGG_MAPK_SIGNALING_PATHWAY 

Hallmark gene sets HALLMARK_INTERFERON_GAMMA_RESPONSE 

Ontology gene sets GO_HIPPO_SIGNALING 

Hallmark gene sets HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION 

Hallmark gene sets HALLMARK_ANGIOGENESIS 

Hallmark gene sets HALLMARK_G2M_CHECKPOINT 

Hallmark gene sets HALLMARK_E2F_TARGETS 

Hallmark gene sets HALLMARK_MITOTIC_SPINDLE 

Hallmark gene sets HALLMARK_KRAS_SIGNALING_UP 

Ontology gene sets GO_POSITIVE_REGULATION_OF_MACROPHAGE_ACTIVATION 
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3.2 Non-junctional CLDN1 as a therapeutic target for treatment of HCC 
 

3.2.1 Results summary and own contribution 
 

I) CLDN1 is overexpressed in HCC and correlates with tumor stemness and poor prognosis. 

 (Major contribution, Article figures 1D-J) 

In order to evaluate CLDN1 as a target for treatment of HCC, I assessed CLDN1 gene 

expression in tumorous and adjacent liver tissue of several publicly available cohorts of 

patients with HCC. Interestingly, CLDN1 was significantly overexpressed in pre-malignant 

dysplastic nodules and established HCC compared to non-tumorous liver tissue. Additionally, 

I found CLDN1 overexpression to be associated with transcriptomic signatures related to tumor 

stemness as well as metastatic behavior and short recurrence free survival following surgical 

intervention. These data indicate a functional relevance of CLDN1 for tumor aggressiveness. 

 

II) CLDN1 perturbation suppresses tumor cell proliferation and invasion in state-of-the art 3D 

culture models of HCC (Major contribution, Article figures 2A-F, 2H and 2K-L). 

We next evaluated the functional role of CLDN1 as a therapeutic target for treatment of HCC 

in several 2D and 3D cell culture models using Huh7 cell line. Using 5-ethynyl-2´-deoxyuridine 

(EdU) proliferation- and transwell invasion assays, I could show that both CLDN1 knockout as 

well as CLDN1 mAb-treatment strongly suppressed proliferation and invasion of Huh7 cells. 

Considering the association of CLDN1 gene expression with stemness in HCC liver tissue, I 

further assessed the effect of CLDN1 mAb-treatment in a sphere formation assay, that has 

been shown to recapitulate stem cell functionality. Intriguingly, CLDN1 mAb-treatment was 

associated with formation of markedly smaller tumor spheres and significantly decreased 

tumor sphere viability.  
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III) CLDN1 mAb suppresses tumor growth and epithelial-mesenchymal transition in patient-

derived 3D culture models of HCC. (Major contribution, Article figures 3A-B, 3E-F). 

The therapeutic effect of CLDN1 mAb-treatment was further assessed in several patient-

derived models of HCC. I contributed to studies in patient-derived HCC tumorspheres, that 

demonstrated significant suppressive effect of CLDN1 mAb-treatment on tumor cell viability in 

patient-derived HCC tumorspheres with superior effects compared to sorafenib. Considering 

the previously observed strong effects of CLDN1 perturbation on tumor cell invasion, I 

assessed the effect of CLDN1 mAb treatment on EMT. In fact, CLDN1 mAb-treatment strongly 

suppressed expression of fibronectin, vimentin and SNAI2 in complementary model systems 

consisting of co-culture of Huh7 cells with primary CAFs in patient-derived liver ECM. 

IV) CLDN1 mAb suppresses tumor growth in cell line- and patient-derived xenograft mouse 

models of HCC (co-authors and collaborators). 

To validate the anti-tumor effects of CLDN1 mAb-treatment in vivo, the Baumert laboratory, in 

collaboration with Alentis Therapeutics, employed cell line-derived xenograft (CDX) and 

patient-derived xenograft (PDX) mouse models of HCC. Two independent studies with Huh7 

CDX mice as well as 6 independent PDX mouse models confirmed strong suppressive effects 

of CLDN1 mAb-treatment on tumor growth in vivo. 

