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Summary

SUMMARY

Liver diseases profoundly disrupt hepatic homeostasis and remain a global health burden.
Conventional in vitro and in vivo models frequently lack reproducibility, stability, and translational
relevance. Recent advances in human induced pluripotent stem cells (hiPSCs) and organoid biology
offer new opportunities to recapitulate individual genetic backgrounds and model disease
mechanisms in personalized settings. Within this context, the present thesis developed two research
tools designed to support precision hepatology: a 2D patient - specific platform derived from urinary
proximal tubular epithelial cells (PTEC) reprogrammed into hiPSC and differentiated into hepatocyte
- like cells (HLCs), and a 3D murine hepatic organoid model (Hep - Orgs).

A robust workflow was first established for non - invasive isolation and expansion of PTEC from
urine. Optimization identified major variables affecting cellular yield and viability, including donor -
and gender - specific factors, urine pH, and squamous cells contamination. Protocol refinements —
such as cell straining, phosphate - buffer supplementation, and reduced storage time — significantly
improved reproducibility across donors.

Subsequently, PTEC were reprogrammed into hiPSCs using lentiviral delivery of pluripotency
factors. While validated pluripotent hiPSC colonies were successfully obtained, residual transgene
expression was detected, posing a known limitation for downstream hepatic differentiation.
Directed differentiation into HLCs was then investigated using multiple protocols. Comparative
analysis demonstrated that final maturation states were influenced not only by biochemical cues but
also by practical aspects of cell handling — coating substrates, seeding approaches, and culture format

— highlighting the need for rigorous standardization in personalized HLC models.

A 3D hepatic organoid strategy (Hep - Orgs) was also pursued. Rat - derived organoids proved
suboptimal, displaying instability and insufficient hepatic phenotype. In contrast, mouse - derived
hepatic organoids exhibited strong reproducibility and long - term maintenance of hepatic architecture
and cell diversity, supporting their utility as an intermediate platform between simplified cell culture
and in vivo physiology. Importantly, this model was also validated in a translational context, as Hep
- Orgs successfully recapitulated features of drug - induced cholestasis, demonstrating their suitability

for toxicity and therapeutic testing.

Despite remaining challenges, the methodologies developed here advance the field toward reliable

frameworks for disease modelling and therapeutic testing in liver diseases, particularly cholestatic

1
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diseases. These platforms represent important steps in translating personalized cellular models into

future precision medicine applications.



Introduction

1. INTRODUCTION

1.1. Relevance of Liver Disease

Liver diseases encompass a broad spectrum of pathological conditions that impair hepatic
homeostasis and normal physiological functions. These disorders may present in acute or chronic
forms and can arise from both communicable and non - communicable aetiologies. Viral agents,
including hepatitis viruses A - E, cytomegalovirus, and Epstein - Barr virus, are among the primary
causes of viral hepatitis.

Non - viral liver diseases are typically attributed to metabolic, immunologic, toxic, genetic, or
parasitic factors. Globally, liver diseases are responsible for over 2 million deaths annually,
representing approximately 4% of total mortality worldwide (1).

Moreover, liver diseases are associated with a wide range of extrahepatic comorbidities, which
substantially contribute to increased mortality and diminished quality of life. In addition, liver
diseases represent a substantial economic burden on the global healthcare system. Among the
different diseases, metabolic dysfunction - associated steatotic liver disease (MASLD) is associated
with higher healthcare costs.

Among the most clinically significant categories of liver diseases are alcohol - related liver disease
(ALD), Hepatitis B Virus (HBV), Hepatitis C Virus (HCV), liver cancer, MASLD, and other
conditions.

Figure 1.1 presents the age - standardized mortality rates for individual liver diseases, based on data
collected from 2000 to 2019, showing that liver cancer was the leading cause of liver - related
mortality, accounting for approximately 484.25 thousand deaths globally. This was followed by HCV
(399.49 thousand deaths), ALD (370.56 thousand deaths), HBV (365.24 thousand deaths), other
chronic liver diseases with 279.46 thousand deaths, and MASLD with 134.95 thousand deaths (2).
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Figure 1.1. Age - standardized mortality rates for individual liver diseases. The figure presents the total number of
deaths and corresponding age - standardized mortality rates at the global level for six major liver disease categories
from 2000 to 2019 (2).

