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Cover figure: 

Multiple immunofluorescence staining of a biliary atresia liver fragment obtained 

at the time of liver transplantation, evidencing important ductular reaction and 

established biliary cirrhosis. The staining identifies hepatocytes (HNF4-α; green), 

cholangiocytes (CK-19; yellow), myofibroblasts (α-SMA; light blue), cells containing 

DNA-damage foci (γH2AX; orange) and proliferative cells (Ki67; pink). The section 

was counterstained with Hoechst to evidence all cellular nuclei (dark blue).   
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Summary 

 

Cholestatic liver diseases – and especially biliary atresia (BA) – are the first cause of 

liver transplantation in the pediatric population. Although the outcomes of liver 

transplantation improved in the last years, there is still important mortality and 

morbidity related to this heavy procedure, generating a need for alternative 

therapies. Premature senescence has emerged as an important feature of adult 

chronic hepatobiliary diseases since this phenomenon was associated to disease 

severity and prognosis. Numerous preclinical studies were conducted in this 

context and demonstrated that liver disease improves when senescence decreases. 

A few studies also suggested the presence of liver senescence in BA, but the 

possibility of using anti-senescence therapies was never explored in pediatric biliary 

cirrhosis. In this context, and since there is an urgent need for new therapies to 

avoid or postpone liver transplantation in pediatric biliary cirrhosis, the aim of our 

work was to deeply investigate premature senescence in BA and to assess 

translatable anti-senescence therapies in a preclinical model of biliary cirrhosis. 

We first developed multiple techniques to assess senescence since no single marker 

is completely specific of this phenomenon. In this process, we developed an 

optimized protocol allowing us to detect senescence-associated β-galactosidase 

activity on cryopreserved liver (see Chapter 2). We also performed the first spatial 

whole transcriptomic analysis on BA livers and demonstrated that liver senescence 

and the senescence-associated secretory phenotype (SASP) are already present 

from early stage in BA and continue to progress until liver transplantation, 

supporting the potential benefit of senotherapeutic interventions following 

hepatoportoenterostomy (see Chapter 3). The next step was to develop a 

preclinical model of biliary cirrhosis and senescence in which we could test 

senotherapies that would be ready for clinical applications. We demonstrated that 

the bile duct ligation (BDL) model in two-months-old rats displayed liver disease 
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and senescence progression that were in many aspects comparable to BA, and 

administrated the operated animals with human allogenic liver-derived progenitor 

cells (HALPC) or with the senolytic combination dasatinib (D) + quercetin (Q) (see 

Chapter 3). HALPC decreased the early marker of senescence p21 and improved 

liver disease in BDL rats, providing promising results regarding the use of 

senotherapeutics in biliary cirrhosis. However, a longer experiment with repeated 

administrations of HALPC did not confirm those preliminary results, and D+Q did 

not have any effect on liver senescence in the experiments (see Chapters 3 & 4). 

Finally, we report for the first time that the livers of patients suffering from Alagille 

syndrome – another leading cause of liver transplantation due to pediatric 

cholestasis – display premature senescence at the time of liver transplantation, 

despite Jagged1 mutation and the involvement of the Notch pathway in senescence 

induction and propagation (see Chapter 5). 

In conclusion, we provide the first report suggesting a potential interest of anti-

senescence therapies in pediatric biliary cirrhosis. However, proof of efficacy 

regarding therapeutic interventions that act on early and late senescence through 

identified mechanisms and thereby improve liver disease will be needed before 

translating senotherapies to pediatric biliary cirrhosis. 
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Chapter 1: introduction 
 

 

Background 

 

Liver transplantation in pediatric cholestatic diseases 

Cholestatic liver diseases in the neonate or the young infant are a group of rare 

diseases inducing conjugated hyperbilirubinemia due to bile flow impairment (1). 

Those diseases affect approximately 1/2500 infants and the principal etiology is 

biliary atresia (BA), which is involved in 25-55% of the cases (1). Other conditions 

inducing cholestatic jaundice in infants include alpha1-antitrypsin deficiency, 

Alagille syndrome (ALGS) and progressive familial intrahepatic cholestasis (PFIC). 

Despite the existence of supportive therapies – mainly choleretics and antipruritics 

– there are currently no curative treatments for chronic cholestasis and the only 

therapeutic option in case of end-stage liver disease remains liver transplantation 

(1). According to the European Liver Transplantation Registry (ELTR) website, that 

reports the results of 17117 children transplanted between 1988 and 2020, 

cholestatic diseases alone represent 70.6% of the liver transplantation indications 

in children under 2 years old. The SPLIT registry reports results from 1911 pediatric 

liver recipients in North America from 2011 to 2018 (2). Cholestatic diseases were 

the first cause of liver transplantation in the total pediatric population of this 

database (0-18 years of age) as they were responsible for 47.3% of the 

transplantations. Within cholestatic diseases, the main etiology was BA (38.5%), 

followed by ALGS (4.1%) and PFIC (2.8%) (2). The outcomes of liver transplantation 

have progressed as the SPLIT registry reported a 5-years patient’s survival rate of 

94.2% and a 5-years graft survival rate of 87.7% (2). However, the 20-years graft 

survival rate drops to 55% in the ELTR long-term data and the life-long 
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immunosuppressive therapy required after liver transplantation still induces 

substantial morbidity (3). Also, the cognitive and behavioral development of 

transplanted children is significantly affected (3). Although the outcomes of 

pediatric liver transplantation notably improved in the last years, there is still 

considerable mortality and morbidity related to this procedure and therapeutic 

alternatives are urgently needed.    
 

Senescence and the senescence-associated secretory phenotype 

 

 Senescence development 

Senescence is a process of cellular aging, which may occur following different 

mechanisms. Replicative senescence results from a progressive decline in the cell’s 

ability to proliferate (4). It occurs in response to telomere shortening after a 

number of cellular doublings depending on various parameters (cellular type and 

donor’s species, age or genotype). On the other side, stress-induced premature 

senescence (SIPS) can be triggered at any time by a large diversity of factors 

promoting cellular stress, including telomere dysfunction, non-telomere DNA 

damage, oxidative stress or oncogene activation (5). A DNA damage response (DDR) 

occurs in response to DNA double-strand breaks (DSBs) and leads to cell-cycle 

arrest until the damage has been repaired (6). DDR signaling kinases such as ATM 

and ATR accumulate at the damaged site and phosphorylate DDR proteins including 

H2AX and 53BP1. If the damage persists, ATM and ATR activate the tumor 

suppressor p53, which leads to a permanent cell-cycle arrest and cellular 

senescence through p21 activation. When DSBs are located at telomeric regions 

due to telomere shortening or to genotoxic agents, the DNA repair is much less 

efficient and cellular senescence quickly occurs (6). DNA altered replication and 

DSBs can also be a consequence of the hyperproliferative phase triggered by 
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oncogene expression – such as RAS or BRAF – and lead to oncogene-induced 

senescence (OIS) (6). 

 

 The senescent phenotype 

Senescent cells display a specific structural and functional phenotype (Figure 1). 

Those cells typically show an enlarged and flattened morphology, associated to the 

upregulation of cell cycle inhibitors such as p21 and p16, which lead to permanent 

cell cycle arrest through Rb-E2F modulation. Both p21 and p16 inhibit cyclin/cyclin-

dependent kinases (CDK) complexes and thereby prevent Rb phosphorylation (7). 

The unphosphorylated form of Rb represses E2F family transcription factor activity, 

resulting in a cell cycle arrest as E2F is normally required for cell-cycle progression. 

Other CDK inhibitors include p15 and p27 and can also be used as senescence 

markers in selected situations (7). Senescent cells also display a higher activity of 

the lysosomal enzyme beta-galactosidase (β-gal), as a consequence of the increase 

in the number and activity of lysosomes due to the accumulation of damaged 

macromolecules (8). Other hallmarks of senescence include the accumulation of 

DNA-damage foci, telomere shortening and/or dysfunction, metabolic 

modifications including mitochondrial dysfunction, upregulation of anti-apoptotic 

pathways and a senescence-associated secretory phenotype (SASP) (9, 10). DNA-

damage foci are nuclear structures containing proteins associated to the DDR such 

as ATM, ATR, γH2AX (histone H2AX phosphorylated on Ser-139) or 53BP1 (7). 

Telomere shortening mainly occurs in replicative senescence, while telomere 

dysfunction consists in the accumulation of DNA-damage foci at telomeric sites 

(telomere dysfunction-induced foci – TIFs) and can be detected in all types of 

senescence (5). Mitochondrial dysfunction in senescent cells leads to an increase in 

reactive oxygen species (ROS), which causes oxidative stress that can in turn 

reinforce senescence (7). Senescent cells also upregulate anti-apoptotic/pro-
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survival pathways, mediated amongst others by the increased expression of Bcl2 

family members (7). Finally, the SASP includes pro-inflammatory cytokines and 

chemokines, angiogenic factors, growth modulators and matrix metalloproteinases 

(MMPs) amongst others (11). It allows developmental senescence during 

embryogenesis, as well as wound healing, tissue plasticity, and the activation of 

immune responses resulting in the clearance of senescent cells. However, the SASP 

also contributes to reinforcing and spreading senescence through autocrine and 

paracrine effects, which can lead to deleterious tissue remodeling and cellular 

dysfunction (7). Furthermore, chronic activation of the SASP can cause sustained 

inflammation and be pro-tumorigenic through angiogenesis stimulation. 

Interestingly, the SASP profile can vary widely according to the cell type, senescence 

induction stimulus and duration of senescence (12, 13). Various cytokines are 

represented in the SASP of cirrhotic livers, including transforming growth factor β1 

(TGF-β1), C–C motif chemokine ligand 2 (CCL2), interleukin 6 (IL-6) and 8 (IL-8), 

which are important promotors of the paracrine and autocrine transmission of 

senescence (10, 14, 15). Since no senescence markers are completely specific, the 

identification of senescent cells classically relies on a selected combination of 

markers reflecting various hallmarks of the senescent phenotype (5). 

Altogether, the senescent phenotype causes an irreversible inhibition of cell 

proliferation with the inability to induce apoptosis and a modulation of the cell 

metabolic activity. While acute senescent cells are beneficial (embryogenesis, 

tumour suppression, wound repair), the accumulation of chronic senescent cells 

can be harmful and result in cell and tissue dysfunction (16). 
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Figure 1. Hallmarks of cellular senescence. SA-β-gal: senescence-associated β-
galactosidase; SASP: senescence-associated secretory phenotype.  

 

 

Premature senescence in adult hepatobiliary diseases and in preclinical 

models of liver disease  

 

 Senescence worsens the prognosis of biliary diseases   

Premature liver senescence occurs in numerous chronic hepatobiliary diseases and 

has been associated to disease severity and cirrhosis (17-20). Cholangiocytes 

senescence was associated with disease severity and prognosis in primary 

sclerosing cholangitis (PSC) (18). In primary biliary cholangitis (PBC), cholangiocytes 

senescence increased with disease severity, modulated the response to choleretic 

therapy and induced paracrine transmission of senescence in other cholangiocytes 

(21, 22). Hepatocytes senescence was also demonstrated in numerous chronic liver 

diseases including PSC, PBC, non-alcoholic fatty liver disease (NAFLD) and chronic 



16 
 

viral hepatitis, and also correlated with disease severity and prognosis (17, 20). 

Current knowledge about senescence in cholangiopathies suggests that the initial 

biliary injury induces the activation of cholangiocytes and the formation of a 

ductular reaction, but also directly causes stress-induced premature senescence in 

cholangiocytes (Figure 2) (23-25). The SASP of senescent cholangiocytes not only 

worsens the inflammation and fibrosis related to the biliary injury and ductular 

reaction, but also causes paracrine transmission of senescence in surrounding 

cholangiocytes and hepatocytes. Those paracrine effects of the SASP reinforce 

cholangiocytes senescence and lead to hepatic dysfunction due to hepatocytes 

senescence. Ultimately, the accumulation of senescent cholangiocytes – due to 

SIPS or paracrine senescence – and the exhaustion of the proliferative ability of the 

ductular reaction cells that undergo replicative senescence can lead to ductular 

paucity. This theory underlies the fact that senescence is a consequence and not a 

cause of the biliary damage, but also allows us to understand how senescence and 

the SASP can substantially worsen the disease evolution and prognosis. 
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Figure 2. Senescence physiopathology in biliary diseases. SASP: senescence-associated 
secretory phenotype. Created with Biorender.com. 

 

 

Liver disease improves when senescence decreases 

Several preclinical studies clearly emphasized the connection between senescence 

and hepatobiliary diseases (Figure 3). In a mouse model of liver injury induced by 

CCl4, shortened hepatocyte telomeres caused by telomerase knockout were 

associated with cellular senescence and an accelerated onset of cirrhosis (26). In 

the same model, reintroduction of telomerase activity improved the liver function 

and the histological fibrosis. In another study, clearance of senescent cells by 
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suicide gene-mediated ablation of p16Ink4a-expressing senescent cells or by 

treatment with senolytic drugs dasatinib (D) and quercetin (Q) reduced steatosis in 

mice (27). More recently, anti-senescence urokinase-type plasminogen activator 

receptor (uPAR)-specific chimeric antigen receptor (CAR) T cells improved liver 

function and fibrosis in mice models of liver disease induced chemically (CCl4) or by 

diet (28). Also, suppressing paracrine senescence through TGF-β receptor 1 

inhibition allowed to improve liver regeneration and mouse survival following 

acetaminophen liver injury (29). Notably, in a mouse model of biliary senescence 

based on the conditional deletion of Mdm2 (an inhibitor of p53) in bile ducts under 

the control of the Krt19 promoter, cholangiocytes senescence induced liver fibrosis 

and impaired liver function and regeneration through paracrine transmission of 

senescence from cholangiocytes to hepatocytes (15). Suppressing the paracrine 

transmission of senescence by inhibiting TGF-β receptor 1 allowed to improve liver 

function and regeneration in this model. In another model of biliary injury (Mdr2-/- 

mice), removal of senescent cells through ablation of p16Ink4a-expressing cells or 

fisetin administration reduced liver inflammation and fibrosis (30). Altogether, 

existing data demonstrate that liver disease improves when senescence decreases 

and generate a need for anti-senescence therapies that can be translated to clinical 

applications. 

Even if the deleterious effects of senescent hepatocytes and cholangiocytes have 

been extensively demonstrated in chronic hepatobiliary diseases, it is important to 

know that other senescent cell types might be beneficial for liver homeostasis. For 

example, in p53-/- mice treated with CCl4, liver fibrosis increased due to a reduction 

of senescent hepatic stellate cells (HSC) as compared to wild type CCl4-treated mice 

(31). Senescent HSC also promoted liver regeneration after partial hepatectomy in 

mice through IL-6 and ligands of CXCR2 (32). HSC senescence thus seems to be 

beneficial as it limits liver fibrosis progression and improves liver regeneration. Liver 

sinusoidal endothelial cells (LSEC) senescence also has beneficial effects as the 
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removal of senescent LSEC in aged mice resulted in perivascular fibrosis (33). In this 

context, anti-senescence therapies should be developed with special attention 

payed to the senescent cell type targeted. 

 

 

 

 
Figure 3. Liver disease improves when senescence decreases in preclinical models. D: 
dasatinib; MSC: mesenchymal stem cells; Q: quercetin; SASP: senescence-associated 
secretory phenotype.  

 

 

Biliary atresia and senescence in pediatric biliary cirrhosis 

 

Biliary atresia 

BA is a severe pediatric disease caused by the progressive fibro-inflammatory 

obliteration of extrahepatic bile ducts (34). The biliary obstruction leads to 

cholestasis, hepatocellular injury and ultimately cirrhosis and end-stage liver 

disease. Despite the fact that BA is the first cause of liver transplantation in children, 

its underlying mechanisms are still not completely elucidated (34, 35). Multiple 

potential etiological factors have been incriminated, such as viral infection (CMV, 
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EBV and HPV amongst others), environmental toxins, genetic susceptibility, 

immune dysfunction or disruption of the apical-basal polarization of cholangiocytes 

(36). The diseased phenotype is most likely multifactorial, with significant 

involvement of viral infection and immune dysregulation in isolated BA. CMV is the 

most frequently incriminated viral agent and CMV-associated BA has even been 

proposed as a BA subgroup (37). In the rhesus rotavirus (RRV)-induced mouse 

model of BA, the SRL peptide of VP4 protein has been shown to be responsible for 

the biliary damage, and this peptide is also found in CMV proteins (38). In syndromic 

BA, genetic mutation(s) leading to primary cilia dysfunction such as PDK1L1, PCNT, 

KIF3B or TTC17 probably play an important part in the physiopathology (36). 