V) CLDN1 mAb-treatment interferes with tumor cell survival, differentiation and oncogenic 

signaling (coauthors and own contribution to RNAseq and GSEA, Article Figs. 6A-B) 

In order to evaluate the molecular mechanism of CLDN1 mAb-mediated anti-tumor effects, me 

�D�Q�G�� �R�X�U�� �O�D�E�R�U�D�W�R�U�\�¶�V�� �E�L�R�L�Q�I�R�U�P�D�W�L�F�L�D�Q�� �S�H�U�I�R�U�P�H�G�� �5�1�$�V�H�T�� �D�Q�G�� �*�6�(�$�� �R�Q�� �O�L�Y�H�U�� �W�L�V�V�X�H�� �G�H�U�L�Y�H�G��

from CLDN1 mAb or control treated PDX mice. Interestingly we observed CLDN1 mAb 

treatment to strongly suppress transcriptomic signatures related to cell proliferation, EMT and 

stem cell differentiation. On the other hand, gene sets associated with physiological 

metabolism were strongly upregulated in CLDN1 mAb treated PDX mice. Finally, our 

assessments indicated CLDN1 mAb to suppress oncogenic signaling with the strongest effects 
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on transcriptomic signatures related to TNF�r-NF�ƒB signaling, Wnt-�t-catenin- and KRAS-

signaling. Proteomic studies in Huh7 spheroids performed by the Baumert laboratory further 

indicated that CLDN1 mAb interferes with Src activation, a non-receptor tyrosine kinase that 

converges on several oncogenic pathways. Collectively, these data suggest CLDN1 mAb to 

suppress tumor growth by interfering with tumor cell differentiation and oncogenic signaling. 

VI) Pathway analysis might predict response to CLDN1 mAb treatment (major contribution, 

Article Figure 7) 

The evaluation of CLDN1 mAb treatment in patient-derived HCC tumorspheres as well as in 

the PDX mouse model indicated 46%- 66% of tumors to respond to CLDN1 mAb treatment by 

reduced growth. Hypothesizing an association of this treatment response with the molecular 

characteristics of these tumors I performed RNAseq and GSEA to characterize HCC liver 

tissue with known response or non-response to CLDN1 mAb treatment in either HCC spheroids 

or in the PDX mouse model. Interestingly I observed transcriptomic signatures related to EMT 

and embryonic development pathways to predict response to CLDN1 mAb treatment, while 

signatures related to oxidative stress, Myc and MTORC1 signaling predicted resistance to 

CLDN1 mAb treatment. Taken together these prediction analyses suggest that pathway 

analyses might enable patient selection for precision medicine using CLDN1-targeting 

treatment approaches. 

 

3.2.2 Publication of the results 
 

�7�K�H�V�H���U�H�V�X�O�W�V���Z�H�U�H���L�Q�W�H�J�U�D�W�H�G���L�Q�W�R���W�K�H���P�D�Q�X�V�F�U�L�S�W���³�$���K�X�P�D�Q�L�]�H�G���&�O�D�X�G�L�Q-1 specific monoclonal 

�D�Q�W�L�E�R�G�\�� �I�R�U�� �W�U�H�D�W�P�H�Q�W�� �R�I�� �K�H�S�D�W�R�F�H�O�O�X�O�D�U�� �F�D�U�F�L�Q�R�P�D�´���� �F�X�U�U�H�Q�W�O�\�� �S�U�H�S�D�U�H�G�� �I�R�U�� �V�X�E�P�L�V�V�L�R�Q�� �W�R��

Cancer discovery. 
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3.2.3 Results article II 
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ABSTRACT  

Hepatocellular carcinoma (HCC) is the fastest rising and fourth leading cause of cancer-related 

death worldwide. Despite new treatment approvals, prognosis of patients with advanced HCC 

remains poor. Claudin-1 (CLDN1) is a cell membrane protein mediating cell-cell adhesion, cell 

fate and differentiation. While the function of CLDN1 within tight junctions is well characterized, 

the role of non-junctional CLDN1 in HCC remains unexplored. Here we show that targeting 

non-junctional CLDN1 by humanized monoclonal antibodies robustly suppress tumor growth 

in a large series of patient-derived model systems, including multicellular tumorspheres and 

patient-derived xenograft (PDX) mouse models. Mechanistic studies revealed that CLDN1 

mAbs suppress tumor cell proliferation and invasion by interfering with stemness and 

oncogenic signaling. Our results provide robust pre-clinical proof-of-concept for humanized 

CLDN1-specific mAbs for treatment of HCC. The novel and unique mechanism of action has 

the potential to break the plateau of limited response and survival offered by currently approved 

therapies. 