From a pathogenetic perspective, rare liver diseases are highly heterogeneous and result from
multiple, largely uncharacterized mechanisms, making their classification challenging. According to
the European Reference Network (ERN) for rare liver diseases, these disorders can be categorized as
autoimmune, infectious (viral, bacterial, or parasitic), genetic/hereditary (metabolic, cholestatic, and
structural phenotypes are encompassed), vascular, neoplastic, of unknown aetiology.

Rare liver diseases are frequently attributable to the production of defective or non - functional
proteins that are essential for key functions of hepatic epithelial cells, including differentiation,
secretion, and proliferation.

Despite the difficulty of studying these conditions, due to the limited availability of large patient
cohorts and biological specimens, they hold significant translational research potential. In particular,
of interest are diseases like genetic metabolic disorders, genetic cholestatic liver diseases, immune -

mediated and inflammatory liver diseases, and rare liver cancers (3).

In this context, the group of drug - induced liver injuries (DILI) also constitutes a significant challenge
in the field of hepatology. Between 1953 and 2013, drug - induced liver injury was the most frequent
reason for drug withdrawal, accounting for 18% of cases. The estimated incidence of DILI ranges
from 1 in 10,000 to 1 in 1,000,000 patients, depending on several factors like the definition of DILI

employed, the frequency and sensitivity of liver function monitoring, and population demographics

(D.
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Among the various clinical manifestations of drug - induced liver injury, drug - induced cholestasis
represents a notable and clinically relevant subtype, warranting further discussion alongside

genetically determined forms of cholestasis.

1.2. Drug - induced and Genetic Cholestasis

Cholestasis is defined as an impairment of bile flow due to biliary tract obstruction or impairment of
bile acid uptake, conjugation, or excretion by hepatocytes or cholangiocytes to canaliculi. It results
in cholestatic jaundice, clay - coloured or pale stools, dark urine, inability to digest certain foods, and
itching. It is classified as intrahepatic and extrahepatic, the former type involving the bile canaliculi
and the latter intrahepatic bile ducts. Cholestasis is generally clinically defined as a conjugated or
direct serum bilirubin level >17 pmol/L (1 mg/dL) when the total bilirubin is <85.5 pmol/L (5 mg/dL)
or >20% of the total bilirubin if the total bilirubin is >85.5 umol/L (4). Jaundice develops when the
serum bilirubin level rises above 3 mg/dL (51.3 pumol/L). Considering the causes of conjugated
hyperbilirubinemia, and focusing on the intrahepatic form of cholestasis, drug—induced liver
cholestasis and genetic hepatic diseases are noted (5).

Neonatal cholestasis affects about 1 in 2,500 live births. Among the different causes of neonatal
jaundice, which is the main symptom, there are biliary atresia (1/3 of the cases), inborn errors of
metabolism, and congenital infections (20% and 5% of the cases), alpha - 1 - antitrypsin deficiency
(5% - 15%), and other inherited forms of cholestasis (10% - 20%) (6).

Among the inherited forms of intrahepatic cholestasis, Progressive Familial Intrahepatic Cholestasis
(PFIC) should be mentioned. PFIC is a heterogeneous group of genetic cholestatic liver diseases. The
exact prevalence remains unknown but the estimated incidence ranges between 1/50,000 and
1/100,000 births. Regarding the most known PFIC genetic types, PFIC1 is due to genetic defects in
ATPase phospholipid transporting 8B1 gene (ATP8B1), which encodes for familial intrahepatic
cholestasis 1 protein (FIC1). PFIC2 is due to a defect in ATP binding cassette subfamily B member
11 (ABCBI11) gene, which encodes for the main transporter of bile acids from hepatocytes to bile
canaliculi (BSEP, Bile Salt Export Pump). PFIC3 is caused by defects in the ATP binding cassette
subfamily B member 4 (ABCB4) gene, which encodes for ABCB4 protein. PFIC4 is due to a defect
in the tight junction protein 2 gene (TJP2). Genetic defects in Farnesoid X Receptor (FXR) lead to
PFICS5, while PFIC6 is due to different mutations on Myosin 5b gene (MYOS5B) (7).