Recently, a mouse model of Pdk1l1 intrahepatic deletion was able to reproduce 

some pathological aspects of BA (39). Syndromic BA is not clearly defined as it can 

include either the typical BA splenic malformation (BASM) syndrome or various 

other malformations such as esophageal atresia (37). Either way, the 

polymalformative phenotype suggests that the disease already develops in utero 

and a prenatal diagnosis is sometimes possible. Children with BASM syndrome 

inconsistently display polysplenia, absence of the inferior vena cava, preduodenal 

portal vein and/or situs inversus (37). Finally, a cystic form of BA can occur and must 

not be mistaken for an obstructed choledochal cyst as the evolution and prognosis 

of those diseases are completely different (37). 

 

 Premature senescence in biliary atresia 

Premature senescence has been described in pediatric BA in isolated cases or 

through single techniques. Gutierrez-Reyes et al evidenced senescence-associated 

β-galactosidase (SA-β-gal) activity and increased p53 protein expression in the 

cholangiocytes cell population of two children who underwent liver transplantation 

for BA (40). Both livers did not display protein expression of senescence markers 

p16 and p21 through immunohistochemistry (IHC). In contrast, other authors 
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reported an upregulation of p16 and p21 IHC protein expression in the 

cholangiocytes of 63 children transplanted for BA (41). Senescence in BA was also 

evidenced through a reduction of the telomere/centromere ratio in the 

hepatocytes of 20 transplanted children, but the Q-FISH method used for this study 

did not show any reduction in telomere length (42). Finally, another group 

investigated the gene expression of IGFBP-rP1 (or IGFBP7), a protein playing an 

important role in Ras- and p53-mediated senescence (43-45). They observed an 

increase in IGFBP-rP1 cDNA microarray expression in 11 BA children, and confirmed 

this result in two patients through semi-quantitative reverse transcription 

polymerase chain reaction (RT-PCR). The hypothesis underlying the development 

of senescence in BA is that continuous activation of TLR3 by double strand viral RNA 

would lead to N-Ras activation and ultimately to OIS (19). Of note, senescence was 

never investigated in other pediatric cholangiopathies such as ALGS or PFIC.  

Because no senescence markers are completely specific, the gold standard is now 

to assess cellular senescence through multiple indicators (5). No study ever 

demonstrated a full senescence pattern in BA nor investigated the possibility of 

developing senotherapies in pediatric biliary cirrhosis to date.   

 

Senotherapies 

Substantial research has been conducted in the last years to develop therapeutic 

agents able to alleviate the senescent burden, so called senotherapeutics agents or 

senotherapies. Different subcategories of senotherapies have been proposed 

according to their mechanism of action (46). The main subcategories of 

senotherapeutics are described hereafter with special attention payed to their 

potential translatability to clinical applications. 
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 Senolytics 

Senolytic therapies aim at specifically targeting and eliminating senescent cells (47). 

Proof of concept of senolytics efficacy was first achieved through the INK-ATTAK 

transgene mouse model, in which elimination of p16Ink4a-positive senescent cells 

induced by a drug allowed to delay the onset of age-related pathologies and to 

attenuate the progression of already established age-related disorders (48). First-

generation senolytics were subsequently developed by inhibiting the anti-apoptotic 

pathways that are upregulated in senescent cells (49, 50). The multityrosine kinase 

inhibitor D (EPHB1 inhibition) and the flavonoid Q (PI3K pathway inhibition), used 

in combination, demonstrated to synergistically reduce the senescent cell burden 

in chronologically aged, radiation-exposed, and progeroid mice (50). The Bcl-2 

inhibitor navitoclax as well as the combination of Bcl-2, Bcl-xL and Bcl-w siRNAs also 

demonstrated to have a senolytic activity in selected cell types (51). Fisetin, a 

flavonoid that targets the PI3K/AKT/mTOR pathway, and the specific Bcl-xL 

inhibitors A1331852 and A1155463 subsequently confirmed the senolytic potential 

of pro-apoptotic drugs on selected senescent cell types (52). More recently, 

immune-mediated clearance of senescent cells through cytotoxic CAR T cells 

primed against uPAR efficiently ablated senescent cells in vitro and in vivo, uPAR 

being a cell-surface protein that is broadly induced during senescence (28).  

The considerable advantage of senolytic therapies is that an intermittent use is 

possible as a “hit and run” strategy allows to successfully remove senescent cells 

with spaced administrations (46). However, despite intermittent administration, 

off-target side effects caused by the removal of non-senescent cells or beneficial 

senescent populations can still occur. For example, navitoclax can induce 

thrombopenia and neutropenia due to off-target effects on platelets and 

neutrophils (47). Still, D+Q, fisetin and navitoclax are currently being studied in 

clinical trials about age-related diseases. The combination of D+Q is being tested in 

Alzheimer’s disease (NCT04785300), diabetic kidney disease (NCT02848131), 
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idiopathic pulmonary fibrosis (NCT02874989), osteoporosis (NCT05313634) and 

NAFLD (NCT05506488). Fisetin is studied in osteoporosis (NCT05313634), 

osteoarthritis (NCT04210986) and diabetic kidney disease (NCT03325322), while 

navitoclax is investigated in solid tumors in combination with senescence-inducing 

chemotherapy (NCT00445198; NCT02591095; NCT02520778; NCT02079740). New 

strategies are being developed to increase senolytics specificity for senescent cells, 

for example through galactose-conjugated nanoparticles or prodrugs cleaved in 

cells with increased SA-β-gal activity (46). However, as mentioned before, particular 

attention will have to be paid in the future to the specific cell type targeted by 

senolytics in specific disease conditions to better avoid off-target side effects.    

 

 Senoblockers 

Senoblockers inhibit or prevent the primary damage that induces senescence 

development or artificially reverse senescence (46). This category includes 

Mdm2/p53 pathway modulators, viral reactivation of telomerase or 

reprogramming of senescent cells into pluripotent stem cells (53-55). However, 

bypassing senescence raises obvious concerns about a potential oncogenic risk and 

those strategies are difficult to translate into clinical applications. 

 

Senomorphics 

Senomorphic therapies aim at modulating the SASP and its downstream effects 

(46). This subgroup includes inhibitors of molecular pathways inducing the SASP, 

for example mTOR inhibition through rapamycin (and analogs) or NF-kB inhibition 

through metformin or glucocorticoids (49). However, the effects of those drugs are 

often multiple and it is very difficult to attribute any beneficial effect to SASP 

inhibition only. Metformin was tested in clinical trials about aging (NCT02432287), 

frailty (NCT03451006) and muscle strength in the elderly (NCT02308228) among 
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others. More specific senomorphics can act on single SASP components, including 

monoclonal antibodies or molecules inhibiting TGF-β (SB525334), IL-6 

(tocilizumab), IL6-R/JAK-STAT (ruxolitinib) or IL-1 (anakinra) (49). Still, it is very 

difficult to discriminate if the effect of those compounds is related to anti-

inflammatory or anti-SASP effects. The main advantage of senomorphics is that 

they do not induce side effects related to the removal of senescent cells. However, 

since senescent cells are not removed and continue to produce the SASP, 

continuous administration could be necessary to achieve a significant effect. Also, 

a better understanding of individual SASP components will be needed to translate 

senomorphics in clinics, especially since the SASP can be beneficial and allow tissue 

regeneration in specific conditions (56). 

 

 Mensenchymal stem cells  

Mesenchymal stem cells (MSC) (Figure 4) and MSC-derived extracellular vesicles 

can improve age-related diseases through anti-oxidative and anti-inflammatory 

properties that limit the development of senescence (57). Bone marrow-derived 

MSC (BM-MSC) decreased senescence in a mouse model of idiopathic pulmonary 

fibrosis and in cardiomyocytes of aging rats through anti-oxidative properties 

(NAD+ and NADPT increase or ROS and malondialdehyde – MDA – reduction) (58, 

59). In an ischemia-reperfusion model of kidney injury in rats, umbilical cord-

derived MSC (UC-MSC) and adipose-derived MSC (A-MSC) also reduced senescence 

through anti-oxidative and anti-inflammatory effects reflected by an increase in 

superoxide dismutase (SOD) and Klotho (60). Furthermore, A-MSC decreased 

adipocytes and skin senescence in aging mice through anti-oxidative properties 

(SOD increase and MDA reduction), and A-MSC extracellular vesicles improved 

ultraviolet B-induced skin senescence through anti-oxidative and anti-

inflammatory effects (reduction of ROS and immune cell infiltrate) (61-63). Some 

evidence suggests that MSC could also have anti-senescence effects through SASP 
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modulation. Extracellular vesicles from human embryonic stem cell‐derived MSC 

reduced senescence and SASP components such as IL-6 and IL-1β in various organs 

of aged mice (64). In addition to their anti-oxidative senoblocking effects, MSC 

could thus modulate the SASP through anti-inflammatory senomorphic properties. 

Again, discriminating senescence improvement related to SASP modulation versus 

anti-inflammatory properties remains a real challenge. Also, MSC anti-senescence 

effects were attributed to global anti-oxidative and anti-inflammatory properties in 

preclinical studies, but the molecular pathways underlying those effects are still not 

elucidated. On the other side, MSC can induce senescence in selected cell types as 

demonstrated in a mouse model of systemic lupus erythematosus in which human 

UC-MSC increased CD4+ T cells senescence via MiR-199a-5p/Sirt1/p53 axis (65). 

Special attention also has to be payed to the donor’s age and to MSC manipulations 

in vitro since MSC senescence occurs with age or due to prolonged culture 

conditions (66, 67). Still, MSC already reached clinical applications and their effect 

was or is currently being investigated in numerous human pathologies including 

age-related diseases such as Alzheimer’s disease (NCT02600130), osteoporosis 

(NCT01532076), osteoarthritis (NCT01504464), myocardial infarction 

(NCT05043610) and frailty syndrome (NCT04914403). MSC transplantation in 

chronic liver disease repeatedly demonstrated to improve liver function and 

histology (68-71). Recently, MSC-derived exosomes improved senescence in 

cholangioids treated with H2O2 and in the CCl4 mouse model of liver injury (72, 73). 

However, the effect of MSC on liver senescence has never been investigated. 
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Figure 4. Anti-senescence properties of MSC. A-MSC: adipose-derived MSC; BM-MSC: bone 
marrow-derived MSC; h: human; IPF: idiopathic pulmonary fibrosis; m: mouse; MSC: 
mesenchymal stem cells; r: rat; UC-MSC: umbilical cord-derived MSC. Image modified from 
Science Photo Library. 

 

 

Human allogenic liver-derived progenitor cells 

The PEDI laboratory has reproducibly obtained a population of MSC derived from 

healthy adult human liver, so called human allogenic liver-derived progenitor cells 

(HALPC) (74). Those cells have been extensively characterized both in vitro and in 

preclinical studies, and have reached clinical application (75, 76). Before the 

cryopreservation step, the cells undergo strict quality control regarding various 

parameters: (1) identity (≥ 85% of CD90+CD73+ and sum of cell impurities < 15% in 

flow cytometry, expression of vimentin and αSMA in immunocytochemistry), (2) 

biological activity (viability ≥ 70% and PGE2 secretion ≥ 10 ng/106 total cells) and 

safety (karyotype verification, microbiology, testing for endotoxin and 

mycoplasma). HALPC display a hepatocytic differentiation ability and have multi-

target properties through the secretion of important bioactive factors with 

paracrine activity, including anti-inflammatory, anti-fibrotic and pro-regenerative 

effects (Figure 5) (77-82). Their immunogenicity is low as they do not express HLA 

class II nor costimulatory molecules such as CD40 and CD80, which allows to 
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administrate them in preclinical models without concomitant immunosuppressive 

therapy (79). The main effects of the cells are mediated by paracrine mechanisms 

as they displayed pro-regenerative effects in mice livers after partial hepatectomy 

even in the absence of engraftment and proliferation of their own (81). 

Importantly, the cells secrete hepatocyte growth factor (HGF), an inhibitor of the 

cytokine TGF-β (80). TGF-β has pro-fibrotic properties through HSC activation, but 

it also demonstrated to be a critical element for the establishment of paracrine 

senescence through the SASP by inducing p21 expression (15, 29). Moreover, TGF-

β alone is able to induce senescence in well-differentiated hepatocarcinoma cell 

lines (83). HALPC anti-inflammatory secretome could also suppress the pro-

inflammatory effect of the SASP. However, the potential anti-senescence and anti-

oxidative properties of HALPC have never been investigated to date. 

 

 

 

 
Figure 5. Human allogenic liver-derived progenitor cells (HALPC) properties. SASP: 
senescence-associated secretory phenotype. Created with Biorender.com. 
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Research question and objectives 

 

Cholestatic liver diseases – and especially BA – are the first cause of liver 

transplantation in the pediatric population (1). Supportive therapies are available, 

but there are no curative treatments and liver transplantation remains the only 

therapeutic option when chronic cholestasis evolves to end-stage liver disease (1). 

Although the outcome of liver transplantation improved in the last decades, there 

is still important mortality and morbidity related to this heavy procedure, 

generating a need for alternative therapies (3).  

Premature senescence has emerged as an important feature of adult chronic 

hepatobiliary diseases since this phenomenon was associated to disease severity 

and adverse outcomes through deleterious effects on liver tissue remodeling and 

hepatic function (18, 19, 84). Numerous preclinical experiments demonstrated that 

liver disease improves when senescence decreases (15, 26-28, 30). A few studies 

also suggested the presence of liver senescence in BA, but the possibility of using 

anti-senescence therapies was never explored in pediatric biliary cirrhosis (40, 41).  

 

In this context and since there is a need for new therapies to avoid or postpone 

liver transplantation in pediatric biliary cirrhosis, the aim of our work was to 

deeply investigate premature senescence in BA and to assess translatable 

senotherapies in a preclinical model of biliary cirrhosis. 
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Main methods 

 

Senescence characterization  

Since the gold standard to assess senescence is to quantify various senescence-

associated parameters, we developed several methods that allowed us to 

characterize senescence through multiple markers and techniques on both human 

and rat liver (5). Those methods include senescence-associated β-gal (SA-β-gal) 

activity, p16 and p21 gene and protein expression, γ-H2AX protein expression and 

SASP-related gene expression. SA-β-gal activity is a widely used biomarker of 

cellular senescence in fresh tissue sections (85). In order to allow multiple testing 

on the same samples and to facilitate the research, we developed an optimized SA-

β-gal activity protocol that allowed us to extend the use of the SA-β-gal activity 

assay to cryopreserved tissue (see Chapter 2) (86). To investigate the cellular 

localization of senescence, we developed multiple immunofluorescence (IF) 

staining of senescence/DNA-damage (p21 or γ-H2AX), cholangiocytes (CK19) and 

hepatocytes (HNF4α). We also designed a histological co-staining of SA-β-gal 

activity and CK19 IHC. Finally, to deeply characterize senescence in diseased human 

livers with regard to the affected cell type, we performed the first digital spatial 

profiling whole transcriptome analysis ever reported in BA livers. 

 

Choice of senotherapies that could be translated to clinical applications 

Numerous senotherapeutics were tested in preclinical studies, but very few have 

the potential of reaching clinical application. Since MSC already demonstrated to 

have anti-senescence properties in vivo, we first decided to test HALPC, a 

population of liver-specific MSC that was already approved for clinical applications 

(58-61, 75, 76). To have a positive control, we also decided to use the very well 

described combination of the pro-apoptotic drugs D+Q that was already tested in 
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clinical trials in diabetic kidney disease or idiopathic pulmonary fibrosis amongst 

others (87, 88). 