 

SIGNIFICANCE: HCC is a deathly cancer with unsatisfactory treatment options. Here we 

identified CLDN1 as a novel target for treatment of advanced HCC. Monoclonal antibodies 

targeting non-junctional CLDN1 inhibit tumor growth, invasion and stemness in patient-derived 

ex vivo and in vivo models with superior efficacy and response rate compared to sorafenib. 
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INTRODUCTION 

Hepatocellular carcinoma (HCC) is a major public health burden and currently the fourth 

leading and fastest rising cause of cancer related death worldwide (1). It is estimated that by 

2025 more than 1 million people/year will be affected by liver cancer worldwide (2). HCC 

typically develops on the background of chronic liver diseases, such as viral infection or non-

alcoholic steatohepatitis (NASH) (3). Despite diverse primary causes, common pathways are 

involved in HCC initiation and progression, irrespective of the etiology. HCC nearly always 

arises in the context of chronic inflammation and hepatic fibrosis or cirrhosis, underscoring the 

critical role of the liver microenvironment as a trigger for hepatocarcinogenesis (1). In fact, 

cancer-associated fibroblasts (CAFs) and tumor-associated macrophages (TAMs) have been 

suggested to promote tumor initiation and progression by fostering biological events such as 

epithelial-to-mesenchymal transition (EMT), stemness and immune-escape (4-6). The 

mechanism of malignant hepatocyte transformation has been shown to involve hyperactivation 

of the Ras�±Raf�±MAPK, PI3K�±Akt�±mTOR pathways and Wnt�±��-catenin (7, 8). Association of 

oncofetal transcriptome signatures with HCC subtypes of poor prognosis and therapeutic 

resistance further indicates a functional role of cancer stem cells in HCC development and 

progression (9).  

Despite a dramatic rise in prevalence, current treatment options for HCC are still 

unsatisfactory. Less than 30-40% of HCC patients are eligible for curative approaches such as 

liver transplantation, resection and local ablation. For advanced HCC, only few systemic 

therapies with very limited efficacy and safety are available (10). Of note, the most efficient and 

current first line combination therapy for advanced HCC (Barcelona-Clinic Liver Cancer 

(BCLC), stage C) atezolizumab and bevacizumab showed objective response in only 27.3% 

and complete remission in only 5.5% of the patients (11). Moreover, tumor recurrence is a 

frequent and unpredictable event affecting patients with HCC even after curative treatments 

(70% of patients at 5 years) (12). Given the absence of efficient drugs combined with the rising 

incidence of the disease, there is an urgent unmet medical need for novel therapeutic 

approaches to prevent HCC development and to treat its progression (13). 
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Accumulating evidence indicates a role of tight junction (TJ) proteins in human 

carcinogenesis (14, 15). Claudin-1 (CLDN1) is a transmembrane protein expressed in TJs, but 

also in free, non-junctional form, e.g., at the basolateral membrane of the human hepatocyte. 

Non-junctional CLDN1 serves as a cell entry factor of hepatitis C virus (HCV)(16), a major 

cause of HCC world-wide. During viral cell entry HCV-CLDN1 interactions result in the 

induction of pro-carcinogenic signaling such as activation of the EGFR-MAPK pathway (17-

19). We previously developed monoclonal antibodies (mAb) targeting the extracellular loop 1 

(EL1) specifically on non-junctional CLDN1(20). By inhibiting CLDN1 co-receptor interactions 

and CLDN1 signaling these mAbs eliminate chronic HCV infection without detectable toxicity 

in several in vivo and cell-based models (17, 21). Here, we combined genetic knockout (KO) 

studies with perturbation studies using humanized non-junctional CLDN1 targeting mAbs in a 

large series of patient-derived model systems and demonstrate that non-junctional CLDN1 is 

a novel driver and therapeutic target for HCC. 

 

RESULTS 

CLDN1 is overexpressed in HCC and correlates with tumor stemness and poor patient 

prognosis  

To investigate the role of CLDN1 as a driver and therapeutic target in liver cancer, we first 

analyzed its expression in liver tissues of patients with HCC. Comprehensive computational 

analysis of protein and gene expression data retrieved from the Genomic Data commons 

platform (https://portal.gdc.cancer.gov) and the human protein atlas (22) revealed CLDN1 to 

be highly expressed in primary liver cancer at both gene and protein levels (Fig. 1a-b). Thus, 

compared to frequent loss of detectable expression for other CLDN family members, 

immunohistochemical staining of liver tumors indicated medium to high expression in >75% of 

the patients (Fig. 1c ). Further indicating a functional implication in hepatocarcinogenesis, 