Indeed, new genetic abnormalities continue to be described in the literature, e.g., a novel UNC45A -

related syndrome of cholestasis (8). Among the main complications of PFIC, intractable pruritus, end
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- stage liver disease, and hepatocellular carcinoma are the most common. Current treatments for PFIC
include non - invasive methods using ursodeoxycholic acid (UDCA), rifampicin or apical sodium -
dependent bile acid transporter (ASBT) inhibitors, and invasive approaches with several kinds of

surgical biliary diversion (SBD) techniques.

At the moment, there are still clinically diagnosed forms of cholestasis that remain without a
molecular pathology definition or where the mechanism is controversial. It is noteworthy that a
significant number of drugs commonly used in medicine can cause intrahepatic cholestasis. Among
these are, for instance, nonsteroidal anti - inflammatory drugs, anti - infective drugs, anti - cancer
drugs, sedatives, neuropsychiatric drugs, checkpoint inhibitors, oral contraceptives, anabolic -

androgenic steroids, herbal and dietary supplements, and antibiotics (9) (10).

1.3. Strategies for the Discovery of Novel Therapeutics for the

Treatment of Liver Diseases

Liver transplantation, whether orthotopic (OLT) or auxiliary, remains the only definitive therapeutic
option for end - stage liver diseases and various inherited liver - based metabolic disorders, serving
as a vital intervention for patients with acute and chronic liver failure (11). Despite its clinical
efficacy, this approach faces a significant limitation: it is contingent upon the availability of suitable
donor organs and necessitates substantial technical expertise and healthcare resources. The persistent
shortage of donor livers further exacerbates this challenge, often delaying timely transplantation for
many patients. As a result, this organ scarcity has prompted intensive research into alternative
therapeutic strategies aimed at reducing reliance on donor organs and addressing the urgent unmet

need for liver transplantation (12).

One of the primary challenges in the development of novel therapies for liver diseases is the absence
of reliable in vitro models that faithfully recapitulate the liver’s complex physiological functions. This
limitation significantly impedes the investigation of hepatic pathophysiology and the preclinical
evaluation of therapeutic candidates under conditions that closely resemble the human in vivo

environment (13).
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1.4. Personalized Medicine in Liver Diseases

Personalized medicine, also referred to as precision medicine, represents a paradigm shift in
healthcare by tailoring medical care to the individual characteristic of each patient. This approach
leverages genomic, proteomic, metabolomic, and other molecular data to improve disease prevention,
diagnosis, and treatment. Rather than relying on generalized treatment protocols, personalized
medicine enables clinicians to select therapies that are more likely to be effective based on a patient’s
unique biological profile.

Personalized medicine aims to enhance treatment outcomes by aligning therapeutic strategies with
the patient’s genetic makeup, environmental exposures, and lifestyle factors. This stratification helps
to reduce adverse drug reactions, improve therapeutic efficacy, and promote a more rational use of

healthcare resources (14).

Precision medicine in liver diseases represents a transformative approach that stratifies patients based
on the molecular, genetic, metabolic, and clinical features in order to tailor diagnosis, monitoring,

and therapies.

As previously discussed, cholestasis represents one of the hepatic disorders of major clinical interest,
particularly because its inherited forms can, and should, benefit from advances in personalized
medicine. In this context, earlier diagnosis, accurate risk stratification, and the selection of optimal
therapeutic strategies based on specific genetic variants exemplify how personalized medicine holds
substantial promise for improving patient outcomes (15).

Personalized medicine in the context of cholestatic disorders encompasses multiple dimensions. First,
it is essential to determine whether cholestasis is of hereditary origin and, if so, to identify the specific
genetic variants driving disease pathogenesis. In this regard, genetic and molecular diagnostics play
a pivotal role, leveraging next - generation sequencing (NGS) and whole - exome sequencing (WES),
as well as detailed profiling of bile acid metabolites to guide clinical decision - making (16).
Second, the assessment of molecular biomarkers capable of predicting therapeutic response or disease
progression, potentially supported by metabolomics approaches, further refines patient stratification
and management strategies (17). Consequently, treatment paradigms are increasingly targeted and
mechanism - based, addressing the molecular pathways responsible for cholestatic injury. For

example, novel ileal bile acid transporter (IBAT) inhibitors provide a rational therapeutic option for
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cholestatic pruritus, a hallmark symptom resulting from elevated bile acid levels in various forms of
cholestasis (18).