 

Choice of a preclinical model of biliary cirrhosis and senescence  

We needed a preclinical model of biliary cirrhosis and senescence in which we could 

test the selected senotherapeutics. Bile duct ligation (BDL) in young rats is 

classically described as a model of biliary cirrhosis rather than BA, even if it was also 

reported as a BA model in mice (89). This model allows rapid and constant 

progression to biliary fibrosis and cirrhosis with a very high survival rate, unlike the 

classical RRV BA model (90, 91). In addition, liver senescence was previously 

reported in the BDL model, increasing the chances of developing a robust model of 

biliary senescence (92-94). The reassortant RRV mice model of BA was considered 

as an alternative (90). In this improved version of the original RRV model, the 

reassortant virus (RRV(VP2,VP4)-TUCH) injected to newborn mice allowed to lower 

the mortality rate and increase fibrosis development. Reassortant RRV mice 

displayed a 38% survival rate at 30 days of age and 63% demonstrated to have 

advanced liver fibrosis at 28 days. However, the low survival rate at 14 days (less 

than 50%) and the lack of systematic fibrotic evolution would have made the 

assessment of liver senescence and disease evolution very challenging. Moreover, 

senescence was never investigated in this model. Finally, we considered the BDL 

model in three-weeks-old rats as it would potentially better mimic the neonatal 

conditions of BA, but technical considerations convinced us to proceed with the 

same model in young (two-months-old) – but not neonate – rats (95). 
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Thesis layout 

 

In Chapter 2 we provide an optimized SA-β-gal activity protocol that allowed us to 

extend the use of the SA-β-gal activity assay to cryopreserved liver tissue. The main 

results of the project are reported in Chapter 3, which contains an extensive 

description of liver senescence in BA and in the BDL rat model. This chapter also 

provides the results of HALPC and D+Q administrations that were tested in rats 

once we confirmed that BDL was an appropriate model of biliary cirrhosis and 

senescence. Since we obtained promising results with HALPC in the short-term 

experiment reported in Chapter 3, we next performed a long-term experiment with 

HALPC and D+Q repeated administrations, of which the results are presented in 

Chapter 4. Finally, Chapter 5 contains a brief description of liver senescence in 

ALGS, another leading cause of biliary cirrhosis in children. All the above-mentioned 

results are discussed in Chapter 6, which provides a general discussion as well as 

conclusions and perspectives of the project. 
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Summary 

 

The senescence-associated beta-galactosidase (SA-β-gal) activity assay is 

commonly used to evaluate the increased β-gal activity in senescent cells related 

to enhanced lysosomal activity. Although the optimal pH for β-gal is 4.0, this 

enzymatic activity has been most commonly investigated at a suboptimal pH by 

using histochemical reaction on fresh tissue material.  

In the current study, we optimized a SA-β-gal activity histochemistry protocol that 

can also be applied on cryopreserved hepatic tissue. This protocol was developed 

on livers obtained from control rats and after bile duct resection (BDR). A significant 

increase in β-gal liver activity was observed in BDR rats versus controls after two 
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hours staining at physiological pH 4.0 (6.98 ± 1.19 % of stained/total area versus 

0.38 ± 0.22; p<0.01) and after overnight staining at pH 5.8 (24.09 ± 6.88 versus 0.12 

± 0.08; p<0.01). Although we noticed that β-gal activity staining decreased with 

cryopreservation time (from 4 to 12 months storage at -80°C; p<0.05), the 

enhanced staining observed in BDR compared to controls remained detectable 

after up to 12 months post-cryopreservation (p<0.01).  

In conclusion, we provide an optimized protocol for SA-β-gal activity histochemical 

detection at physiological pH 4.0 on long term cryopreserved liver tissue. 

 

Introduction 

 

Senescence-associated β-galactosidase (SA-β-gal) activity is a widely used 

biomarker of cellular senescence both in cultured cells and in tissue sections, using 

histochemical staining. SA-β-gal activity results from an increased expression of 

GLB-1, the gene encoding the lysosomal β-gal (1). The increase in GLB-1 mRNA and 

protein levels results from an elevation of the number and activity of lysosomes, 

which is probably due to the accumulation of damaged macromolecules in 

senescent cells (2). Even if β-gal optimal pH of reaction is 4.0, the enzymatic activity 

has been most commonly analyzed at pH 6.0 in senescent cells, due to its increased 

lysosomal production related to senescent conditions. Hence, SA-β-gal activity was 

originally defined as the β-galactosidase activity detected at pH 6.0 (3). 

Subsequently, to increase the sensitivity of the assay, SA-β-gal activity was 

sometimes measured at slightly lower pH values (5.5 to 5.8) according to cell type 

(4, 5). 

Interestingly, patients with GM1-gangliosidosis (defective β-gal) do not show any 

SA-β-gal activity when their cells reach replicative senescence, suggesting that the 

SA-β-gal activity is not itself required for cell senescence (1). Still, SA-β-gal activity 

is present in most senescent cell types, making it a very useful tool to monitor this 
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feature. Over the years, this test has been used in a large variety of cell cultures and 

tissues in rodents and humans, and especially in human fibroblasts (2, 4, 6). 

Although several studies briefly mentioned SA-β-gal activity tests on liver tissue, no 

proper and detailed protocol is currently available. Experimental parameters 

including freezing and fixation methods, as well as the thickness of the slides and 

the pH of the solution were not consistently described (Supplementary Table 1) (5, 

7-19). Cryopreservation techniques were not detailed, and slide thickness could 

vary between 4 µm and 7 µm when mentioned. Fixation methods varied widely, 

with 0.2-0.5% glutaraldehyde and/or 3-4% (para)formaldehyde for 1 minute to 4 

hours, before or after freezing, and at RT (room temperature) or 4C. The pH of the 

solution ranged between 5.5 and 6.0, as suggested in other cellular types (4, 5).  

The aim of this study was to deeply optimize a protocol that measures β-gal activity 

and its kinetics in normal and diseased liver tissue, based on the previously 

documented methodologies (20, 21). To develop and evaluate the usefulness of our 

protocol, we used the murine bile duct resection (BDR) model of biliary cirrhosis, in 

which SA-β-gal activity has previously been described on fresh liver tissue (22, 23). 

By optimizing the histochemical reaction conditions, we aimed at extending the use 

of the SA-β-gal activity assay to cryopreserved tissue in order to facilitate future 

research. 

 

Materials and methods 

 

Rat liver samples and bile duct resection 

Liver tissue was obtained from wild type male Wistar rats. Biliary cirrhosis was 

induced in 2 months old rats (n=6) with the extra-hepatic BDR surgical procedure 

as previously described (24). Animals were sacrificed 2 or 4 weeks after the surgical 

procedure, and they all presented with histological biliary cirrhosis at the time of 

sacrifice. Controls (n=4) underwent sham procedure (bile duct dissection without 



44 
 

resection) at the same age and were sacrificed at the same timepoints. Healthy 2 

months old male Wistar rats (n=4) were used for specific tests. This project was 

approved by the Ethical Committee for Animal Experimentation of Université 

Catholique de Louvain, Brussels (2018/UCL/MD/43). 

 

β-galactosidase activity on cryopreserved liver tissue protocol 

The final β-gal activity protocol that we developed and applied on cryopreserved 

liver samples is the following: 

1. Briefly rinse fresh tissue with NaCl 0.9% to remove excessive residual blood. 

2. Immediately embed the tissue in OCT compound (Tissue-Tek) and flash 

freeze in liquid nitrogen containing isopentane (Fisher Scientific, CAS no. 78-78-4): 

a. Fill a metal beaker in with 2/3 isopentane and place it in enough 

liquid nitrogen to come up to about 1/3 of the container (prepare at least 

10 minutes before freezing). 

b. Freeze the sample in the clear portion of isopentane without fully 

submerging.  

c. Avoid block cracking by removing the sample from isopentane 

when there is still a small drop size of unfrozen OCT. Transfer sample to dry 

ice while continuing on to other samples.  

3. Immediately section the frozen tissue in -20C cryostat (15 µm sections), or 

store the samples at -80C for up to twelve months. The sections must remain in the 

cryostat chamber during the procedure to avoid tissue thawing.  

4. Fixation with 0.2% glutaraldehyde (Merck, CAS no. 111-30-8) in PBS for 10 

minutes at RT. 

5. Remove the fixative and wash in PBS (enough to cover the slides) for one 

minute three times at RT. 

6. Add freshly prepared staining solution (2): 40 mM citric acid 

monohydrate/sodium dihydrogen phosphate monohydrate buffer at pH 4.0 or pH 
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5.8 as needed (Merck, CAS no. 5949-29-1 and 10049-21-5), 5 mM potassium 

hexacyano-ferrate (II) trihydrate (Merck, CAS no. 14459-95-1), 5 mM potassium 

hexacyano-ferrate (III) (Merck, CAS no. 13746-66-2), 150 mM sodium chloride 

(Merck, CAS no. 7647-14-5), 2 mM magnesium chloride hexahydrate (Merck, CAS 

no. 7791-18-6) and 1 mg/ml (pH 5.8) or 0.5 mg/ml (pH 4.0) 5-bromo-4-chloro-3-

indolyl-β-D-galactopyranoside (X-gal) (Merck, CAS no. 7240-90-6) in distilled water. 

Incubate a control section in the absence of X-gal to verify the specificity of the 

enzyme reaction. 

Note: 200µl of solution per section is enough if a hydrophobic pen is used to 

surround the tissue (Dako Pen, Agilent). Otherwise, the slides must be fully 

immersed in the solution. Additional details concerning the preparation of the 

solutions are available in the protocol of Debacq-Chainiaux et al (2). 

7. Incubate overnight at 37C without CO2 (or shorter period for pH 4.0 

manipulations); wash twice in PBS. 

8. Counterstain one minute in hematoxylin if indicated; wash twice in PBS.  

Note: counterstaining helps identifying tissue architecture, but can make a weak 

staining harder to detect. 

 

Quantification of β-galactosidase activity staining in whole tissue 

sections 

Stained slides were digitalized using a SCN400 slide scanner (Leica Biosystems, 

Wetzlar, Germany) at x20 magnification (x40 for illustrations). Scanned slides were 

then analyzed using the image analysis tool Author version 2017.2 (Visiopharm, 

Hørsholm, Denmark) for β-gal activity staining digital quantification. Using a first 

Analysis Protocol Package (APP), tissue was automatically delineated at a low digital 

magnification (x4) (Fig. 1a). Large empty spaces (vessels, damaged tissue) were 

automatically discarded. This first delineation operation was visually checked and 

manually corrected if required. Histological artifacts were manually discarded. 
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Within the final selected regions, β-gal staining was detected at high resolution 

(x20) in a second APP with a thresholding classification relying on the RGB-R matrix 

of the software, which was tested and optimized manually (Fig. 1b). Results were 

expressed as [(stained area/total tissue area) x 100] to obtain a percentage of 

stained area. The parameters of the designed APPs were kept constant for all 

sections. 

 

 
Figure 1. Quantification of β-gal staining with the Visiopharm software. (A) Left image shows 
the automatic tissue delineation obtained with the first Analysis Protocol Package (APP) 
(green line). Right image shows the final delineation after manual correction and exclusion 
of histological artifacts (surrounded by a black circle); (B) Left image shows the pathological 
liver tissue with histochemical β-gal activity staining before digital staining detection 
(positive blue staining). Right image shows the digital β-gal staining detection obtained with 
the second APP (positive green staining). Scale bars = 500µm. 
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Statistical analysis 

Statistical analysis was conducted using Graphpad Prism 5.0 (GraphPad Software, 

La Jolla, CA, USA). Continuous variables were presented as mean ± standard error 

of the mean (SEM). The Mann-Whitney U-test was used to compare continuous 

variables between subgroups. The Student’s paired t-test was used when specified 

in the text, to compare repeated measures. A two-tailed p-value ≤ 0.05 was 

considered to indicate statistical significance for all analyses. 

 

Results 

 

Optimization of β-galactosidase activity assay 

Different reaction parameters were tested on 2 months old healthy Wistar rat livers 

(n=4) at physiological pH 4.0 (Fig. 2). Fixation with 0.2% glutaraldehyde for 10 

minutes at RT provided a higher β-gal staining (9.79 ± 2.17 % of stained/total area) 

as compared to 1% formaldehyde for 1 minute at RT (0.09 ± 0.04; p<0.05) or to the 

absence of fixation (0.08 ± 0.04; p<0.05) (Fig. 2a).  

Increasing substrate (Xgal) concentration from 1 mg/ml to 2 mg/ml did not enhance 

the intensity of β-gal staining (9.79 ± 2.17 % of stained/total area versus 2.99 ± 0.74; 

p=0.34) (Fig. 2b). Furthermore, decreasing Xgal concentration from 1 mg/ml to 0.5 

mg/ml did not decrease the staining (9.79 ± 2.17 % of stained/total area versus 

10.72 ± 2.59; p=0.49). β-gal staining increased for sections thickness of 10 µm and 

15 µm as compared to 5 µm (9.79 ± 2.17 and 27.39 ± 5.9 % of stained/total area 

versus 0.57 ± 0.31; p<0.05) (Fig. 2c).  

No difference in β-gal staining was noticed when we compared the following 

cryopreservation methods: freezing OCT-embed specimens in liquid nitrogen 

containing isopentane versus snap freezing in liquid nitrogen before OCT-

embedding (9.79 ± 2.17 % of stained/total area versus 3.58 ± 1.83; p=0.06). 

However, the isopentane method showed a better preservation of the tissue 
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quality as compared to snap freezing (Fig. 2d). Finally, while the pH 4.0 solution left 

overnight allowed physiological β-gal activity staining in healthy rats, β-gal staining 

overnight at pH 5.8 remained negative (9.79 ± 2.17 % of stained/total area versus 

0.04 ± 0.01; p<0.05) (Fig. 2e).  

Altogether, the following conditions were selected to obtain an optimal β-gal 

staining signal for the further experiments: freezing of OCT-embedded fresh 

specimens in liquid nitrogen containing isopentane, slicing the liver at 15 µm 

thickness sections and 10 minutes fixation with 0.2% glutaraldehyde at RT (see 

Materials and Methods for detailed protocol). The use of 0.5 mg/ml X-gal was 

selected for the final β-gal activity staining protocol at pH 4.0. A reduction of the X-

gal concentration was not attempted for β-gal staining at pH 5.8 since we 

considered this pH as already being a suboptimal reaction condition. 
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Figure 2. Optimisation of experimental conditions for the detection of β-gal activity in 
healthy rat liver tissue. (A) 10 minutes glutaraldehyde (GA) 0.2% versus 1 minute 
formaldehyde (FA) 1% versus no fixation; (B) Usual (1 mg/ml) versus doubled (2 mg/ml) or 
reduced (0.5 mg/ml) X-gal concentration; (C) Sections thickness of 5 µm versus 10 µm versus 
15 µm; (D) OCT-embed specimens frozen in liquid nitrogen containing isopentane versus 
flash-freezing in liquid nitrogen followed by OCT embedding; (E) Testing physiological pH 
(pH 4.0) versus SA-β-gal activity pH (pH 5.8). Data is presented as mean ± SEM (n=4). Scale 
bars = 100 µm. O/N: overnight. 
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β-galactosidase activity at pH 4.0 on cryopreserved liver tissue 

β-gal activity staining at pH 4.0 was tested after different reaction durations in BDR 

(biliary cirrhosis) rats (n=4) versus controls (n=2) (Fig. 3a). Cirrhotic rats seemed to 

have a higher percentage of β-gal staining (% of stained/total area) at pH 4.0 when 

compared to controls from early time points. To confirm this observation, we 

compared β-gal staining at pH 4.0 after two hours of reaction in BDR rats (n=6) 

versus controls (n=4). Three liver cryosections obtained after 3 to 12 months of 

cryopreservation were stained per rat. For each of the three staining, all sections 

were obtained at the same cryopreservation timepoint. The mean of those 

triplicates is presented for each rat in Fig. 3b. The staining after two hours of 

reaction at pH 4.0 was higher in BDR rats versus controls (6.98 ± 2.92 versus 0.38 ± 

0.22; p<0.01) (Figs. 3b & 3c). When each replicate was considered separately, a 

significant difference in β-gal staining after 2 hours at pH 4.0 was evidenced 

between BDR and controls after 3 months, 4 months and 12 months of -80C storage 

(p<0.01) (data not shown).  All controls remained negative after two hours of 

reaction at pH 4.0 for up to 12 months post-cryopreservation. The impact of 

cryopreservation duration was investigated by comparing β-gal staining at pH 4.0 

(two hours) between the replicates mentioned above, obtained from the same rat 

after different -80C freezing intervals (Fig. 3d). β-gal activity staining (% of 

stained/total area) in BDR rats was lower after 12 months as compared to 4 months 

post-cryopreservation (2.23 ± 0.61 versus 7.58 ± 1.8, p<0.05; Student’s paired t-

test, n=6). 
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Figure 3. Analysis of β-gal activity at pH 4.0 in the livers of rats with biliary cirrhosis. (A) β-
gal activity (pH 4.0) after different incubation times in rats which underwent bile duct 
resection (BDR, n=4) (sacrificed 2 weeks [n=2] and 4 weeks [n=2] post-surgery) versus 
controls (sham procedure, n=2); (B) β-gal staining comparison between biliary cirrhosis rats 
(BDR, n=6) and controls (sham procedure, n=4) after two hours of reaction at pH 4.0. Each 
point is the mean of three replicates for the same animal, from liver samples obtained after 
3 to 12 months of cryopreservation. **p<0.01; (C) Images of biliary cirrhosis (BDR 2w) versus 
control after two hours of staining at pH 4.0 (liver tissue cryopreserved for 4 months); (D) 
Variations of β-gal activity staining after two hours of reaction at pH 4.0 between replicates 
of the same animals according to cryopreservation time. Data is presented as mean ± SEM. 
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Scale bars = 100 µm. BDR 2w: BDR rats sacrificed 2 weeks post-surgery; BDR 4w: BDR rats 
sacrificed 4 weeks post-surgery. 