CLDN1 was significantly upregulated in pre-malignant dysplastic nodules of cirrhotic liver 

(GSE102383 (23)�����S� �������������6�W�X�G�H�Q�W�¶�V���W-test, Fig. 1d ), as well as malignant tumorous HCC tissue 
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compared to matched non-�W�X�P�R�U�R�X�V���D�G�M�D�F�H�Q�W���O�L�Y�H�U�����*�6�(�����������������S� �������������S�D�L�U�H�G���6�W�X�G�H�Q�W�¶�V���W-

test, Fig. 1e). Taken together these data suggest a role of CLDN1 in hepatocarcinogenesis 

and as a potential novel drug target. 

HCC is characterized by strong inter-tumoral heterogeneity and various molecular 

phenotypes (1). Thus, we next evaluated CLDN1 expression in regard to molecular tumor 

subtypes. Interestingly, CLDN1 was markedly and significantly overexpressed in HCC 

exhibiting a hepatocyte progenitor/stem cell phenotype (HpSC-HCC) compared to a lower 

�H�[�S�U�H�V�V�L�R�Q���L�Q���+�&�&�¶�V���Z�L�W�K���D���P�D�W�X�U�H���K�H�S�D�W�R�F�\�W�H���V�L�J�Q�D�W�X�U�H�����0�+-HCC) (GSE5975(24), p<0.0001, 

�6�W�X�G�H�Q�W�¶�V���W-test, Fig. 1f ). Consistently, gene set enrichment analysis (GSEA) (25) of liver RNA 

sequencing (RNA-seq) data derived from an independent large HCC cohort (26) revealed 

enrichment of well described tumor stem cell signatures (27, 28) and embryonic genes (29, 

30) in HCC tumors with high CLDN1 expression (GSE11279 (26), FDR<0.001, Kolmogorov-

Smirnov test, respectively, Fig. 1g ������ �0�R�U�H�R�Y�H�U���� �+�&�&�¶�V�� �Z�L�W�K�� �K�L�J�K��CLDN1 expression were 

characterized by upregulation of gene sets associated with cell proliferation as well as distinct 

oncogenic signaling cascades, such as MYC, MAPK and IL6-JAK-STAT3 signaling 

(FDR<0.005, Kolmogorov-Smirnov test, respectively, Fig. 1h ). Considering HpSC-HCC as a 

molecular subtype of poor prognosis (27, 28), we next assessed a potential correlation of 

CLDN1 expression with clinical patient prognosis. Large-scale profiling of HCC patient liver 

tissue previously suggested that especially transcriptomic alterations of the tumor adjacent 

liver �V�W�U�R�Q�J�O�\���S�U�H�G�L�F�W���S�D�W�L�H�Q�W�¶�V���R�X�W�F�R�P�H (31). Of note, high CLDN1 expression in HCC adjacent 

liver tissue was markedly and significantly associated with a metastatic behavior of the 

corresponding tumor (GSE5093(32)�����S�������������������6�W�X�G�H�Q�W�¶�V���W-test, Fig. 1i ). Moreover, evaluation 

of an independent HCC cohort revealed strong correlation of CLDN1 expression in adjacent 

liver tissue with post-resection recurrence free survival (GSE76427 (33), p=0.008, log rank 

test, Fig. 1j) . Taken together, high and robust overexpression as well as association with tumor 

stemness and clinical aggressiveness suggest CLDN1 as a candidate target for treatment of 

HCC. 
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CLDN1 mediates tumor cell proliferation, invasion and stemness  

In order to evaluate CLDN1 as a target for HCC therapy, we assessed the effect of CLDN1 

genetic knockout (KO) on hallmarks of cancer progression, such as tumor cell proliferation, 

stemness and invasion in hepatoma cell culture (Huh-7). CLDN1 loss of function potently 

impaired tumor cell prolif�H�U�D�W�L�R�Q�� ���S� �������������� �6�W�X�G�H�Q�W�¶�V�� �W-test, Fig. 2a) and tumor cell viability 

���S������������������ �6�W�X�G�H�Q�W�¶�V�� �W-test, Fig. 2b ) in both 2D and 3D cell culture assays and showed a 

significantly decreased expression of cell proliferation markers, such as E2F1, CCNB1 and 

CCNB2 (�S� �������������6�W�X�G�H�Q�W�¶�V���W-test, respectively, Fig. 2c ). Beyond its impact on cell proliferation, 