Among the types of cholestasis that can benefit most substantially from personalized medicine,
inherited paediatric and young - adult cholestatic disorders such as PFIC and Alagille Syndrome are
particularly notable. As these diseases result from inborn errors of bile acid metabolism (IEBAM),
targeted therapeutic approaches, including cholic acid supplementation, IBAT inhibitors, and selected
surgical interventions, can be implemented based on the underlying molecular defect (19).
Furthermore, personalized strategies are increasingly relevant in primary biliary cholangitis (PBC),
where validated risk - stratification scoring systems enable the prediction of transplant - free survival
in patients treated with ursodeoxycholic acid, thus guiding tailored clinical decision — making (20).
More recently, in the context of intrahepatic cholestasis of pregnancy (ICP), genetic contributions of
ATP Binding Cassette Subfamily B Member 4 (ABCB4) and ATP Binding Cassette Subfamily B
Member 11 (ABCBI11) variants have been investigated to clarify variant - specific phenotypic
expression and potential therapeutic implications, further reinforcing the value of precision
approaches in cholestatic disorders (21).

Among the tools and strategies increasingly applied in cholestatic liver disease, genetic profiling in
children with advanced cholestasis enables screening for pathogenic variants in established disease -
related genes, thereby facilitating aetiologic diagnosis and guiding individualized therapeutic
decision — making (15). Multi - omics approaches, including genomics, transcriptomics, proteomics,
and metabolomics, further provide predictive insights into biomarkers discovery for treatment
response and disease progression (17).

Building on these advances, novel therapeutics are being developed to specifically target the
underlying molecular pathways. For instance, Farnesoid X Receptor (FXR) agonists such as
obeticholic acid have been approved for clinical use in patients who are intolerant of, or non -
responsive to, ursodeoxycholic acid. Peroxisome proliferator - activated receptor (PPAR) agonists —
including Seladelpar (PPAR - ) and Elafibranor (PPAR - o/3), alongside conventional fibrates —
increase bile acid clearance, diminish bile - acid - induced toxicity, and mitigate fibrogenesis,
particularly benefiting individuals with PBC who fail to respond adequately to ursodeoxycholic acid
therapy (22). Meanwhile, inhibitors of the ileal bile acid transporter, such as Odevixibat and
Maralixibat, reduce enterohepatic bile acid recirculation, lowering the systemic bile acid burden and
effectively alleviating refractory pruritus in inherited cholestatic disorders including PFIC and

Alagille Syndrome (23).
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Collectively, these molecularly targeted therapeutic strategies demonstrate how prognostic and
pharmacogenomic profiling can refine treatment selection and improve clinical outcomes in
cholestatic liver diseases. In summary, advances in NGS have substantially accelerated the diagnosis
of inherited cholestatic disorders and facilitated the identification of novel mutations affecting bile
acid transport. Emerging therapeutic strategies increasingly focus on molecular targets regulating
hepatocellular bile acid export and intestinal reuptake. In parallel, innovative approaches aimed at
correcting the underlying genetic defects — such as hepatocyte transplantation using induced
pluripotent stem cells (iPSC), gene therapy, and more recently, hepatocyte - to - cholangiocyte

transdifferentiation to restore intrahepatic bile ducts — are under active investigation.

Importantly, continued innovation also depends on the development of robust and physiologically
relevant research models to study diseases mechanisms and evaluate target therapies. Ideally, such
models should be generated through minimally invasive or non - invasive approaches, ensuring both

feasibility and wider clinical applicability.

1.5. Traditional Models and Related Issues

Several experimental models have been developed to enhance our understanding of the
pathophysiological mechanisms underlying liver diseases, as well as to evaluate pharmacological
therapies - particularly in cases involving known genetic mutations (24).

However, progress in the field remains limited by the scarcity of appropriate animal models and
physiologically relevant cell culture systems (25). In vitro disease modelling is critically dependent
on the availability of disease - relevant cell types that not only are the primary targets of liver
pathology, but also faithfully recapitulate disease - specific phenotypes.