 

β-galactosidase activity at pH 5.8 on cryopreserved liver tissue 

β-gal activity staining was also tested after different times of reaction at pH 5.8 in 

BDR (biliary cirrhosis) rats (n=4) versus control samples (n=2) (Fig. 4a). Cirrhotic rats 

did not show any β-gal activity staining at early time points at pH 5.8, while controls 

did not show any activity even after overnight incubation. After twenty hours of 

reaction at pH 5.8, β-gal activity staining (% of stained/total area) was significantly 

higher in BDR rats (n=6) versus controls (n=4) (24.09 ± 6.88 versus 0.12 ± 0.08; 

p<0.01) (Figs. 4b & 4c). Three liver cryosections obtained after 4 to 12 months of 

cryopreservation were stained per rat. For each of the three staining, all sections 

were obtained at the same cryopreservation timepoint. The mean of those 

triplicates is presented for each rat in Fig. 4b. When each replicate was considered 

separately, a significant difference in β-gal staining after twenty hours at pH 5.8 was 

evidenced between BDR and controls after 4 months, 6 months and 12 months of 

-80C storage (p<0.01) (data not shown). All controls remained negative after twenty 

hours of reaction at pH 5.8 after up to 12 months post-cryopreservation. The impact 

of cryopreservation duration was investigated by comparing β-gal staining at pH 5.8 

(overnight) between replicates obtained from the same rat after different -80C 

freezing intervals (Fig. 4d). There was a decrease in β-gal activity staining (% of 

stained/total area) in BDR rats after 12 months post-cryopreservation versus 4 

months (10.22 ± 5.11 versus 34.06 ± 9.94, p<0.01; Student’s paired t-tests, n=6). 
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Figure 4. Analysis of β-gal activity at pH 5.8 in the livers of rats with biliary cirrhosis. (A) β-
gal activity (pH 5.8) after different incubation times in rats which underwent bile duct 
resection (BDR, n=4) (sacrificed 2 weeks [n=2] and 4 weeks [n=2] post-surgery) versus 
controls (sham procedure, n=2); (B) β-gal staining comparison between biliary cirrhosis rats 
(bile duct resection, n=6) and controls (sham procedure, n=4) after twenty hours of reaction 
at pH 5.8. Each point is the mean of three replicates for the same animal, from liver samples 
obtained after 4 to 12 months of cryopreservation. **p<0.01; (C) Images of biliary cirrhosis 
(BDR 2w) versus control after twenty hours of staining at pH 5.8 (liver tissue cryopreserved 
for 4 months); (D) Variations of β-gal activity staining after twenty hours of reaction at pH 
5.8 between replicates of the same animals according to cryopreservation time. Data is 
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presented as mean ± SEM. Scale bars = 100 µm. BDR 2w: BDR rats sacrificed 2 weeks post-
surgery; BDR 4w: BDR rats sacrificed 4 weeks post-surgery. 

 

Discussion 

 

The SA-β-gal histochemical staining protocol proposed here is a significant 

improvement of existing protocols. By performing the histochemical reaction at 

optimal assay conditions, it allows a more sensitive detection of the enzyme activity 

and a semi-quantitative assessment of this activity in different zones of the liver 

tissue. It also allows to detect activity in cryopreserved tissue, which was not the 

case for previously reported protocols. The structural quality of tissue was better 

preserved when isopentane was used for freezing as compared to snap freezing in 

liquid nitrogen, which is in line with our previous histochemistry protocols on 

cryopreserved human and rodent liver tissue (20, 21, 25). This was probably caused 

by the unpredictable freezing pattern of liquid nitrogen related to the vapor barrier, 

which can cause important freezing artefacts (26). The fixative choice was a second 

crucial part of the protocol, since only glutaraldehyde allowed to preserve sufficient 

β-gal activity detectable via histochemical analysis. The absence of fixative probably 

caused a leak of the enzyme from the tissue, while β-gal activity might have been 

lost upon formaldehyde treatment due to protein denaturation (27, 28). Indeed, it 

is known that enzymes react differently to fixation conditions (29). The β-gal 

staining increased with sections of thickness superior to 5 µm, as expected with 

higher enzyme content. We did not test sections thicker than 15 µm since a delay 

in substrate penetration can be observed for those sections (30). A pH 4.0 solution 

used overnight allowed physiological staining of healthy liver tissue (positive 

control). No staining was observed at pH 5.8 overnight in healthy 2 months old 

Wistar rats, confirming that a pH slightly lower than 6.0 can improve sensitivity 

without impairing specificity as compared to pH 6.0. Increasing the substrate (X-

gal) concentration did not improve the intensity of β-gal staining, probably because 
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of a saturation of the reaction sites. At the optimal pH 4.0 of reaction, it was even 

possible to lower down X-gal concentration without impairing the β-gal staining 

intensity 

The study of β-gal kinetics at pH 4.0 allowed us to evidence a noticeable SA-β-gal 

activity staining at early times of incubation as seen in rats with biliary cirrhosis 

(BDR model). A significant difference in β-gal staining between BDR rats and 

controls was already revealed after two hours of pH 4.0 reaction. Conversely, SA-β-

gal activity at early times of incubation was nearly undetectable at pH 5.8 in BDR 

rats. After overnight incubation at pH 5.8, there was a significant difference in β-gal 

activity staining between BDR and control rats. Our results show that SA-β-gal 

activity can be evidenced at early time points at pH 4.0, as well as at late time points 

at pH 5.8. Close monitoring of the negative controls is mandatory at pH 4.0, because 

all tissues will eventually stain positive for β-gal activity due to low concentration 

of the enzyme also in normal tissue. Still, senescent tissues have earlier and more 

intense staining at pH 4.0 compared to non-senescent ones. The state of the art in 

histochemistry is to test enzymatic activity at the optimum pH of the enzyme, 

because even small variations of pH can drastically affect the results (20, 31). On 

this basis, optimizing SA-β-gal activity assay to pH 4.0 should allow the detection of 

senescence at earlier stages as compared to the suboptimal pH 5.8. Further 

demonstration on mildly senescent tissues will have to be conducted to confirm 

this hypothesis. Identifying the type of liver senescent cells with specific markers 

should contribute to a better understanding of the BDR model in the future.  

Enzyme activity can be affected by cryopreservation to a different extent according 

to the type of enzyme and to storage conditions (32). When we investigated the 

impact of -80C cryopreservation on our liver tissue samples, it appeared that the β-

gal staining tended to decrease with freezing time. This result might be related to 

the loss of the enzyme activity caused by cryopreservation (32). However, a 

significant difference in β-gal staining between BDR and controls was still observed 
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after 12 months post-cryopreservation. Cryopreservation can also potentially lead 

to an increase in the enzyme activity detected, due to lysosomal membrane leakage 

caused by cryopreservation (32). Still, all controls remained negative at pH 4.0 (two 

hours) or pH 5.8 (overnight) for up to 12 months post-cryopreservation. According 

to our results, the SA-β-gal activity assay remains a specific test despite several 

months of tissue cryopreservation, as long as all specimens (senescent tissues and 

controls) are analyzed after the same storage duration. This observation is of major 

importance since no study so far has evaluated the impact of cryopreservation on 

β-gal activity staining. Being able to use cryopreserved tissue allows multiple testing 

on the same samples, and should facilitate further research involving SA-β-gal 

activity assay. However, we observed a noticeable inter-experimental variability, 

which could be explained by a variability in sections location and/or by a difference 

in tissue senescence intensity between animals. Due to the inter-experimental 

variations that we observed, negative controls are mandatory to corroborate 

results on cryopreserved tissue.      

In conclusion, our results provide the first detailed optimized protocol for SA-β-gal 

activity staining on rat liver tissue cryopreserved for up to 12 months. We 

demonstrated that SA-β-gal activity can be evidenced in cryopreserved tissue after 

two hours of reaction at physiological pH 4.0, as well as after overnight staining at 

pH 5.8. 
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Summary 

 

Background: Premature senescence occurs in adult hepatobiliary diseases and 

worsens the prognosis through deleterious liver remodeling and hepatic 

dysfunction. Senescence might also arises in biliary atresia (BA), the first cause of 

pediatric liver transplantation. Since alternatives to transplantation are needed, 

our aim was to investigate premature senescence in BA and to assess senotherapies 

in a preclinical model of biliary cirrhosis. 
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Methods: BA liver tissues were prospectively obtained at hepatoportoenterostomy 

(n=5) and liver transplantation (n=30) and compared to controls (n=10). Senescence 

was investigated through spatial whole transcriptome analysis, SA-β-gal activity, 

p16 and p21 expression, γ-H2AX and senescence-associated secretory phenotype 

(SASP). Human allogenic liver-derived progenitor cells (HALPC) or dasatinib and 

quercetin (D+Q) were administrated to two-month-old Wistar rats after bile duct 

ligation (BDL). 

Results: Advanced premature senescence was evidenced in BA livers from early 

stage and continued to progress until liver transplantation. Senescence and SASP 

were predominant in cholangiocytes, but also present in surrounding hepatocytes. 

HALPC but not D+Q reduced the early marker of senescence p21 in BDL rats and 

improved biliary injury (serum γGT and Sox9 expression) and hepatocytes mass loss 

(Hnf4a).  

Conclusions: BA livers displayed advanced cellular senescence at diagnosis that 

continued to progress until liver transplantation. HALPC reduced early senescence 

and improved liver disease in a preclinical model of BA, providing encouraging 

preliminary results regarding the use of senotherapies in pediatric biliary cirrhosis. 

However, efficacy of cell-type specific senotherapeutics on established senescence 

and liver disease will have to be demonstrated before considering to translate 

senotherapies to pediatric biliary cirrhosis. 

 

 

Introduction 

 

Senescence is a process of cellular ageing, resulting in metabolic modifications and 

in an irreversible cell cycle arrest (1). Various cellular changes reflect this complex 

phenomenon, including upregulation of cell cycle inhibitors (e.g. p21 and p16) and 
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anti-apoptotic pathways, increased lysosomal protein content and senescence-

associated beta-galactosidase (SA-β-gal) activity, accumulation of DNA damage foci 

(e.g. γ-H2AX and/or 53BP1-positive foci), and a senescence-associated secretory 

phenotype (SASP). Because there are no completely specific senescence features, 

the gold standard is to assess cellular senescence through the evaluation of 

multiple markers (2).  

Accelerated senescence occurs in numerous chronic adult hepatobiliary diseases 

and has been associated to disease severity and cirrhosis (3-5). The initial biliary 

damage in cholangiopathies induces premature senescence in cholangiocytes, and 

senescence subsequently spreads due to autocrine and paracrine transmission 

through the SASP (6-8). Senescence progression worsens the disease prognosis as 

the SASP directly participates in the deleterious tissue remodeling and leads to liver 

dysfunction by inducing senescence in surrounding hepatocytes (9). Furthermore, 

clearance of senescent cells or inhibition of the paracrine transmission of 

senescence improves liver function, histological fibrosis or steatosis in mouse 

models of hepatobiliary diseases (9-13). Existing data demonstrate that liver 

disease improves when senescence decreases, thus supporting the development of 

senotherapeutics that could be translated to clinical applications.  

Biliary atresia (BA) is a severe pediatric disease caused by the progressive fibro-

inflammatory obliteration of extrahepatic bile ducts, leading to biliary cirrhosis and 

end-stage liver disease (14). Despite the fact that BA is the first cause of liver 

transplantation in children, its underlying mechanisms are still not completely 

elucidated (14, 15). A hepatoportoenterostomy procedure can be attempted in 

case of early diagnosis, but liver transplantation remains the only curative 

treatment in about two thirds of the cases (16). A few studies described premature 

senescence in BA by using single technical approaches, but the possibility of using 

anti-senescence therapies was never explored in pediatric biliary cirrhosis (17-20).  



64 
 

In brief, premature senescence worsens the prognosis of adult chronic 

hepatobiliary diseases and some evidence suggests that this phenomenon could 

also occur in BA, which is the leading cause of liver transplantation in children. As 

there is a need for new therapies to avoid or delay liver transplantation in pediatric 

biliary cirrhosis, the aim of our work was to investigate premature senescence in 

BA through a multi-technical approach and to assess senotherapies in a preclinical 

model of biliary cirrhosis. 

 

 

Results 

 

Premature senescence is present at diagnosis in BA and progresses 

until liver transplantation 

Liver tissue samples were obtained from thirty BA patients undergoing liver 

transplantation (BA late group) and five patients during hepatoportoenterostomy 

procedure (BA early group), the latter procedure being performed very shortly after 

the diagnosis. All BA patients were pediatric, while the ten control livers were 

obtained from pediatric and adult individuals (four adults aged 28 – 41 years old). 

General characteristics of the study population are summarized in Supplementary 

Table 1. As expected, fibrosis and biliary proliferation increased in BA livers as 

COL1A1 gene expression was already elevated in early stage BA, while histological 

fibrosis and CK19 gene expression increased in late stage BA (Supplementary Figure 

1).  

Senescence was evidenced in BA through multiple markers and techniques, 

including SA-β-gal activity, p16 protein and gene expression, γH2AX protein 

expression and SASP markers gene expression elevation (IL-8 and TGF-β1) (Figures 

1a-1d & Supplementary Figure 2b). Of note, p16 and IL-8 gene expression 
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significantly increased only in late stage BA (Figures 1c & 1d). Advanced premature 

senescence was already present in the BA early group, as suggested by an increased 

protein expression of p16 but not p21, p16 being described as a late marker of 

senescence (Figure 1b & Supplementary Figure 2a) (21). However, there was still a 

clear progression of senescence between the time of diagnosis and liver 

transplantation (Figures 1c & 1e). Interestingly, senescence development was 

correlated to disease progression (Supplementary Figures 1b & 1c). Senescence 

was predominant in cholangiocytes and also present in surrounding perinodular 

hepatocytes (Figures 1a, 1b & 1e, Figure 2). When we investigated the telomeric 

DNA damages in late stage BA, γH2AX-positive DNA damage foci were evenly 

distributed in the whole DNA sequence without any specific accumulation in 

telomeres (Supplementary Figure 2c). However, the absolute increase in the 

number of telomere damage foci might per se induce senescence in the affected 

cells (2).  

Our results show that premature senescence was already advanced at diagnosis in 

BA and continued to progress until liver transplantation. Senescence was 

predominant in cholangiocytes and perinodular hepatocytes, corroborating the 

hypothesis of a paracrine transmission of senescence through elevated SASP 

markers.   
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Figure 1. Senescence increases in BA livers and predominates in cholangiocytes and 
perinodular hepatocytes. (A): SA-β-gal activity increases in cholangiocytes (arrowheads) and 
surrounding perinodular hepatocytes (arrows) in BA livers. (B): p16 protein expression also 
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increases in cholangiocytes (arrowheads) and surrounding perinodular hepatocytes 
(arrows) in BA livers. (C): Gene expression of p16 progresses until liver transplantation in 
BA. (D): Gene expression of SASP markers IL-8 and TGF-β1 increase in BA livers versus 
controls. (E): DNA damage γH2AX-positive foci increase in both hepatocytes and 
cholangiocytes in BA livers and progress until liver transplantation in cholangiocytes. BA: 
biliary atresia; DAB: 3,3′-diaminobenzidine; SA-β-gal: senescence-associated beta-
galactosidase; Data is presented as mean ± SEM; *p≤0.05, **p<0.01, ***p<0.001. Scale bars 
= 100 µm. 

 

 

 

Figure 2. Cholangiocytes and perinodular hepatocytes display cellular senescence in BA 
livers. (A): Co-staining of SA-β-gal activity and CK-19 IHC on BA livers: some bile ductules 
cholangiocytes show staining co-localization (arrowheads) while perinodular hepatocytes 
are only positive for SA-β-gal (arrows); (B): Serial staining of SA-β-gal activity and CK-19 IHC 
on BA livers cryosections. Left and middle images: bile ductules (arrowheads) and 
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perinodular hepatocytes (arrows) are positive for SA-β-gal in both early and late stage BA. 
Right images: remaining large septal bile duct display SA-β-gal activity. BA: biliary atresia; 
IHC: immunohistochemistry; SA-β-gal: senescence-associated beta-galactosidase. Scale 
bars = 100 µm. 
 