CLDN1 KO markedly and significantly suppressed the invasive capacity of tumor cells, as 

demonstrated by trans-�Z�H�O�O���L�Q�Y�D�V�L�R�Q���D�V�V�D�\�V�����S� ���������������6�W�X�G�H�Q�W�¶�V���W-test, Fig. 2d). In line with the 

association of CLDN1 expression with tumor stemness (Fig. 1f -h), CLDN1 KO cells exhibited 

markedly and significantly decreased surface expression of well characterized liver stem cell 

markers, such as EPCAM, CD133 (PROM1) and CD90 (34) (p<0.0001, p<0.0001, p=0.002, 

�6�W�X�G�H�Q�W�¶�V�� �W-test, respectively, Fig. 2e). Taken together, these data suggest CLDN1 loss-of-

function to mediate anti-tumorigenic effects and to interfere with tumor stemness. 

We previously established fully humanized monoclonal antibodies specifically targeting 

the first EL of non-junctional CLDN1. Flow cytometry revealed robustly enhanced binding of 

CLDN1 mAb to non-junctional CLDN1 in tumor cells compared to matched non-tumoral cells 

derived from adjacent liver (p=0.006, 2-way ANOVA, Fig. 2f ), validating these mAbs for 

subsequent functional studies. Of note, treatment of Huh7 cells with CLDN1 mAb significantly 

�G�H�F�U�H�D�V�H�G���W�X�P�R�U���F�H�O�O���Y�L�D�E�L�O�L�W�\�����S� ���������������6�W�X�G�H�Q�W�¶�V���W-test, Fig. 2g ) and invasion (p=0.006 and 

�S������������������ �6�W�X�G�H�Q�W�¶�V�� �W-test, respectively, Fig. 2h -i) in 3D culture assays. In line with 

computationally assessed decrease in invasion area (Fig. 2i  right panel), CLDN1 mAb 

treatment of Huh7 cells strongly decreased expression of matrix metalloproteinases (MMPs), 

�V�X�F�K���D�V���0�0�3�������Z�L�W�K���F�R�Q�V�L�V�W�H�Q�W���U�H�V�X�O�W�V���D�W���J�H�Q�H���D�Q�G���S�U�R�W�H�L�Q���O�H�Y�H�O�V�����S� �����������������6�W�X�G�H�Q�W�¶�V���W-test, 

Fig. 2j ). CLDN1 mAb effects were further studied in a tumorsphere formation assay that has 

been shown to specifically enrich subclones of cancer stem cells via serum deprivation and 

exposure to growth factors (35). We found that, CLDN1 mAb treated Huh7 cells formed 
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markedly smaller tumorspheres (Fig. 2k ) and showed significantly decreased viability after 7 

�G�D�\�V���R�I���F�X�O�W�X�U�H�����S�������������������6�W�X�G�H�Q�W�¶�V���W-test, Fig. 2l ). Taken together these data reveal strong 

effects of CLDN1 perturbation on cancer hallmarks, such as proliferation, clonal expansion and 

invasion. In line with the association of CLDN1 expression with stem cell signatures in situ (Fig. 

1), the distinct impact on tumorsphere formation, growth and marker gene expression indicate 

that CLDN1 plays a critical role in cancer stemness. 

 

Monoclonal antibodies targeting non -junctional CLDN1 suppress tumor growth and 

EMT in patient -derived ex vivo  models with efficacies superior to sorafenib  

To validate clinically relevant anti-tumorigenic effects, we next assessed CLDN1 mAb 

treatment in patient-derived model systems closely recapitulating human disease. Patient-

derived liver scaffold culture systems allow assessment of cancer therapeutics in a three-

dimensional growth microenvironment that mimics the native structures. Briefly, liver cells were 

removed from patient-derived liver tissues and repopulated with Huh7 hepatoma cells and 

patient-derived cancer-associated fibroblasts (CAFs) to study the effect of CLDN1 mAb on 

EMT, a hallmark of cancer cells closely related to stemness and invasion (4, 36) (study protocol 

illustrated in Fig. 3a�������7�U�H�D�W�P�H�Q�W���R�I���U�H�S�R�S�X�O�D�W�H�G���O�L�Y�H�U���V�F�D�I�I�R�O�G�V���Z�L�W�K���7�*�)�����L�Q�G�X�F�H�G markers of 

EMT, validating functionality of the cells in this system (Fig. 3b ). Of note, CLDN1 mAb 

markedly and significantly suppressed several markers of EMT, including Vimentin (VIM), 

Fibronectin (FN1) and Snail Family Transcriptional Repressor 2 (SNAI2) (p=0.006, p=0.04 and 

p=0.04, paired t-test, respectively, Fig. 3b ). Analogous results were obtained in a 

complementary 3D model system, consisting of Huh7 cells co-cultured with primary CAFs in 

patient liver-derived fibrotic extracellular matrix hydrogel (Suppl. Fig.  1). 