Considering genetic liver diseases, patient - derived biopsies represent a valuable model for assessing
the steady - state distribution of mutant proteins; however, they do not provide insight into the
dynamic regulatory processes involving these specific proteins, such as their polarized intracellular

trafficking (7).

Primary Human Hepatocytes (PHHs) are widely regarded as the gold standard for in vitro liver

disease modelling and drug development, due to their strong morphological and biochemical
resemblance to hepatocytes in vivo. They retain key functional properties, including drug -

metabolizing enzyme activity, making them highly valuable for studying hepatic metabolism,
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toxicity, and genetic disorders (25). PHHs are typically isolated from human liver biopsies or surgical
resections; however, their use is limited by several critical challenges, including the invasive method
of collection. Procurement of high - quality tissue is difficult, especially from patients with rare liver
diseases, and donor - to - donor variability can lead to inconsistencies in experimental outcomes (25)
(26).

Furthermore, PHHs rapidly lose their functional phenotype in standard culture conditions - often
within a few days - thereby restricting their utility for long - term studies or high - throughput
applications. This limited viability necessitates a constant supply of fresh donor tissue, significantly

constraining their broader applicability in translational liver research.

Tumor - derived human hepatocytes and immortalized hepatocyte cell lines (e.g. HepG2, HuH7,

HepaRG cells) are constrained by several inherent limitations that significantly reduce their utility
across a range of research and therapeutic applications. In particular, their tumorigenic origin
contributes to further drawbacks, including cellular immaturity and dysfunctional apoptotic signalling
pathways, which confer resistance to toxic insults and render them suboptimal for drug toxicity
screening (27).

Moreover, as these cell lines are generally derived from a single hepatocellular carcinoma, they lack
the genotypic heterogeneity required to accurately model the diverse genetic landscape of human
populations. As a result, their relevance for disease modelling and pharmacological testing is

considerably restricted.

Another approach for studying liver diseases involves the use of animal models (e.g. knockout mice).
However, the use of non - human species may result in phenotypes that are less severe than those
observed in humans (24) or may lead to embryonic lethality at early developmental stages.
Furthermore, the use of animal models should be minimized in accordance with the 3Rs principles
(Replacement, Reduction, and Refinement), which promote strategies to reduce the number of

animals used in biomedical research whenever possible.

1.6. Innovative Emerging Liver Models

1.6.1. Human - induced Hepatocytes (hiHeps)

Among existing iPSC - derived models, human induced - Hepatocytes (hiHeps, also known as

Hepatocyte - like cells or HLCs) are of particular interest for the study of genetic rare liver diseases.
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Human induced hepatocytes are functional hepatocyte - like cells generated by the direct conversion
(transdifferentiation) of somatic cells — such as fibroblasts — into a hepatocyte fate by ectopic
expression of liver - enriched transcription factors (and/or small molecules), thereby circumventing

a pluripotent stem cell intermediate (28).

Current in vitro hepatic differentiation protocols aim to recapitulate the in vivo developmental process
of liver embryogenesis. Most protocols for generating hiHeps from human iPSC use a stepwise
administration of specific growth factors and small molecules to mimic the sequential stages of liver
development. This process progresses from pluripotent blastula - stage cells through definitive
endoderm, hepatic progenitors, and hepatocyte - like cells (13).

Substantial research has focused on the differentiation of iPSC into HLCs, aiming to recapitulate the
functional characteristics of native hepatocytes through the application of various cytokines, growth
factors, and small molecules, including Hepatocyte Growth Factor (HGF), Oncostatin M (OSM),
Dexamethasone (DEX), and Fibroblast Growth Factor (FGF), administered according to a well -

defined temporal protocol (29).

The generation of hiHeps typically involves three sequential stages (shown in Figure 1.2):

- Definitive Endoderm stage: this process is predominantly orchestrated by exposure to key

members of the transforming growth factor -  (TGF - ) family, notably activin A and bone
morphogenetic protein 4 (BMP4). WNT3A, acting with activin A, can enhance the efficiency
of definitive endoderm induction. The combined action of FGFs and BMP4 reinforces
commitment to the definitive endoderm lineage. During this stage, the expression of specific
marker genes, including SRY - box (SOX17), and forkhead box A2 (FOXA2), indicates the
formation of foregut endoderm, which subsequently gives rise to pancreatic and hepatic
lineages (12).