 

Digital spatial transcriptomic analysis in BA livers confirms that 

senescence and SASP predominate in cholangiocytes and progress with 

disease stage 

To further assess the localization and progression of cellular senescence, we 

performed a digital spatial whole transcriptomic analysis on BA and control liver 

samples. Both cholangiocytes and hepatocytes regions of interest (ROI) were 

selected in BA early, BA late and control livers (Figure 3a). Principal component 

analysis (PCA) revealed that the transcriptomes differed according to cell type 

(cholangiocytes versus hepatocytes) and disease stage (Figure 3b). Early and late 

stage BA transcriptomes were clustered together and differed from controls for 

each cell type. Differential expression analysis was performed between disease 

stages subgroups for each cell type and data is available for the main differentially 

expressed genes in Supplementary figure 3. Gene ontology (GO) enrichment 

analysis of biological processes (MSigDB Collection: C5 GO BP) and hallmark gene 

sets enrichment analysis (MSigDB Collection: H) were also performed on our 

dataset (Supplementary Figure 4). GO terms that appeared to be the most 

significant when comparing genes differentially expressed between diseased 

cholangiocytes versus controls corresponded to “supramolecular fiber 

organization”, “cell adhesion” and “ion transport” categories, in line with the 

disruption of apical-basal polarization described in BA cholangiocytes (22).  

Enrichment analysis of senescence gene lists available in the literature was then 

performed in our dataset (Figure 3c). A geneset corresponding to genes that were 

upregulated in senescent HepG2 cells as well as in both senescent HepG2 and 
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diseased human adult livers was significantly enriched in diseased cholangiocytes 

(BA early and late stages) as compared to controls, supporting the presence of 

senescence in BA cholangiocytes (23). The same gene lists as well as two other 

datasets obtained from senescent HepG2 cells and from an organ-independent 

literature-based senescence signature database were significantly enriched in BA 

late stage cholangiocytes as compared to BA early stage, underlying the progression 

of senescence until liver transplantation in BA cholangiocytes (24, 25). Volcano 

plots and detailed results are available in Supplementary Figure 5 for the leading 

edge genes of the enrichment analysis. In contrast, a core transcriptome database 

obtained from senescent human fibroblasts, melanocytes, keratinocytes and 

astrocytes was not significantly enriched in our diseased cholangiocytes, underlying 

that the transcriptome of senescent cells is highly heterogeneous depending on the 

senescent organ (26). None of those publically available senescence datasets were 

enriched in our diseased hepatocytes. Various SASP genes obtained from two 

published datasets were differentially expressed in both diseased cholangiocytes 

and hepatocytes in our cohort (Figure 3d) (26, 27). The two most overexpressed 

SASP factors in diseased cholangiocytes as compared to controls were IL-32 and 

CCL2 (log2 fold change > 2.5; p-adj < 1x10-20). IL-32 is a pro-inflammatory cytokine 

that was evidenced before in BA livers, while CCL2 has been associated to the 

paracrine transmission of senescence in cholangiopathy (28, 29). A publically 

available SASP gene list obtained from senescent HepG2 cells was significantly 

enriched in BA late stage cholangiocytes as compared to BA early stage (NES 1.6; p-

adj 0.007), and in diseased cholangiocytes as compared to hepatocytes (NES 1.47; 

p-adj 0.04) (27). Altogether, those results confirm the progressive development of 

senescence and SASP in cholangiocytes until liver transplantation and highlight the 

predominance of senescence in BA cholangiocytes as compared to hepatocytes. 
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Figure 3. Digital spatial whole transcriptomic analysis in BA livers. (A) Design of the analysis. 
(B) PCA of the dataset. (C) Enrichment analysis of published senescence gene lists between 
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cholangiocytes subgroups. (D) Heatmaps of SASP genes obtained from two different 
published datasets in cholangiocytes and hepatocytes subgroups. BA: biliary atresia; Ctrl: 
control; FC: fold change; NES: normalized enrichment score; p-adj: adjusted p-value; PCA: 
principal component analysis; ROI: region of interest; SASP: senescence-associated 
secretory phenotype. 

 

Senescence progresses from cholangiocytes to hepatocytes after BDL 

surgery in rats 

Bile duct ligation (BDL) was performed in two-months-old rats to generate a model 

of biliary senescence in which we could test senotherapeutics. The operated rats 

developed progressive cholestasis, biliary proliferation, loss of hepatocytes mass 

and liver fibrosis as expected (Supplementary Figure 6). Senescence progression 

was confirmed in the animal model as demonstrated by an increased SA-β-gal 

activity, p21 protein and gene expression, p16 gene expression and SASP-related 

genes expression (Figure 4). Biliary proliferation and liver fibrosis significantly 

correlated with senescence development (Supplementary Figures 6a & 6b). As 

expected, the earliest marker of senescence was p21 as it was significantly 

increased in whole liver homogenates from 1 week after the surgery (Figure 4b). 

The percentage of senescent p21-positive cholangiocytes was already maximal 

after 48 hours and subsequently decreased, while senescence progressively 

increased in hepatocytes of the parenchyma (Figure 4b).   

Our results confirm that BDL is a robust model of biliary senescence. Studying early 

post-surgical stages allowed us to demonstrate that senescence developed first in 

cholangiocytes and subsequently in hepatocytes during biliary injury.   
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Figure 4. Senescence progressively develops in BDL rats and appears in cholangiocytes 
before hepatocytes. (A) SA-β-gal activity increases after the surgery. (B) p21 gene 
expression progressively increase in BDL livers as compared to controls. Senescence (p21-
positive cell percentage) is maximal in cholangiocytes 48 hours post-BDL, while hepatocytes 
senescence increases progressively to become significant only two weeks after the surgery. 
The percentages of p21-positive cells at different timepoints are compared to the 
correspondent cellular type of control rats. (C) p16 gene expression increases in diseased 
rats two weeks post-surgery. (D) Gene expression of SASP markers Il-1β and TGF-β1 increase 
in BDL livers as compared to controls. BDL: bile duct ligation; SA-β-gal: senescence-
associated β-galactosidase; SASP: senescence-associated secretory phenotype; 48h – 1w – 
2w : rats sacrificed 48 hours (n=3) – 1 week (n=3) – 2 weeks (n=4) after BDL surgery. Data is 
presented as mean ± SEM; *p≤0.05; **p<0.01. Scale bars = 100µm. 
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HALPC but not D+Q decrease early senescence and liver disease in the 

BDL model 

Once we demonstrated that biliary senescence occurs in the BDL model, we 

evaluated the efficacy of human allogenic liver-derived progenitor cells (HALPC) or 

dasatinib (D) + quercetin (Q) in the operated animals. Both therapies were 

administered 48 hours after the surgery and the animals were compared to vehicle-

treated controls (Figure 5a and Supplementary Figure 7a). Since the low dose and 

the high dose of cells provided comparable results, all the animals injected with 

HALPC were grouped for further analyses. Intravenous HALPC injection reduced the 

gene expression of the early marker of senescence p21, while no significant effect 

was observed regarding SA-β-gal activity nor p16 gene expression (Figure 5b).  

HALPC improved biliary injury (serum γGT levels) and proliferation (transcription 

factor SOX-9 – Sox9 – expression) (Figure 5c). The cells had no effect on the 

hepatocytes injury (serum AST), but slightly improved the hepatocytes mass loss 

(hepatocyte nuclear factor 4-alpha - Hnf4a – expression) (Figure 5d). No effect was 

observed on liver histological fibrosis (Figure 5e). The anti-oxidative properties of 

HALPC were investigated through the gene expression of glutathione peroxidase 1 

(Gpx1) in liver homogenates and we observed a decrease of Gpx1 expression in the 

group that received the cells as compared to the vehicle (Figure 5f). Unexpectedly, 

the very well described combination of D+Q had no effect on senescence nor liver 

disease progression as compared to the vehicle and on the opposite appeared to 

aggravate the hepatocytes mass loss (Supplementary Figure 7).  

Our results suggest that HALPC but not D+Q improve early senescence and liver 

injury in the BDL model of biliary cirrhosis. 
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Figure 5. HALPC administration in BDL rats. (A) Operated rats received HALPC (n=12) 
through peripheral vein injection 48 hours after BDL and were compared to vehicle-treated 
controls (n=6). (B) HALPC decreased the early marker of senescence p21 gene expression, 



75 
 

but no significant effect was observed on later markers (SA-β-gal activity and p16 gene 
expression). (C) HALPC decreased cholangiocytes injury (serum γGT) and biliary proliferation 
(Sox9), but had no significant effect on biochemical cholestasis (serum total bilirubin). (D-E) 
HALPC slightly reduced the hepatocytes mass loss (Hnf4a) while having no significant effect 
on serum AST nor on liver histological fibrosis. (F) HALPC reduced Gpx1 expression. BDL: bile 
duct ligation; HALPC: human allogenic liver-derived progenitor cells; SA-β-gal: senescence-
associated β-galactosidase; ULN: upper limit of normal. Data is presented as mean ± SEM; 
*p≤0.05; **p<0.01. 
 

 

Discussion 

 

Our data provide the first integrative report about premature senescence in 

pediatric BA and demonstrate that liver senescence and SASP are already present 

from early stage in BA but continue to progress until liver transplantation, 

supporting the potential benefit of senotherapeutic interventions following 

hepatoportoenterostomy. Senescence and SASP were predominant in 

cholangiocytes as compared to hepatocytes in BA, and senescence progressively 

developed from cholangiocytes to hepatocytes in the BDL preclinical model of 

biliary cirrhosis. Furthermore, CCL2 and TGF-β1 – two SASP components that are 

widely incriminated in the paracrine transmission of senescence – were elevated in 

our BA livers (9, 29, 30). Our data corroborate the likelihood of a paracrine 

transmission of senescence from cholangiocytes to surrounding hepatocytes 

through the SASP in cholangiopathies, further supporting the use of senotherapies 

to limit the deleterious effects of the SASP on senescence expansion, tissue 

remodeling and liver dysfunction (8, 9, 31).  

Since we evidenced advanced senescence in BA, the next step was to test 

senotherapeutics that could be translated to pediatric biliary cirrhosis in the BDL 

model of biliary cirrhosis. We first demonstrated that the progression of disease 

and senescence in the liver of operated young rats was in many aspects comparable 
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to BA, before administrating the animals with HALPC or D+Q. We chose to test 

HALPC – a population of mesenchymal stem cells (MSC) obtained from healthy 

human liver – in our preclinical model because those cells are already approved for 

clinical application and because various MSC types already demonstrated to have 

anti-senescence properties in vivo through antioxidant and anti-inflammatory 

effects (32-35). However, since HALPC anti-senescence properties remained to be 

demonstrated, we chose to compare their effect with the very well described 

combination of the pro-apoptotic drugs D and Q, which was already tested in 

clinical trials in age-related diseases such as diabetic kidney disease or idiopathic 

pulmonary fibrosis (36, 37). 

HALPC transplantation in BDL young rats improved the early marker of senescence 

p21, as well as biliary injury and hepatocytes loss, providing encouraging 

preliminary results regarding the use of senotherapeutics in biliary cirrhosis. HALPC 

also demonstrated to reduce Gpx1 expression in our BDL model, possibly due to a 

cell-mediated reduction of the oxidative stress that could explain a beneficial effect 

on liver senescence (38). However, further studies will be needed to truly consider 

HALPC as senotherapeutics since we observed an improvement of early senescence 

only with no effect of the cells on the markers of established senescence p16 and 

SA-β-gal activity nor on liver fibrosis in our short-time experiment. In addition, 

HALPC are known to secrete numerous bioactive factors with paracrine activity, 

including anti-inflammatory, anti-fibrotic and regenerative effects (39-43). We 

hypothesized that the disease improvement observed in BDL rats was related to 

the reduction of early senescence by the cells, but other HALPC paracrine 

properties might also have contributed to this improvement. Proof of efficacy 

regarding therapeutic interventions that act specifically on senescence and thereby 

improve liver disease will be needed before translating senotherapies to pediatric 

biliary cirrhosis.   
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Unexpectedly, the combination of senolytics D+Q had no effect on senescence nor 

liver disease progression in our model. Senolytics are – by definition – able to 

selectively or preferentially kill senescent cells (44). D+Q induce the selective 

apoptosis of senescent cells and were shown to decrease hepatocytes senescence 

and liver steatosis in a preclinical model of non-alcoholic fatty liver disease (NAFLD) 

(11). However, a more recent publication showed no effect of D+Q on senescence, 

liver steatosis nor fibrosis in a model of NAFLD-induced hepatocellular carcinoma 

(45). D+Q even seemed to display a pro-tumorigenic effect in this model. In line 

with this observation, the apoptosis of senescent liver sinusoidal endothelial cells 

induced perivascular liver fibrosis and health deterioration in aged mice (46). Also, 

senescent hepatic stellate cells can limit liver fibrosis and promote liver 

regeneration in preclinical models (47, 48). Caution should thereby be advised 

regarding the use of senolytic therapies in liver disease as consequences could 

differ according to the removed senescent cell type.  

 

In conclusion, BA livers displayed advanced senescence at diagnosis and 

senescence and SASP continued to progress until liver transplantation. HALPC but 

not D+Q reduced early senescence and improved liver disease in a preclinical model 

of biliary cirrhosis, providing encouraging preliminary results. However, the 

development of therapeutic agents that target selected senescent cell-types 

through clearly identified mechanisms and thereby improve established 

senescence and liver disease will be needed before considering to translate 

senotherapies to pediatric biliary cirrhosis. 
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Materials and methods 

 

Human samples 

Patients who underwent hepatoportoenterostomy procedure (n = 5) or liver 

transplantation (n = 30) for BA were prospectively recruited in the Pediatric 

Gastroenterology and Hepatology Unit of Cliniques Universitaires Saint-Luc 

between 2018 and 2022. A liver biopsy or a fragment of the explanted liver was 

collected for each patient and obtained from the Cliniques Universitaires Saint-Luc 

Hepatic Biobank. Biochemical data were obtained the day before the procedure. 

Control livers (n=10) were obtained from the Cliniques Universitaires Saint-Luc 

biobank when consent for research purposes was given. Cryopreserved material 

was available for 5/10 controls. This project was approved by the Ethics Committee 

of Cliniques Universitaires Saint-Luc (registration number B403201938739). 

Written informed consent was obtained for all study participants. 

 

Animal model and senotherapeutics administration 

Biliary cirrhosis was induced in 2-month-old wild-type male Wistar rats by 

performing the extrahepatic bile duct ligation-resection surgical procedure as 

previously described (49). Controls underwent sham procedure (bile duct 

dissection without resection) at the same age and were sacrificed at the same time 

points. Cryopreserved HALPC were obtained from the Hepatic Biobank of Cliniques 

Universitaires Saint-Luc. The cells were originally derived from the liver of a male 

donor aged 4 months as previously described and cultured on Corning CellBIND 

flasks (Merck, Kenilworth, NJ, USA) (50). For our experiments, cells cryopreserved 

at P4 were thawed and re-suspended in PBS supplemented with heparin 60UI/106 

cells. Cells were subsequently injected to the animals at high dose (12.5x106 

cells/kg, n=6) and low dose (1.25x106 cells/kg, n=6) through the penile vein 48 
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hours after BDL procedure. D (5 mg/kg; Merck) and Q (50 mg/kg; Merck) were 

diluted in 50% PEG400 and administered by oral gavage 48 hours after BDL surgery 

(n=5). Controls underwent BDL as well and were either injected with the cell vehicle 

(n=6) or received 50% PEG400 by oral gavage (n=5) at the same timepoints. All 

animals were sacrificed three days after the treatment. This project was approved 

by the Ethical Committee for Animal Experimentation of UCLouvain, Brussels 

(2018/UCL/MD/43). 

 

Senescence-associated β-galactosidase activity assay  

SA-β-gal activity assay was performed on cryopreserved liver tissue as previously 

described (51). The reaction was performed at pH 4 and the staining solution was 

removed after one hour (for human liver) or two hours (for rat liver) of incubation 

at 37C. Stained sections were washed with PBS before subsequent 

immunohistochemical staining when indicated. 

 

Immunohistochemistry – immunofluorescence  

Five μm formalin-fixed paraffin-embedded (FFPE) liver sections were 

deparaffinized and rehydrated in xylene and graded alcohol series. Antigen 

retrieval was performed with Tris-EDTA buffer (Merck) or with citrate buffer (Dako 

Target Retrieval Solution, Agilent, Santa Clara, CA, USA) (Supplementary Table 2). 