We next aimed to assess the effect of CLDN1 mAb on tumor growth in a fully patient-

derived culture system, modeling tumor heterogeneity. Cultured as multicellular micro-tissues, 

primary HCC tumorspheres maintain original cell-cell contacts and recapitulate non-

parenchymal cells of the tumor microenvironment, which are relevant for tumor progression 
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and therapeutic resistance (37, 38). As shown in Fig. 3c , CLDN1 mAb treatment markedly 

disrupted sphere formation capacity and architecture of HCC spheroids. Moreover, CLDN1 

mAb showed a pronounced effect on HCC spheroid cell viability (p=0.003 and p=0.04, 

�6�W�X�G�H�Q�W�¶�V�� �W-test, Fig. 3d ). In contrast, sorafenib, one of the current first-line treatments for 

advanced HCC (1), showed either no or minor effects (Fig. 3d ). A subsequent large screen in 

HCC spheroids derived from a total number of 15 different HCC patients (patient characteristics 

shown in Suppl. Table 1 ), validated strong suppressive effects of CLDN1 mAb on tumor cell 

viability with superior response rate compared to sorafenib (47% vs. 30%, defined as decrease 

in cell viability of >20%, Fig. 3e). Resistance of HCC cells to sorafenib have been attributed to 

tumor cell plasticity and stemness (39). Indeed, CLDN1 is highly overexpressed in HCC tissue 

predicted to be resistant to sorafenib treatment (GSE109211(40)�����S�������������������6�W�X�G�H�Q�W�¶�V���W-test, 

Fig. 3f ).  

Taken together, these data indicate strong suppressive effects of CLDN1 mAb on 

cancer cell plasticity and tumor growth with superior effects compared to current first-line 

treatment with sorafenib. Marked overexpression of CLDN1 in sorafenib resistant HCC tissue 

highlight its potential as a target in patients with MKI drug resistance. 

A humanized CLDN1 -specific mAb suppresses tumor growth in cell line -derived 

xenograft (CDX) mouse models  

To further confirm anti-tumorigenic effects in vivo, we assessed the effect of CLDN1 mAb on 

tumor growth in Huh7 cell line-derived xenograft (CDX) mouse models. Thus, 5 × 106 Huh7 

cells were subcutaneously injected into the right flank of 6 to 8 weeks old non-obese diabetic 

Rag1-/- IL2Rgc-/- (NRG) mice. When the tumor volumes reached 50 mm3, mice were 

randomized into treatment groups. Tumor growth was monitored three times a week and mice 

�Z�H�U�H���V�D�F�U�L�I�L�F�H�G���Z�K�H�Q���H�W�K�L�F�D�O���H�Q�G�S�R�L�Q�W�V���Z�H�U�H���U�H�D�F�K�H�G�����W�X�P�R�U���Y�R�O�X�P�H���•����00 mm3 or when the 

largest measure reached 2 cm) (study protocol illustrated in Fig. 4a). In a first study, treatment 

effects of CLDN1 mAb monotherapy were compared to treatment with a vehicle Control. No 

measurable adverse effects were observed in mice treated with CLDN1 mAb. As shown in Fig. 
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4b, CLDN1 mAb treatment significantly suppressed tumor growth with increasing effects over 

time of treatment (p<0.01, Mann Whitney U test, respectively, Fig. 4b ). In line, histological 

assessment of KI67, a marker of cell proliferation, revealed marked and significant decrease 

in tumor cell proliferation in CLDN1 mAb treated CDX mice (Fig. 4c, left panel ). Moreover, 

CLDN1 mAb treated CDX mice showed strongly suppressed expression of EPCAM and FN1 

(Fig. 4c, middle and right  panel ), corroborating the functional effect of CLDN1 mAb treatment 

on cancer cell stemness and EMT observed in cell-based models (Fig. 2e, 2k -l, Fig. 3b ). In a 

second independent study Huh7 engrafted mice were additionally randomized into groups 

receiving sorafenib (study protocol illustrated in Fig. 4a). Interestingly, CLDN1 mAb treatment 

showed superior anti-tumor efficacy compared to sorafenib (Fig. 4d ), strongly corroborating 

our findings in HCC spheroids (Fig. 3e). 