- Hepatic Progenitors stage: the subsequent pivotal stage toward the hepatocyte lineage

involves the induction of hepatic progenitor cells, or hepatoblasts, In vitro, a combination of
growth factors is used, among which HGF plays a central role. In addition, the transition of
definitive endoderm cells toward hepatic progenitors is highlighted by the upregulation of
Hepatocyte Nuclear Factor 4 alpha (HNF4a), which during embryogenesis is initially
expressed in the hepatic diverticulum and progressively increases throughout liver
development. Another key marker at this stage is the expression of alpha - fetoprotein (AFP),

indicative of primitive hepatocytes (12).
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Hepatocyte - like cells / Induced Hepatocytes stage: in this final stage, hepatic progenitors

cells are induced to differentiate into hiHeps/HLCs through exposure to OSM, a cytokine of
the interleukin - 6 family, in combination with glucocorticoids such as dexamethasone (DEX).
OSM plays a pivotal role in fetal liver development and has been shown to promote hepatic
progenitor maturation. When combined with DEX, it markedly upregulates key hepatocyte
maturation genes, thereby enhancing cellular functionality and protein synthesis capacity

(12).
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Figure 1.2. Schematic representation of the three main differentiation stages for the generation of Hepatocyte — like
cells from pluripotent stem cells. The first step involves the formation of definitive endoderm cells from iPSC using
Activin A, Wnt3A and BMP4 as growth factors. The second step involves the formation of hepatic progenitors by
supplying cells with HGF, EGF, and FGF. The last step allows the formation of Hepatocyte - like cells by using specific
factors such as Oncostatin M (OSM) and Dexamethasone (DEX). Figure adapted from Xie et al. (30).

Differentiating iPSCs into HLCs is a lengthy and complex process, often hindered by limitations of
conventional 2D culture systems, which fail to replicate the liver’s native microenvironment. The
adoption of defined extracellular matrix components and advanced 3D scaffolds has improved cell
polarization, maturation, and functionality.

hiHeps represent a versatile platform for disease modelling, drug discovery, personalized and
regenerative medicine. They enable patient - specific models of inherited and infectious liver diseases,
support hepatotoxicity assessment and pharmacological screening, and offer a renewable cell source
for transplantation and bioartificial liver systems. When combined with genetic engineering, hiHeps
hold promise for personalized therapies targeting metabolic disorders, while advanced culture
systems aim to enhance their maturation and functional fidelity, facilitating their translation into
clinical and biotechnological applications (12). Furthermore, they represent a suitable model to

investigate mechanisms involved in cholestasis of unknown origin.
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Despite significant progress in generating HLC from pluripotent stem cells, several limitations
remain. Current differentiation protocols do not achieve the maturity of adult primary hepatocytes,
and iPSC — derived HLC often display a fetal - or neonatal - like phenotype (31) (32). While some
liver - specific genes are expressed, many hepatocyte - preferred genes are present at much lower
levels than in primary hepatocytes, and certain genes, such as UGTA1 and SERPINAL1, may even
exceed the levels observed in neonatal hepatocytes. This incomplete maturation can limit the utility
of HLCs in pharmacological testing, disease modelling, and cell - based liver regeneration. In
addition, like primary hepatocytes, HLC rapidly lose liver - specific gene expression during in vitro
culture. Standardization and reproducibility across laboratories remain critical challenges, as
differentiation protocols, culture conditions, and functional readouts vary widely. Moreover, current
iPSC - derived liver models are generally not produced under GLP conditions, which limits their
direct applicability in regulatory or pharmaceutical contexts. Finally, multi - centre validation and
regulatory acceptance of these models are still lacking, and their translation into robust, high —
throughput platforms require further optimization of maturation, functional assessment, and quality

control standards (12) (33).

Stem Cells - derived Models

Stem cells represent a powerful tool for in vitro modelling due to their exceptional capacity for self -
renewal and their potential to differentiate into specific cell types. This makes them particularly
valuable for generating mature, functional hepatic cells with reproducible quality for experimental
and therapeutic applications. The use of stem cell - derived hepatocyte - like cells allows the
development of human - relevant models, enhancing disease modelling, drug testing, and
personalized medicine.