Non-specific immuno-staining was prevented by 1 hour incubation in PBS 

containing 5% Bovine Serum Albumin (Merck) ± 5% Normal Goat Serum (Thermo 

Fisher Scientific, Waltham, MA, USA). Thereafter, sections were incubated with 

primary antibody for 1 hour at 37C (Supplementary Table 2). After washing, 

sections were incubated with species-specific secondary antibodies (Dako 

EnVision+ System HRP, Agilent). Immunohistochemical detection was performed 

with liquid 3,3′-diaminobenzidine (DAB) chromogen and substrate buffer (Dako, 
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Agilent), and was followed by Mayer’s hematoxylin counterstaining. For 

immunofluorescence staining, tyramide-fluorophore amplification was performed 

sequentially with different fluorochromes (Alexa-488, 555, 594 or 647, Atto-425, 

Thermo Fisher Scientific or Invitrogen, Waltham, MA, USA) for each antibody as 

previously described (52). Sections were mounted with DAPI containing media or 

counterstained with Hoechst (Merck) and mounted with Dako fluorescence 

mounting medium (Dako). 

 

Imaging and quantification of staining in whole tissue sections 

Quantification of staining was assessed as previously described (51). Briefly, stained 

slides were digitalized using a SCN400 slide scanner (Leica Biosystems, Wetzlar, 

Germany) or Axio Scan.Z1 scanner for immunofluorescence (Zeiss, Oberkochen, 

Germany) (x20 magnification). For selected experiments, high magnification images 

(x100) with z-stack imaging were obtained through spinning disk confocal 

microscopy (Zeiss). Scanned slides were then analyzed using the image analysis tool 

Author version 2017.2 (Visiopharm, Hørsholm, Denmark) for computer-assisted 

quantification of histological staining. Results were expressed as (stained area/total 

tissue area) x 100 to obtain a percentage of stained area or as (stained cells/total 

number of cells) x 100 to obtain a percentage of stained cells. The parameters of 

the designed Visiopharm APPs were kept constant for all sections. 

 

Reverse transcription quantitative polymerase chain reaction (RT-

qPCR) 

Liver homogenates were obtained with the FastPrep-24 Classic Instrument (MP 

Biomedicals, Irvine, CA, USA) from liver biopsies cryopreserved in Lysing Matrix D 

tubes (MP Biomedicals) filled with Tripure isolation reagent (Roche, Basel, 

Switzerland). Total RNA was extracted from liver homogenates using Tripure 
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isolation reagent (Roche), according to the manufacturer’s instructions. Genomic 

DNA was digested by DNase I (Invitrogen). RNA was retro-transcribed using the 

high-capacity cDNA reverse transcription kit (Applied Biosystems, Waltham, CA, 

USA). RT-qPCR was carried out in duplicate using TaqMan universal MasterMix 

(Applied Biosystems) and pre-designed TaqMan probes obtained from Thermo 

Fisher Scientific or Integrated DNA Technologies (IDT; Coralville, IA, USA) on a 

StepOnePlus real-time PCR machine (Applied Biosystems) (Supplementary Table 3). 

Relative gene expression was determined with the ∆∆Ct method using TBP and PPIA 

as housekeeping genes for human experiments and Gapdh and B2m for rat 

experiments (53).   

 

Digital spatial whole transcriptome of BA livers 

Digital spatial profiling (DSP) GeoMx slide preparation and analysis were performed 

by the Utrecht Sequencing Facility (USEQ) team (Utrecht, Netherlands). FFPE 

samples of BA late (n=2), BA early (n=2) and control (n=3) livers were processed and 

prepared according to the RNA FFPE Manual Slide Preparation Protocol section of 

the GeoMx NGS Slide Preparation User Manual (MAN-10115-05) by NanoString 

Technologies (Seattle, WA, USA). Briefly, FFPE slides were baked at 60C for 30 

minutes immediately before deparaffinization and rehydration. The slides were 

then incubated in 100C Tris-EDTA for 15 min to achieve target retrieval. RNA targets 

were exposed through incubation with Proteinase K at 37C for 15min and a post-

fixation step was performed to preserve the samples. The slides were hybridized 

overnight with GeoMx Human Whole Transcriptome Atlas Human RNA probe mix 

for Illumina Systems (NanoString Technologies). Stringent washes were performed 

to remove off-target probes and samples were blocked with Buffer W (NanoString 

Technologies). Prepared slides were then stained for one hour with 

immunofluorescent antibodies to allow the identification of tissue morphology and 
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the detection of specific cell types during the ROI selection step. The morphological 

markers used were pan-cytokeratin (2 µg/ml; NBP2-33200AF532, Novus 

Biologicals, Centennial, CO, USA), alpha smooth muscle actin (1.25 µg/ml; 

ab202368, Abcam, Cambridge, UK) and Syto13 (S7575, Thermo Fisher Scientific). 

Slides were then washed and loaded into the GeoMx DSP machine for scanning (x20 

magnification) and ROI selection. Selection of 4-5 ROI for hepatocytes and 4-5 ROI 

for cholangiocytes was manually performed in each sample. Only the cell type of 

interest was digitally selected in each ROI thanks to the pan-cytokeratin 

immunofluorescent staining (high intensity staining for cholangiocytes and low 

intensity staining for hepatocytes). ROI were validated only if containing at least 

100 targeted cells in order to allow sufficient signal for subsequent detection. 

GeoMx Human Whole Transcriptome Atlas RNA assay contains in situ hybridization 

probes conjugated to unique DNA oligonucleotides (DSP barcodes) via a UV-

photocleavable linker. After ROI selection, the DSP barcodes were tagged according 

to their ROI location and then UV-cleaved and collected to be sequenced on an 

Illumina sequencer (San Diego, CA, USA). Sequenced oligonucleotides were 

processed and then imported back into the GeoMx DSP analysis software for 

integration with the ROI selection information and generation of spatially- and cell 

type-resolved transcriptomic data. 

 

Analysis of DSP whole transcriptome data 

Two low-performing ROI segments with less than 10% of the genes detected were 

removed from the analysis (genes were considered as detected when their counts 

were higher than the LOQ value, defined as the negative probes geometric means 

+ 2 standard deviations). Genes lowly detected across the dataset (in less than 10% 

of the segments) were removed, leaving 9146 genes for the differential expression 

analyses. Raw counts were normalized by the Q3 normalization method. 
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Differential expression analyses were performed with DESeq2 Bioconductor 

package v1.32.0 (54). Gene set enrichment analyses were done using clusterProfiler 

v4.0.5 (55). 

 

Statistical analysis  

Statistical analysis was conducted using Graphpad Prism 5.0 (GraphPad Software, 

La Jolla, CA, USA). Continuous variables were presented as mean ± standard error 

of the mean (SEM) or median (range) and categorical variables as numbers and 

percentages. The non-parametric Mann-Whitney U test was used to compare 

continuous variables between subgroups. When more than two groups were 

included in the analysis, a non-parametric Kruskal-Wallis One-Way ANOVA with 

Dunn’s post-hoc test was performed. A two-tailed p-value ≤ 0.05 was considered to 

indicate statistical significance for all analyses. 
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Supplementary tables 

 

 

 Controls (n=10) BA early (n=5) BA late (n=30) 

Median age                                                        9.5 y (3 d - 41 y) 7 w (17 d - 2 m) 12 m (6 m - 15 y) 

Gender (M/F) 5 (50%) / 5 3 (60%) / 2 15 (50%) / 15 

AST (UI/L) (< 80) NA 232 ± 78 228 ± 19 

ALT (UI/L) (< 35) NA 155 ± 57 123 ± 11 

γGT (UI/L) (< 40) NA 455 ± 78 221 ± 30 

Total bilirubin (mg/dL) (< 1.2) NA 9.1 ± 1.7 17.5 ± 1.7 

INR (0.8-1.2) NA 1 ± 0.04 1.5 ± 0.1 

Histological fibrosis (Metavir): 

F0 

F1 

F2 

F3 

F4 

 

10 (100%) 

0 

0 

0 

0 

 

1 (20%) 

0  

1 (20%) 

1 (20%) 

2 (40%) 

 

0 

0 

0 

0 

30 (100%) 

 

Supplementary Table 1. Description of the study population. In the first column, standard 
values are indicated for all biochemical parameters. Continuous data is presented as median 
(range) or mean ± SEM. D: days; m: months; NA: not available; y: years.  
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Primary antibody 

(target) 

Company Cat. No Species Ag retrieval Dilution 

p21 WAF1/Cip1 (H) Agilent M7202 M mAb T 1 hour 98C IHC 1/400  

p21 WAF1/Cip1 (R) Agilent M7202 M mAb T 900W 4 min -  

 90W 15 min - 

 900W 1.5 min - 

T Retriever 2100  

IHC 1/50 

 

 

IF 1/50 

p16 INK4a (H) Abcam ab108349 Rb mAb T 1 hour 98C IHC 1/1000 

gamma H2A.X 

(Ser139) (H) 

Abcam ab81299 Rb mAb C 35 min 98C 

C Retriever 2100 

IHC 1/500 

IF 1/500 

gamma H2A.X 

(Ser139) (H) 

Merck 05-636 M mAb C 5 min 450W IF 1/1000 

TRF2 (H) Novus NB110-

57130 

Rb pAb C 5 min 450W IF 1/2000 

HNF4α (H-R) R&D  PP-H1415 M mAb C Retriever 2100 IF 1/400 

CK19 (H) Dako M0888 M mAb C 35 min 98C 

C Retriever 2100 

IHC 1/100 

IF 1/100 

CK19 (R) Abcam ab220193 M mAb C Retriever 2100 IF 1/200 

 
Supplementary Table 2. Primary antibodies. Ag: antigen; C: citrate; H: human; IF: 
immunofluorescence; IHC: immunohistochemistry; M: Mouse; mAb: monoclonal antibody; 
pAb: polyclonal antibody; R: rat; Rb: rabbit; T: Tris-EDTA. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



90 
 

Gene of interest (specie) Company Reference 

CDKN1A (H) Thermo Fisher Scientific  Hs00355782_m1 

CDKN2A (H) Thermo Fisher Scientific Hs00923894_m1 

CXCL8 (H) IDT Hs.PT.58.38869678.g 

TGFB1 (H) IDT Hs.PT.58.39813975 

COL1A1 (H) Thermo Fisher Scientific Hs00164004_m1 

KRT19 (H) Thermo Fisher Scientific Hs00761767_s1 

HNF4A (H) Thermo Fisher Scientific Hs00230853_m1 

TBP (H) Thermo Fisher Scientific Hs99999910_m1 

PPIA (H) Thermo Fisher Scientific Hs99999904_m1 

Cdkn1a (R) IDT Rn.PT.58.12154239 

Cdkn2a (R) Thermo Fisher Scientific Rn00580664_m1 

Il1b (R) IDT Rn.PT.58.38028824 

Tgfb1 (R) IDT Rn.PT.58.6690138 

Col1a1 (R) IDT Rn.PT.58.7562513 

Sox9 (R) IDT Rn.PT.58.29440750 

Hnf4a (R) IDT Rn.PT.58.34229621.g 

Gpx1 (R) IDT Rn.PT.58.7204268.g 

Gapdh (R) Thermo Fisher Scientific Rn01775763_g1 

B2m (R) Thermo Fisher Scientific Rn00560865_m1 

 
Supplementary Table 3. Pre-designed TaqMan probes used for reverse transcription 
quantitative polymerase chain reaction. 
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Supplementary figures 
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Chapter 4: repeated senotherapeutics 

administration in a preclinical model of 

biliary cirrhosis 

 

Introduction 

 

In the previous chapter, we obtained encouraging results regarding the short-term 

HALPC effect on liver senescence and disease in the BDL model of biliary cirrhosis. 

Unexpectedly, the well-described senolytic combination D+Q did not have any 

beneficial on liver senescence and even seemed to worsen liver disease. Since liver 

senescence and disease progressively worsen in the BDL model, we hypothesized 

that more differences could be evidenced regarding the effect of HALPC or D+Q on 

liver senescence and disease in a longer experiment. In particular, we aimed at 

evidencing a potential effect of those treatments on markers of established 

senescence (such as p16 or SA-β-gal activity) that were not modified in the short-

term experiment, and on liver fibrosis. In this chapter, we report the results 

obtained after repeated administrations of HALPC or D+Q in animals that were 

sacrificed two weeks after the BDL surgery.  

 

Materials and methods 

 

Methods were similar to Chapter 3 except for the fact that all the animals in the 

HALPC group were injected with 1.25 x 106 cell/kg. The effects of HALPC were 

comparable for low (1.25 x 106 cell/kg) and high (12.5 x 106 cell/kg) doses in 

previous experiments, which encouraged us select the low dose for further 



100 
 

experiments to avoid unnecessary side effects. D+Q regimens were unchanged (D 

5 mg/kg and Q 50 mg/kg) as this combination is the best described in the literature 

in rats and in liver disease (1, 2). Of note, the HALPC donor was different as 

compared to the previous experiment (8 months old male donor versus 4 months 

old male donor in the previous experiment). The design of the experiment is 

presented in Figure 1. Repeated administrations of HALPC were performed because 

HALPC were not detected at 72 hours in liver homogenates in the previous 

experiment, probably due to the rapid clearance of human cells by the immune 

system of the rats in the absence of immunosuppression (data not shown). 

Repeated administrations were also selected for D+Q to perform a “hit and run” 

approach that would allow to remove senescent cells at multiple timepoints while 

limiting the side effects (3).  

 

 

 

 
Figure 1.  Design of the experiment. Operated rats received repeated administrations of 
HALPC (n=8) vs D+Q (n=6) vs vehicle (n=6) and were sacrificed 14 days after the BDL surgery. 
BDL: bile duct ligation; D: dasatinib; HALPC: human allogenic liver-derived progenitor cells; 
Q: quercetin. 
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Results 

 

Repeated administrations of HALPC and D+Q did not have any effect 

on established senescence and SASP in the BDL model 

Neither HALPC nor D+Q displayed an effect on liver senescence and SASP in the BDL 

model when the animals were sacrificed 14 days after the surgery (Figure 2). 
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Figure 2. Effect of HALPC and D+Q on liver senescence and SASP in rats sacrificed 14 days 
after the BDL surgery. (A) HALPC and D+Q did not have any effect on senescence compared 
to animals that received the vehicle as demonstrated by p21, p16, p53 and GLB1 gene 
expression in liver homogenates and by SA-β-gal activity. (B) HALPC and D+Q did not have 
any effect on the SASP compared to the vehicle as demonstrated by TGF-β1, IL-1α, IL1-β, IL-
6 and CXCL1 gene expression in liver homogenates. BDL: bile duct ligation; D: dasatinib; 
HALPC: human allogenic liver-derived progenitor cells; Q: quercetin; SA-β-gal: senescence-
associated β-galactosidase. Data is presented as mean ± SEM. 

 

Repeated administrations of HALPC and D+Q did not improve liver 

disease in the BDL model 

Biochemical parameters of the animals did not improve with HALPC or D+Q 

administrations as compared to the vehicle (Figure 3).  

 

 

 
Figure 3. Effect of HALPC and D+Q on biochemical parameters of BDL rats sacrificed 14 days 
after the surgery. Neither HALPC nor D+Q had any effect on serum AST, ALT, albumin, 
bilirubin (total and direct) and γGT as compared to the vehicle. γGT: gamma-glutamyl 
transferase; ALT: alanine transaminase; AST: aspartate transaminase; D: dasatinib; HALPC: 
human allogenic liver-derived progenitor cells; LLN: lower limit of normal; Q: quercetin; 
ULN: upper limit of normal. Data is presented as mean ± SEM. 
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Treatment with HALPC or D+Q did not improve liver disease as well in respect of 

the results obtained on liver homogenates and liver sections (Figure 4). D+Q even 

tended to increase biliary proliferation (SOX-9 gene and protein expression) and 

significantly worsened histological liver fibrosis as compared to HALPC (Figure 4). 

 

 

 
Figure 4. Effect of HALPC and D+Q on liver disease in BDL rats sacrificed 14 days after the 
surgery. HALPC and D+Q did not have any effect on biliary proliferation (SOX-9 gene and 
protein expression), hepatocytes mass (HNF4α gene expression) and liver fibrosis (COL1A1 
gene expression and histological fibrosis) as compared to the vehicle. CPA: collagen 
proportionate area; D: dasatinib; HALPC: human allogenic liver-derived progenitor cells; Q: 
quercetin. Data is presented as mean ± SEM; p<0.05. 
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Discussion 

 

Neither HALPC nor D+Q displayed any beneficial effect on liver senescence and 

disease in this prolonged experiment with repeated treatments. D+Q even 

worsened histological liver fibrosis with regard to HALPC. No specific control for 

D+Q was included in this experiment as the vehicle injected was HALPC vehicle only 

due to technical considerations, but this result is in line with previous study 

underlying the potential deleterious effect of removing senescent cells without 

targeting a specific cell-type (4). The encouraging effects obtained on liver 

senescence and disease 72 hours after a single HALPC administration in BDL rats 

were not confirmed in rats that were sacrificed 14 days after the surgery and 

received HALPC three times. This might have been related to the complete and 

irreversible mechanical damage induced on the extrahepatic biliary tract in the BDL 

model, causing a level of disease that could be too severe to observe any 

improvement related to therapeutic interventions. In this context, the use of milder 

preclinical models of BA as for example the reassortant RRV mice model might be 

an interesting option (5). However, the low survival rate at 14 days (less than 50%) 

and the lack of systematic fibrotic evolution would make the long-term assessment 

of liver senescence and disease evolution very challenging in this model as well. Of 

note, the change of HALPC donor might also have participated in the different 

results observed in the short-term versus long-term experiments. 