Positron emission tomograph�\�����3�(�7�����Z�L�W�K�����¶-deoxy-���¶-[18F]-fluorothymidine ([18F]-FLT) 

represents a highly sensitive imaging technique for non-invasive assessment of tumor 

response and treatment efficacy in patients and preclinical models of cancer (41). The uptake 

of 18FLT is regulated by the cell cycle dependent activity of thymidine kinase 1 (TK1) and 

therefore correlates with cell proliferation (42). Corroborating our clinical and histological 

findings, 18FLT PET Scan of 2 representative CDX mice per group (study protocol illustrated in 

Fig. 4e) showed reduced uptake of 18FLT in CLDN1 mAb- compared to control- treated animals 

(Maximum Standardized Uptake Value (SUVmax)= 3.68 and 5.16 vs. 10.32 and 5.46, Fig. 4f  

and 4g, left panel ). Moreover, the avid tumor volume (ATV) and total lesion proliferation (TLP) 

were markedly smaller in CLDN1 mAb- compared to control treated mice (Fig.  4g, middle and 

right panel ). 

We further evaluated the effect of CLDN1 mAb on cancer metabolism by 2-deoxy-2-

[18F]- fluoro- D-glucose ([18F]-FDG) PET Scan. Of note, reduction in 18FDG PET activity 

following tumor therapy have been shown to correlate with favourable effects on clinical 

endpoints and survival in cancer patients (43). Interestingly, 18FDG PET Scan of CDX mice 

treated with control, sorafenib or CLDN1 mAb (study protocol illustrated in Fig. 4h ) revealed 

strong suppressive effects of CLDN1 perturbation on glucose uptake in cancer cells (Total 



167 
 

lesion glycolysis (TLG), CLDN1 mAb vs. Control = 98.21 vs. 342.48, p<0.05, Fig. 4i -j). In 

contrast, Sorafenib showed no effect on tumor cell glycolysis (Total lesion glycolysis (TLG), 

Sorafenib vs. Control = 378.62 vs. 342.48, Fig. 4i -j). Taken together these data validate the 

functional impact of CLDN1 mAb on HCC tumor growth and metabolism and highlight its 

superior efficacy compared to one of the current first-line HCC therapeutics sorafenib. 

 

A humanized CLDN1 -specific mAb suppresses tumor growth in patient -derived 

xenograft (PDX) mouse models  

Molecular drivers and response to therapeutics strongly vary between different HCC 

subclasses and patients (1). In this context, PDX mouse models recapitulate tumoral 

heterogeneity and are currently the most powerful in vivo system for studying cancer 

therapeutics and predicting clinical outcomes (44). To evaluate anti-tumoral efficacy and 

response rate, CLDN1 mAb treatment was assessed in 6 different PDX mouse models 

(available clinical and histo-pathology data are shown in Suppl. Table 2 ). Following 

established tumor growth (16 to 115 days), mice from each tumor model were randomized into 

groups receiving weekly i.p. injections of 500 µg CLDN1 mAb (n=3 per model) or vehicle control 

(n=2 per model). Tumor growth was monitored for 28 days (study protocol illustrated in Fig. 

5a). Body weight in CLDN1 mAb treated animals remained unaltered compared to the control 

group throughout the study (Suppl. Table 3 ). Of note CLDN1 mAb markedly and significantly 

suppressed tumor growth by 38.5% on average in 4 out of 6 PDX models, a value superior to 

current treatment in clinical practice (1) (Fig. 5b). Strongest effects were observed in an AFP+ 

HCC PDX mouse model with an average decrease in tumor volume of 54% (LI6716, p=0.003, 

�S�D�L�U�H�G���6�W�X�G�H�Q�W�¶�V���W-test, Fig. 5c). Taken together these data validate anti-tumor effects of non-

junctional CLDN1 targeting mAbs in tumor models and provide robust preclinical proof-of-

concept for CLDN1 mAbs for the treatment of HCC.  
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CLDN1 mAbs mediate anti -tumorigenic effects by interfering with cancer cell 

differentiation , metabolism and oncogenic signaling  

Next, we aimed to elucidate the molecular mechanism of CLDN1 mAbs mediating anti-

tumorigenic effects. We performed RNA-seq and GSEA (25) on CLDN1 mAb-(n=3) vs. control 