Stem cells are broadly categorized into two major groups based on their origin and differentiation
potential: adult stem cells (ASCs) and pluripotent stem cells (PSCs). ASCs are tissue - specific
progenitors found in adult organs, such as the liver, or obtained from other sources like mesenchymal
stem cells (MSCs). PSCs, in contrast, include both human embryonic stem cells (hESCs), derived
from the inner cell mass of blastocysts, and human induced pluripotent stem cells (hiPSCs), generated
through somatic cell reprogramming.

Each stem cell type possesses distinct advantages and limitations depending on its proliferation

capacity, differentiation efficiency, ethical considerations, and technical accessibility. A
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comprehensive understanding of these differences is critical for optimizing their application in both
research and regenerative medicine (31).

Currently, five major categories of stem cells are recognized based on their origin and method of
derivation: embryonic stem cells (ESCs), very small embryonic - like stem cells (VSELSs), nuclear
transfer stem cells (NTSCs), reprogrammed stem cells (RSCs, such as iPSCs), and adult stem cells
(ASCs).

It is important to note that hepatology has recently evolved towards more integrated approaches,
incorporating novel omics technologies (i.e., genomics, proteomics, metabolomics) to gain deeper
insights into molecular events within biological systems. Considering the characteristics and
limitations of models previously employed in the study of rare liver diseases, and with the aim of
identifying specific molecular targets associated with these conditions, induced pluripotent stem cells

(iPSCs) and tissue - derived organoids represent significant advances in disease modelling (34).

iPSC - derived cells can be used to generate a wide range of cellular models with varying degrees of
complexity, including both 2D monolayer cultures and 3D organoid systems. In 2D models, specific
cell types can be studied in isolation to investigate cell - mechanisms, perform high - throughput drug
or CRISPR/Cas9 - based genetic screens, and analyze cellular responses to perturbations. While these
models offer simplicity and scalability, they lack structural complexity of native tissues. For these
reasons, it is important to consider that, under appropriate differentiation conditions, iPSCs can self -
organize into 3D organoids, which contain multiple cell types and better mimic tissue architecture
and function. These 3D models enable the study of developmental processes, context - dependent cell

behaviour, and organ - specific diseases in a more physiologically relevant environment (35).

The historical progression of stem cell science has been marked by several seminal milestones. In
1961, Till and McCulloch first identified stem cells in mouse bone marrow with the potential to
differentiate into multiple cell types. In 1996, the cloning of Dolly the sheep via somatic cell nuclear
transfer (SCNT) demonstrated the feasibility of reprogramming differentiated cells. In 1998, James
Thomson successfully isolated hESCs from human embryos. Later, iPSCs were derived from
reprogrammed adult somatic cells with just four basic transcription factors. In 2012, Shinya
Yamanaka and John Gurdon were jointly awarded the Nobel Prize in Physiology or Medicine for
their discovery that fully differentiated somatic cells can be reprogrammed into a pluripotent state

(Figure 1.3) (36).
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Figure 1.3. Schematic representation of the timeline of major scientific advances during the history of stem cell
research. Multipotent stem cells were firstly discovered in 1961, and Dolly the sheep was cloned in 1997. The
progression from fundamental research to preclinical investigation and ultimately to clinical trials is propelled by
numerous discoveries and key milestones. Recent advances in the identification of optimal reprogramming factor
combinations, the refinement of experimental methodologies, and the elucidation of critical signalling pathways have
collectively enabled the initiation of the first clinical trials involving retinal and spinal cord cell transplantation. Figure
taken from Liu et al. (36).

iPSC represent a promising and versatile source of pluripotent stem cells that offer a valuable platform
for regenerative medicine and cell - based therapies. Since their discovery, the number of studies
utilizing iPSCs or seeking to improve reprogramming efficiency has continued to grow, reflecting the
expanding interest in their therapeutic applications. iPSC have demonstrated potential in treating a
wide spectrum of diseases, including retinal disorders, cardiovascular conditions, neurodegenerative
diseases, and various form of cancer. Donor - derived iPSC lines are typically stored in dedicated
stem cell banks, the number of which is increasing in parallel with the demand for iPSC - based

therapeutics products (37).