HALPC anti-senescence properties will have to be validated in a model of advanced 

biliary senescence before considering to use them as senotherapeutics in clinical 

application. This generates a need for preclinical models of biliary senescence that 

would be severe enough to benefit from senotherapies, but with a slow progression 

that would better mimic BA and potentially allow to obtain a proof of efficacy 

regarding senotherapeutic interventions. Since such BA models do not exist for the 
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moment to our knowledge, other models of hepatobiliary senescence will have to 

be investigated and developed in the future.  
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Summary 

 

Introduction: Alagille syndrome (ALGS) is an autosomal dominant disease 

characterized by a multisystem involvement including bile duct paucity and 

cholestasis, and caused by JAG1 or NOTCH2 mutations in most of the cases. 

Jagged1-Notch2 interactions are known to be crucial for intrahepatic biliary tract 

development, but the Notch signaling pathway is also involved in the juxtacrine 

transmission of senescence and in the induction and modulation of the senescence-

associated secretory phenotype (SASP).  

Aim: Our aim was to investigate premature senescence in ALGS liver to better 

understand the involvement of Notch in senescence and SASP development.  

Methods: Liver tissue from ALGS patients was prospectively obtained at the time of 

liver transplantation (n=5) and compared to control livers (n=5).   

Results: We evidenced advanced premature senescence in the livers of five JAG1 

mutated ALGS pediatric patients through increased senescence-associated beta-

galactosidase activity (p<0.05), increased p16 and p21 gene expression (p<0.01), 
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and increased p16 and γH2AX protein expression (p<0.01). Senescence was located 

in hepatocytes of the whole liver parenchyma as well as in remaining bile ducts. 

The classical SASP markers TGF-β1, IL-6, and IL-8 were not overexpressed in the 

livers of our patients, but other SASP markers were upregulated in ALGS livers in a 

published RNA sequencing dataset.  

Conclusions: We demonstrate for the first time that ALGS livers display important 

premature senescence despite Jagged1 mutation, underlying the complexity of 

senescence and SASP development pathways. 

 

Introduction 

 

Alagille syndrome (ALGS) is an autosomal dominant disease characterized by a 

multisystem involvement including bile duct paucity and cholestasis. The 

penetrance is highly variable and clinical manifestations can also consist in 

cardiovascular defects, renal anomalies, characteristic facial features, vertebral 

arch/other skeletal defects and ocular features (typically posterior embryotoxon) 

(1). In the presence of ALGS-related initial cholestasis, more than 75% of the 

patients need a liver transplantation before the age of 18 years (2). A mutation in 

JAG1, which encodes the protein Jagged1, explains the phenotype in more than 

90% of the cases. NOTCH2 mutations are found in up to 4% of the patients in the 

absence of JAG1 anomalies (2, 3). Jagged1-Notch2 interactions are known to be 

crucial for intrahepatic biliary tract development (4). The Notch signaling pathway 

also demonstrated to have major effects in senescence induction and propagation, 

especially through Notch1 (5). Jagged1-Notch1 interactions induce a juxtacrine 

transmission of senescence and Notch1 mediates a switch between TGF-β-rich 

secretome and pro-inflammatory secretome during senescence (6). Activation of 

Notch2 also induced premature senescence in vitro in human primary endothelial 
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cells (7). It was therefore relevant to investigate the presence of premature 

senescence and senescence-associated secretory phenotype (SASP) in ALGS livers. 

 

Materials and methods 

 

Liver samples 

Five patients with genetically confirmed ALGS who underwent liver transplantation 

were prospectively recruited in the Pediatric Gastroenterology and Hepatology Unit 

of Cliniques Universitaires Saint-Luc between 2018 and 2022. A fragment of the 

explanted liver was collected during the surgery and biochemical data were 

obtained the day before the procedure. Five control liver fragments were provided 

by the Cliniques Universitaires Saint-Luc biobank when consent for research 

purposes was given. One control liver fragment was obtained from an explanted 

liver during liver transplantation for hyperoxaluria type 1 (metabolic defect in a 

structurally healthy liver), while the four others were obtained from diseased 

donors when no compatible organ receiver was identified. Biochemical data was 

not available for control patients. This project was approved by the Ethics 

Committee of Cliniques Universitaires Saint-Luc (registration number 

B403201938739). Written informed consent was obtained for all study 

participants. 

 

Senescence-associated β-galactosidase activity assay  

Senescence-associated β-galactosidase (SA-β-gal) activity assay was performed on 

cryopreserved liver tissue at pH 4 for one hour (37C) as previously described (8). 

Stained sections were washed with PBS before performing immunohistochemical 

staining when indicated.  
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Immunohistochemistry  

Five μm formalin-fixed paraffin-embedded (FFPE) liver sections were 

deparaffinized and rehydrated in xylene and graded alcohol series. After a 1 hour 

blocking step in 5% BSA (Merck,  Darmstadt, Germany) ± 5% normal goat serum 

(Thermo Fisher Scientific, Waltham, MA, USA), sections were incubated at 37C with 

primary antibody for 1 hour (Supplementary Table 1) followed by species-specific 

secondary antibodies incubation (Dako EnVision+ System HRP; Agilent, Santa Clara, 

CA, USA) and 3,3′-diaminobenzidine (DAB) chromogen detection. Digital 

quantification of staining was assessed on x20 magnification scanned sections by 

using the image analysis tool Author version 2017.2 (Visiopharm, Hørsholm, 

Denmark) as previously described (8). 

 

Reverse transcription quantitative polymerase chain reaction  

Liver homogenates were obtained from liver biopsies with the FastPrep-24 Classic 

Instrument (MP Biomedicals, Irvine, CA, USA). Total RNA was extracted from liver 

homogenates using Tripure isolation reagent (Roche, Basel, Switzerland) and retro-

transcribed using the high-capacity cDNA reverse transcription kit (Applied 

Biosystems, Waltham, CA, USA). Quantitative PCR was carried out in duplicate using 

TaqMan universal MasterMix (Applied Biosystems) and pre-designed TaqMan 

probes (Supplementary Table 2). Relative gene expression was determined with the 

∆∆Ct method using TBP and PPIA as housekeeping genes (9).   

 

Statistical analysis  

Statistical analysis was conducted using Graphpad Prism 5.0 (GraphPad Software, 

La Jolla, CA, USA). Continuous variables were presented as mean ± standard 

deviation (SD). The non-parametric Mann-Whitney U test was used to compare 
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continuous variables between subgroups. A two-tailed p-value < 0.05 was 

considered to indicate statistical significance for all analysis. 

 

Results 

 

Description of the study population is presented in Table 1. All the ALGS patients 

were transplanted at a pediatric age, while 2/5 controls were adults. All control 

livers were structurally normal (no inflammation nor fibrosis). A heterozygous 

mutation of JAG1 was evidenced in all ALGS patients. Two ALGS patients were 

transplanted for end-stage liver disease with cirrhosis and portal hypertension, and 

three patients were transplanted due to poor quality of life mainly related to 

pruritus and jaundice, in the absence of established cirrhosis (Metavir F2-F3). 

Advanced premature senescence was evidenced in ALGS livers as demonstrated by 

an increase in p16 and γH2AX protein expression, as well as an increase in p16 and 

p21 gene expression (Figs 1 and 2A). Gene expression of the SASP-associated 

markers TGF-β1, IL-6 and IL-8 was not increased in ALGS livers (Fig 2B). One ALGS 

patient (patient number 5) had markedly increased liver gene expression of those 

three SASP markers, but we could not evidence any relevant clinical, biochemical 

or histological differences in this patient as compared to the four others except for 

the presence of hypoalbuminemia and marked hyperbilirubinemia (Table 1). 
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Alagille syndrome  

 

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 

Age (years)                                                        1 11 4 5 5 

Gender  F F M F M 

AST (UI/L) (< 80) 196 321 326 325 757 

ALT (UI/L) (< 35) 153 381 394 235 242 

γGT (UI/L) (< 40) 335 460 692 131 133 

Total bilirubin 
(mg/dL) (< 1.2) 

14.8 1.4 15.6 25.4 36.3 

Albumin (g/L) 
(>34) 

38 43 45 38 29 

INR (0.8-1.2) 1.01 1.01 1.12 1.4 1.58 

Histological 
fibrosis (Metavir) 

F2 F2 F3 F4 F4 

Liver transplant 
indication 

Quality of life Quality of life Quality of life End-stage liver 
disease 

End-stage 
liver disease 

JAG1 mutation c.551G>A / 
p.(Arg184His) 

c.550C>T / 
p.(Arg184Cys) 

c.2122_2125del, 
p.(Gln708Valfs*34) 

c.2455A>G 
(p.Ile819Val) 

c.886+1G>A 

Other anomalies: 
   Heart 
   Kidneys 
   Vertebral 
   Ophtalmic 
   Typical facies 

 
No 
No 
No 
No 
Yes 

 
Yes 
No 
No 
Yes 
Yes 

 
Yes 
Yes 
Yes 
Yes 
Yes 

 
Yes 
Yes 
Yes 
No 
Yes 

 
Yes 
Yes 
Yes 
No 
Yes 

  
Controls  

 

Control 1 Control 2 Control 3 Control 4 Control 5 

Age (years) 4 28 0 15 41 

Gender  M F M M F 

Histological 
fibrosis (Metavir) 

F0 F0 F0 F0 F0 

Liver transplant 
indication 

/ / / Hyperoxaluria 
type 1 

/ 

Cause of death Status 
epilepticus 

Motor vehicle 
accident 

Neonatal asphyxia / Hemorragic 
stroke 

 

Table 1. Description of the study population. Standard values are indicated for all 
biochemical parameters. 
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Fig 1. Protein expression of senescence markers in ALGS livers. Protein expression of γH2AX 
and p16 increases in ALGS as compared to controls. No significant change is observed 
regarding p21 protein expression. ALGS: Alagille syndrome; DAB: 3,3′-diaminobenzidine. 
Data is presented as mean ± SD; **p<0.01. Scale bars = 100 µm. 
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Fig 2. Gene expression of senescence and SASP markers in ALGS livers. (A) Gene expression 
of p21 and p16 increases in ALGS livers. (B) Gene expression of SASP markers TGF-β1, IL-6 
and IL-8 is unchanged in ALGS livers. ALGS: Alagille syndrome; SASP: senescence-associated 
secretory phenotype. Data is presented as mean ± SD; **p<0.01. 

 

 

SA-β-gal activity confirmed the presence of senescence in ALGS livers and co-

staining of SA-β-gal activity and CK-19 immunohistochemistry located senescence 

in the whole liver parenchyma and pointed out the disappearance of bile ducts in 

ALGS livers (Figs 3A and 3B). However, remaining bile ducts were senescent as well 

as demonstrated by serial staining of p16 and CK-19 (Fig 3C). Of note, levels of 

senescence appeared comparable between adult and pediatric control livers, as 
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expected since cholangiocytes and hepatocytes do not suffer from telomere 

shortening and replicative senescence in physiological conditions (Figs 1-3) (10). 

 

 

Fig 3. Senescence localization in ALGS livers. (A) SA-β-gal activity increases in ALGS livers as 
compared to controls. (B) Co-staining of SA-β-gal activity and CK-19 IHC shows senescence 
in the whole liver parenchyma of ALGS livers, with disappearance of intrahepatic bile ducts 
as demonstrated by the absence of CK-19 staining on this liver section. (C) Serial IHC staining 
of p16 and CK-19 evidences senescence in the remaining bile ducts of ALGS livers. ALGS: 
Alagille syndrome; IHC: immunohistochemistry; SA-β-gal: senescence-associated beta-
galactosidase. Data is presented as mean ± SD; *p<0.05. Scale bars = 100 µm. 
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Finally, we investigated the expression of senescence and SASP-related genes in a 

published RNA sequencing dataset obtained from pediatric ALGS (n=5) and 

cholestatic (n=2)/non-cholestatic (n=2) control livers (GSE104873) (11). We only 

considered the results of the differential expression analysis comparing ALGS to 

non-cholestatic controls since oxidative stress due to bile acids accumulation can 

per se lead to premature senescence in cholestatic diseases (12). Also, ALGS and 

cholestatic livers clustered together in the principal component analysis of the 

study and were distinct from the transcriptomes of the two non-cholestatic 

controls suffering from autoimmune hepatitis (11). Amongst the 370 genes that 

were upregulated in the differential expression analysis of ALGS livers versus non-

cholestatic controls, 14 genes were previously described as SASP components, 

including CXCL8 (IL-8) (Table 2) (13-15). Only 2/5 ALGS patients had a marked 

upregulation of all the 14 SASP-related genes. CDKN1A (p21), CDKN2A (p16), TGFB1 

(TGF-β1) and IL6 (IL-6) were not significantly upregulated in the differential 

expression analysis, but seemed overexpressed in some ALGS patients when the 

detailed database was investigated. Those observations underlie the heterogeneity 

of senescence and SASP-related transcriptomes in ALGS patients. 
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Gene LogFC p-value 

CXCL8 7.06 2.99 x 10-15 

CCL20 6.65 3.22 x 10-11 

CCL3 4.04 7.8 x 10-5 

PDGFA 3.75 1.91 x 10-11 

IGFBP1 3.2 1.51 x 10-7 

PLAU 3.12 6.3 x 10-4 

LIF 3.08 1.1 x 10-3 

CCL2 3.07 1.84 x 10-4 

IL32 3.05 9.56 x 10-7 

MMP2 2.96 8.69 x 10-6 

PLAUR 2.7 1.12 x 10-3 

TIMP1 1.9 5.83 x 10-4 

ICAM1 1.87 4.18 x 10-4 

MMP14 1.45 3.09 x 10-3 

 

Table 2. SASP-related genes upregulated in ALGS livers versus non-cholestatic controls. This 
table was extracted from the differential expression analysis of a published RNA sequencing 
dataset (11). SASP genes were identified based on existing literature (13-15). ALGS: Alagille 
syndrome; FC: fold change; SASP: senescence-associated secretory phenotype. 

 

Discussion 

 

Our results demonstrate for the first time that ALGS livers display advanced 

premature senescence from early life. Senescence is located in the whole liver 

parenchyma, and predominates in hepatocytes in the presence of a major 

intrahepatic ductular paucity inherent to the disease. Our observations are in line 

with the increased SA-β-gal activity that was evidenced in livers from jag1b/2b 

mutants zebrafish (jag1b-/-; jag2b-/-), in which the developmental loss of 

intrahepatic cholangiocytes and the subsequent cholestasis of ALGS are 

phenocopied (16). Due to Jagged1 mutation, a reduction of the juxtacrine 

transmission of senescence mediated by Jagged1-Notch1 interactions would be 

expected in ALGS (6). Jagged1 deficiency might also affect the transient increase in 

Notch1 and in the active Notch1 intracellular domain (N1ICD) necessary to induce 
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the TGF-β1-rich primary SASP, TGF-β being an important promotor of the paracrine 

transmission of senescence in liver disease (6, 17, 18). This transient increase is 

normally followed by N1ICD downregulation, which allows the production of a pro-

inflammatory SASP containing inflammatory cytokines such as IL-6 and IL-8 through 

the de-repression of C/EBPβ (5). The SASP markers TGF-β1, IL-6 and IL-8 were not 

overexpressed in ALGS livers in our cohort – except for one patient – and TGF-β1 

was not differentially expressed in ALGS versus control livers in a published RNA 

sequencing dataset (11). Jagged1/Notch/TGF-β-independent mechanisms thus 

lead to the important premature senescence that we observe in ALGS livers, in the 

absence of the classically described mechanisms of juxtacrine and paracrine 

transmission of senescence. However, other SASP components promoting the 

paracrine transmission of senescence such as CCL2 and CCL20 were upregulated in 

ALGS livers RNA sequencing dataset, underlying the fact that other senescence 

pathways might compensate the abnormal Notch signaling (11, 19, 20). Also, we 

observed an important interpatient variability regarding the expression of 

senescence and SASP-related genes in our cohort and in a published dataset about 

ALGS livers. The senescence and SASP profiles can vary widely according to the cell 

type and senescence-inducing stress, but the interpatient variability that we 

observed could also be related to the high phenotypic variability inherent to ALGS 

(15). Finally, senescence markers were expressed to various extent within one 

patient, corroborating the fact that a combination of markers is required to confirm 

the senescent phenotype (21). Further studies will be needed to deeply investigate 

pathways involved in senescence and SASP regulation, especially since the number 

of patients included in this preliminary study was very small with high interpatient 

variability. In particular, comparing JAG1- and NOTCH2-mutated ALGS livers could 

be of high interest to discriminate Notch1 and Notch2 involvement in senescence 

and SASP. In conclusion, ALGS livers display important premature senescence 
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despite Jagged1 mutation, underlying the complexity of senescence and SASP 

development pathways.       
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Supplementary tables 

 

Primary antibody  Company Cat. No Species Ag retrieval Dilution 

p21 WAF1/Cip1  Agilent M7202 M mAb T 1 hour 98C IHC 1/400  

p16 INK4a  Abcam ab108349 Rb mAb T 1 hour 98C IHC 1/1000 

gamma H2A.X 

(Ser139)  

Abcam ab81299 Rb mAb C 35 min 98C IHC 1/500 

CK19  Dako M0888 M mAb C 35 min 98C IHC 1/100 

 

Supplementary Table 1. Primary antibodies. Ag: antigen; C: citrate; M: mouse; mAb: 

monoclonal antibody; pAb: polyclonal antibody; Rb: rabbit; T: Tris-EDTA. 