(n=2) treated tumor tissues harvested from the CLDN1 mAb-responding PDX mouse model 

#LI6716 (Fig. 5). In line with our in vitro data (Fig. 2) and the observed tumor suppressive 

effect, gene sets associated with cell survival, such as E2F targets, G2M checkpoint and mitotic 

spindle were markedly downregulated in CLDN1 mAb treated PDX mice (Fig. 6a). Moreover, 

consistent with our results obtained in cell based models (Fig. 2e, 2k-l, Fig. 3a-b) and CDX 

mice (Fig. 4c ), genes sets related to liver cancer stemness (28, 29) and EMT (45) were 

markedly suppressed in CLDN1 mAb treated PDX mice (Fig. 6a). Interestingly, transcriptomic 

assessment of cancer cell metabolism in PDX mice derived tumorous liver tissue revealed 

strong suppression of hypoxia related genes in CLDN1 mAb treated animals. On the other 

hand, genes associated with physiological hepatocyte metabolism, such as bile acid 

metabolism, glycolysis and cholesterol homeostasis were restored (Fig. 6a). Taken together 

these data validate CLDN1 mAb to strongly impact on cancer cell proliferation, metabolism and 

stem-cell like differentiation. 

Proliferation, differentiation and metabolism in cancer cells are orchestrated by a broad 

range of different signaling cascades. Interestingly, CLDN1 has been previously reported to 

crosstalk with Src signaling (19, 46), a key transmitter of growth factor or integrin receptor 

activation that converges on several oncogenic signaling pathways. Thus, we next evaluated 

the effect of CLDN1 mAb treatment on transcriptomic signatures of cancer cell signaling in 

tumorous tissue derived from the PDX mouse model LI6716. In fact, mice treated with CLDN1 

mAb showed strong suppression of several key oncogenic signaling pathways, with the 

�V�W�U�R�Q�J�H�V�W���H�I�I�H�F�W�V���R�Q���7�1�)�.-�1�)���%�����7�*�)�������,�/��-JAK-STAT3 and KRAS signaling (47) (Fig. 5c). 

Assessing Src signaling and key downstream pathways in our Huh7 spheroid model system 

revealed that CLDN1 mAb robustly suppressed Src (pY416) phosphorylation in a dose 
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dependent manner (Fig. 5c ). Moreover, phosphorylation of STAT3 (pY705), one of the 

downstream targets of Src signaling was significantly reduced in CLDN1 mAb compared to 

control mAb-treated cells (Fig. 5c ). Taken together, these data indicate that CLDN1 mAb 

broadly interferes with oncogenic signaling to impact on tumor cell proliferation, differentiation 

and metabolism.  

 

Transcriptomic signatures predict response to CLDN1  mAb therapy providing a 

perspective for biomarker development and individualized therapy  

Strong inter-individual differences in treatment response warrant evaluation of treatment 

predictive biomarkers to enable precision medicine. We aimed to identify molecular signatures 

predicting response to CLDN1 mAb therapy in patient-derived tumorspheres and PDX mouse 

models. RNA-seq data from basal non-treated HCC tissue was therefore assessed by GSEA 

in relation to its response to CLDN1 mAb treatment in spheroid and PDX mouse models 

(Responders: #S06, #S07, #S15, LI6280, LI6716, LI6723, LI6688; Non-Responders: #S13, 

#S16, #S17, #S18, LI1055 and LI1068). Although HCCs used in this study were from (I) diverse 

etiologies, (II) tumor grade and (III) presented different histological features, we found that the 

dysregulation of few distinct pathways enabled us to predict if the cancer cells would respond 

to CLDN1 mAb in in vivo or ex vivo models. �*�H�Q�H���V�H�W�V���V�S�H�F�L�I�L�F���I�R�U���:�Q�W����-Catenin and EMT 

were found to be strongly enriched in HCC tumor tissues showing response to CLDN1 mAb in 

HCC tumorspheres and PDX mouse models (Fig. 7) in line with the observation that these 

signaling pathways were suppressed in CLDN1 mAb treated mice (Fig. 6b). Resistance to 

CLDN1 mAb on the other hand was associated with MYC signaling as well as gene sets related 

to oxidative stress and MTORC1 signaling (Fig. 7), that consistently rather showed induction 

upon CLDN1 mAb treatment (Fig. 6b). Taken together these data identify molecular subtypes 

of HCC with distinct susceptibility to CLDN1 mAb treatment.  

 

 


























































































































































































































































































