 

 

 

 

 

 

Gene of interest  Company Reference 

CDKN1A  Thermo Fisher Scientific  Hs00355782_m1 

CDKN2A Thermo Fisher Scientific Hs00923894_m1 

IL6  IDT Hs.PT.58.40226675 

CXCL8  IDT Hs.PT.58.38869678.g 

TGFB1  IDT Hs.PT.58.39813975 

 

Supplementary Table 2. Pre-designed TaqMan probes used for reverse transcription 

quantitative polymerase chain reaction. 

 

 

 



122 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



123 
 

Chapter 6: general discussion and 

conclusions  

 

Discussion 

 

Cholestatic liver diseases – and especially BA – are the first cause of liver 

transplantation in the pediatric population since there are currently no alternatives 

to this heavy procedure in case of end-stage liver disease (1). It is now well 

established that premature liver senescence occurs in adult chronic hepatobiliary 

diseases and worsens the prognosis by aggravating liver tissue remodeling and 

hepatic dysfunction (2-4). Some evidence suggests that premature senescence also 

occurs in pediatric BA livers, but no study ever investigated the possibility of using 

anti-senescence therapies in pediatric biliary cirrhosis (5-7). In this context, our aim 

was to investigate premature senescence and SASP in pediatric biliary cirrhosis and 

to test senotherapeutics that could be translated to clinical applications in a 

preclinical model of biliary cirrhosis.  

 

We demonstrated that premature senescence occurs in BA and ALGS livers, two 

main causes of pediatric end-stage liver disease due to chronic cholestasis. BA livers 

displayed advanced premature senescence already at diagnosis, but senescence 

continued to progress until liver transplantation, underlying the potential interest 

of developing anti-senescence therapies to limit the worsening of the disease 

related to senescence. HALPC decreased the early marker of senescence p21 and 

improved liver disease in the BDL preclinical model of biliary senescence, providing 

promising results regarding the use of senotherapeutics in biliary cirrhosis. HALPC 

were tested as senotherapeutics because other MSC types demonstrated to have 
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anti-senescence properties in other organs, but those cells have well-described 

anti-inflammatory, anti-fibrotic and pro-regenerative paracrine properties that 

could have participated to the observed disease improvement (8-10). Also, the anti-

senescence properties of HALPC observed on the early marker of senescence p21 

will have to be confirmed on established senescence markers before considering 

HALPC as true senotherapeutics. Therapies that specifically target senescent cells 

and thereby improve established senescence and liver disease will need to proof 

their efficacy before considering to translate senotherapeutics to pediatric biliary 

cirrhosis.  

 

The first step of the project was to develop an easy and reproducible test to detect 

senescence on human and rat liver tissue. In order to do that, we adapted the well-

described SA-β-gal activity detection protocol to be able to use it on cryopreserved 

tissue (11). Our innovative protocol uses the optimal pH of the β-gal enzyme at 

shorter incubation times and allowed us to compare human samples that were 

collected over time due to limited availability. Since no markers of senescence are 

completely specific, we also developed IHC/IF and RTqPCR methods to evidence 

protein and/or gene expression of cell cycle inhibitors (p21 and p16), 

DNA/telomere-damage foci (γH2AX ± TRF2) and SASP markers (TGF-β1, IL-6, IL-8, 

IL-1β) (12).   

 

We next investigated the presence of premature liver senescence in BA, which is 

the first cause of liver transplantation in children (13). We demonstrated for the 

first time through multiple markers and techniques that BA livers display advanced 

premature senescence. Senescence was predominant in cholangiocytes and in 

perinodular hepatocytes, and SASP markers were elevated in whole liver tissue 

homogenates. To confirm our observations, we performed the first DSP analysis on 

BA livers, which allowed us to investigate the whole transcriptome with regard to 
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the investigated cell type (cholangiocytes versus hepatocytes). This analysis 

confirmed that senescence and SASP predominated in cholangiocytes and 

continued to progress until liver transplantation. It also allowed us to conclude that 

the senescent transcriptome of hepatocytes and cholangiocytes shared many 

similarities, while it was very different from other cell types in line with previous 

reports underlying the heterogeneity of senescence and SASP transcriptomes (14). 

The localization of senescence in cholangiocytes and surrounding perinodular 

hepatocytes as well as the predominance of senescence in cholangiocytes in our BA 

livers are in line with the hypothesis of a paracrine transmission of senescence from 

cholangiocytes to hepatocytes through the SASP, hypothesis that was previously 

demonstrated in a preclinical model of biliary senescence (15). This is especially 

true since CCL2 and TGF-β1 – two SASP components that are widely incriminated 

in the paracrine transmission of senescence – were elevated in our BA livers (3, 15, 

16). 

 

Since senescence was confirmed in BA livers and continued to progress until liver 

transplantation, we aimed at developing a preclinical model of biliary cirrhosis and 

senescence that would mimic BA and allow us to test anti-senescence therapies. 

We chose the BDL model in two-month-old rats, which generates a rapid and 

constant progression to biliary cirrhosis (17). We observed that liver disease and 

senescence progression in this model were in many points comparable to BA, 

allowing us to proceed with the administration of HALPC or D+Q, two 

senotherapeutic options that could be translated to clinical applications. When we 

treated the animals once 48 hours after BDL surgery and sacrificed them 72 hours 

after the treatment, we observed that HALPC decreased the gene expression of the 

early marker of senescence p21, possibly through anti-oxidative properties since 

Gpx1 liver gene expression was reduced in treated animals. HALPC also reduced the 

biliary damage (serum γGT and Sox9 gene expression) and slightly improved the 
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hepatocytes mass (Hnf4a). In contrast, the well-described senolytic combination 

D+Q did not have any effect on liver senescence and even seemed to worsen liver 

disease as it decreased the hepatocytes mass. This underlies the deleterious 

potential of senolytic therapies when a particular senescent cell type is not 

specifically targeted, in line with the literature (18, 19). Identifying specific 

senescent cell types to remove in selected diseases and developing senotherapies 

that are able to target those cells remains an enormous challenge to address. 

Methods to increase the specificity of senotherapies for senescent cells are being 

developed, for example through galactose-conjugated nanoparticles or prodrugs 

cleaved in cells with increased SA-β-gal activity (20). Another example is the 

successful immune-mediated clearance of senescent cells through cytotoxic CAR T 

cells primed against uPAR, a cell-surface protein that is broadly induced during 

senescence (21). However, context-specific biomarkers that could identify 

senescent cells within a particular cell type are currently lacking. Such markers will 

be essential to increase specificity and limit off-target effects of senotherapies in 

the future.   

 

Given the encouraging results obtained with HALPC on senescence and liver disease 

in BDL rats, we further investigated the effect of HALPC and D+Q by administrating 

repeated treatments to the animals. Operated rats received three HALPC or D+Q 

administrations (days 2-6-10 post-surgery) and were sacrificed two weeks after BDL 

surgery. In this extended experiment, HALPC and D+Q did not have any effect on 

senescence nor liver disease. Those results might have been related to the lack of 

senotherapeutic properties of the administrated substances, but the severity of the 

BDL model might also have been involved since complete and irreversible 

anatomical damage is induced by resecting the common bile duct. This observation 

underlies the difficulty of generating a preclinical model that would be severe 

enough to induce biliary cirrhosis and senescence, but with a progression that 
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would be slow enough to evidence potential beneficial effects related to 

senotherapeutic interventions. Such models would better mimic pediatric chronic 

cholestasis and would allow to assess the effect of senotherapies on established 

senescence and biliary disease. The reassortant RRV (RRV(VP2,VP4)-TUCH) mice model 

of BA is an improved version of the original RRV model as it allowed to  lower the 

mortality rate and increase fibrosis development (22). However, senescence was 

never investigated in this model and the low survival rate at 14 days (less than 50%) 

as well as the lack of systematic fibrotic evolution would make the assessment of 

liver senescence and disease evolution very challenging. Another model of biliary 

disease that could be considered is the multidrug resistance 2 (Mdr2) gene (Abcb4) 

knockout mice (Mdr2-/-), in which bile acid leakage into portal tracts due to the 

absence of phospholipids in the bile results in portal inflammation and periductal 

fibrosis (23). Ductular reaction, cholangiocytes senescence and mild biliary fibrosis 

were described in this model in three-weeks-old mice, with slow progression of 

fibrosis from periportal areas and high survival rate, making it an interesting model 

to explore (24, 25). Established biliary cirrhosis was absent in the original model 

even after several months, but the genetic backcross of Mdr2-/- mice onto the highly 

fibrosis-susceptible BALB/c substrain allowed to observe early signs of biliary 

cirrhosis at 3 months of age (26). However, the Mdr2 knockout model has been 

classically used to mimic PSC or PFIC rather than BA, and the primary hepatocytes 

dysfunction would have to be taken into account as this feature is absent in BA. 

Other models were recently developed to mimic BA such as the biliatresone mouse 

model, intra-hepatic Pkd1l1 knockout mice or human cholangiocytes organoids 

derived from BA livers (27-29). Biliatresone injection in neonatal mice induces a 

very severe BA phenotype as the mortality rate reaches 50% before 7 days of age 

and only asymptomatic mice survive after 18 days (27). The liver-specific Pkd1l1-/- 

mouse model induces delayed biliary maturation and a reduction in primary cilia, 

with progressive cholangiocyte proliferation and peribiliary fibro-inflammation 
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(28). Cholangiocytes senescence was also demonstrated in this model, which could 

be very suitable to study syndromic BA in future research. Finally, cholangiocytes 

organoids derived from BA livers – in which delayed epithelial development and 

disruption of the apical-basal polarization were demonstrated – allow to 

extensively study diseased human cholangiocytes in vitro, but not the interactions 

of cholangiocytes with other cell types (29). Various preclinical models of BA and 

biliary cirrhosis exist, and careful selection of the most suitable models will have to 

be performed before testing new senotherapeutic options in the future as new 

models are constantly developed.  

 

Finally, we reported for the first time that ALGS livers display premature senescence 

at the time of liver transplantation. The degree of cellular senescence was advanced 

in those livers despite the mutation of Jagged1, which is involved in the juxtacrine 

transmission of senescence (30). However, we could not evidence any increase of 

classical SASP markers gene expression in those livers, possibly due to a dysfunction 

in the Notch pathway that plays a critical role in SASP induction and modulation or 

to SASP heterogeneity depending on the pathological conditions (30). Future 

research about senescence in ALGS livers of Jagged1 versus Notch2 mutated 

patients could be of great interest to better understand the involvement of the 

Notch pathway in senescence and SASP development. 

 

 

Perspectives 

 

This work demonstrates that senescence occurs in BA and ALGS – two main causes 

of neonatal cholestasis – and allows an advanced understanding of the 

physiopathology of premature senescence related to pediatric biliary cirrhosis. The 

deleterious effects of senescence progression on the disease evolution and the lack 
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of therapeutic alternatives to liver transplantation make the use of senotherapies 

very appealing in pediatric biliary diseases, but substantial work remains to be done 

before delivering clinically validated senotherapies to cholestatic children. The first 

aspect that will need to be further explored before translating senotherapies is the 

identification of specific senescent cell types to remove in selected diseases, in this 

case in pediatric biliary cirrhosis. This point will be crucial to avoid off-target side 

effects of senotherapies, particularly in liver diseases since not all senescent cell 

types are deleterious for liver homeostasis as previously mentioned (18, 31, 32). In 

this purpose, single-cell RNA sequencing on fresh tissue would allow to precisely 

identify the liver senescent cell types by correlating senescence and cell-type 

specific markers in preclinical models and in human liver disease. Transgenic 

models such as the p16-3MR mouse model could also be of high interest to observe 

the progressive accumulation of senescent cells in vivo and the effect of senescent 

cells removal on liver disease. P16-3MR mice express a trimodal reporter of 

synthetic luciferase, red fluorescent protein and herpes simplex virus 1 thymidine 

kinase under the control of p16 promotor, which allows tracking, sorting and 

ganciclovir-induced elimination of p16-expressing senescent cells (33). Biliary 

damage and senescence could be induced in p16-3MR mice through mechanical 

damage (BDL) or viral (RRV)/toxic (biliatresone) BA induction and the model would 

allow to follow the progression of senescence, to identify the senescent cell-types 

and to remove p16-expressing senescent cells. The next step would be to 

selectively remove the identified senescent cell types one by one to evidence which 

cell types are beneficial or deleterious for the tissue. To achieve this goal, strategies 

built on the recent developments in the field of senotherapies – such as senolytics 

coated with galactose-conjugated nanoparticles – could be considered (20). For 

example, bilirubin conjugation could be used to selectively kill senescent 

hepatocytes through ganciclovir coated with indirect bilirubin and administrated to 

BDL p16-3MR mice. However, it is likely that such strategies will not be possible to 
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adapt for all liver cell types. In this context, the identification of specific biomarkers 

to target deleterious senescent cell types seems essential to develop cell-type 

specific senotherapies that would have the potential to be translated to clinical 

applications. This is true for pediatric biliary cirrhosis, but also for age-related 

disorders and for every disease in which premature senescence occurs. The 

constant improvement of transcriptomic and proteomic screening techniques will 

hopefully help in this process, and allow to identify or engineer new 

senotherapeutic drugs that would specifically target those biomarkers. Finally, if 

such senotherapeutics can be developed, careful selection of the most suitable 

preclinical models will have to be performed to test the drugs according to the 

specific human disease(s) that are targeted (e.g. Pkd1l1 deletion for syndromic BA, 

Mdr2 deletion for PFIC or Jag1 missense mutation for ALGS) (26, 28, 34). There is 

still a long way to go before considering the clinical translation of senotherapies to 

pediatric biliary cirrhosis, but constant progress is made in the field of senescence 

and this very exciting challenge will hopefully be addressed in the coming years.   

 

Conclusion 

 

In conclusion, this PhD thesis work provides the first report suggesting a potential 

interest of anti-senescence therapies in pediatric biliary cirrhosis. Premature 

senescence was evidenced in BA and ALGS livers, and spatial transcriptomic analysis 

revealed that senescence and SASP predominated in cholangiocytes in BA and 

progressed between diagnosis and liver transplantation. Since premature 

senescence worsens the prognosis of adult chronic hepatobiliary diseases, 

implementing senotherapies after hepatoportoenterostomy could help to limit the 

liver dysfunction and tissue remodeling related to senescence in BA and thereby 

allow to postpone or avoid liver transplantation. HALPC decreased the early marker 

of senescence p21 and improved liver disease in the BDL preclinical model of biliary 
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cirrhosis and senescence, providing promising results regarding the use of 

senotherapeutics in biliary cirrhosis. However, our study did not report any effect 

of the senolytic combination D+Q on liver senescence and even seemed to worsen 

liver disease. Consistent experimental work remains to be conducted in order to 

identify and develop senotherapeutics that would have the following properties: 

(1) specificity for senescent cells and for targeted cell type(s) in a particular disease, 

(2) beneficial effects on the disease related to identified anti-senescence 

mechanisms and (3) translatability to clinical application. Although senotherapies 

are promising therapeutic tools to develop in pediatric biliary cirrhosis, it is clear 

that such therapies will have to be further developed and improved before reaching 

clinical practice. 
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Annex 2: nasobiliary drainage prior to surgical biliary 

diversion in progressive familial intrahepatic cholestasis 

type II 
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Annex 3: everolimus is safe as a second-/third-line therapy 

in pediatric autoimmune hepatitis 
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