iPSC potential

Given their numerous advantages, iPSCs can be derived from patients affected by specific diseases
and subsequently differentiated into relevant cell types to investigate pathological molecular
mechanisms in vitro. These patient - specific iPSC - derived models are highly valuable for the
development of personalized therapies, as they enable the direct assessment of individual responses
to specific drugs or treatments. Moreover, iPSCs serve as a powerful platform for evaluating drug
efficacy and safety, contributing to a significant reduction in the use of animal models in preclinical
research. A key strength of iPSCs lies in their ability to differentiate into virtually any cell type, which
opens avenues for the replacement of damaged tissues and the development of autologous cell - based

therapies. Furthermore, advanced genome editing technologies such as CRISPR/Cas9 can be applied
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to iPSCs to introduce, correct, or delete diseases - associated mutations, thereby enhancing their

utility for both disease modelling and potential therapeutic applications (35).

iPSC challenges

Unlike conventional small or large molecule drugs, which exhibit well - defined pharmacological
properties and can be produced with high reproducibility, iPSC - derived therapies are associated with
a number of complex and unique challenges. These include concerns regarding safety, potency,
genetic stability, immunogenicity, tumorigenic potential, cellular reproducibility, and scalability. One
of the most critical issues lies in the reprogramming process itself and the subsequent long - term in
vitro expansion of iPSCs, which are frequently associated with the accumulation of genomic
alterations. These may include chromosomal aneuploidies, sub - chromosomal copy number
variations (CNVs), and point mutations - some of which may confer selective growth advantages in
culture, interfere with the accurate modelling of disease phenotypes, and compromise the safety and
efficacy of regenerative therapies. In addition to genetic instability, the reprogramming process must
successfully reset the somatic cell’s epigenetic landscape to silence lineage - specific transcriptional
programs and activate pluripotency - associated genes. However, incomplete or aberrant
reprogramming can result in epigenetic abnormalities, leading to heterogeneous gene expression and
variable biological behaviour among different iPSC lines. Moreover, residual epigenetic memory
from the donor cell of origin can significantly influence the efficiency and fidelity of directed
differentiation into specific lineages. The variability poses substantial limitations for the use of iPSCs
in disease modelling, drug screening, and especially in clinical applications such as cell replacement

therapy, where consistency and predictability are paramount (38).

iPSC sources

Since the work by Takahashi and Yamanaka, a wide range of somatic cell types have been
reprogrammed into iPSCs, with efficiencies generally below 4%, depending on the cell type,
differentiation state, and reprogramming method. Over the last 18 years, to address safety concerns
and improve reprogramming efficiency, various delivery methods have been developed beyond
traditional integrative vectors (lenti - or retroviral - mediated) that are used to obtain iPSCs from
somatic cells. Non - integrative approaches include Sendai virus (SeV), episomal plasmids, synthetic

mRNA, and mini - circle DNA vectors (38).
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As shown in Figure 1.4, common sources include skin fibroblasts, peripheral blood cells, hair
keratinocytes, urine - derived epithelial cells, bone marrow cells, mesenchymal stem cells. More
unconventional sources, including cells from biological waste such as adipose tissue, dental pulp,
liver, stomach, neural progenitors, and even fetal tissues.

Despite the versatility, reprogramming remains inefficient and stochastic, with only a small fraction
of donor cells reaching pluripotency. Factors such as donor cell age and proliferation capacity

critically influence reprogramming success (39).
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Figure 1.4. (A) iPSC generation from a variety of somatic cell types using integrative or non - integrative approaches.
(B) Pre - existing genetic abnormalities of somatic cells can limit their utility and safety for clinical or regenerative
therapy. Figure taken from Poetsch et al (38).

Currently, skin fibroblasts and blood cells are the most widely used due to their accessibility, well -
established culture protocols, and compatibility with iPSC biobanking (38).
However, fibroblasts present several limitations. Their collection typically requires invasive skin

punch biopsies, which are painful, can cause bleeding, scarring, and carry risks of infection and
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allergic reactions, necessitating medical supervision. A key challenge is their mesenchymal identity,
which requires a mesenchymal - to - epithelial transition (MET) during reprogramming. In addition,
they must be used at early passages (<5) to avoid reduced efficiency and genomic instability.
Considering blood cells, and in particular peripheral blood cells, the method of collection is less
invasive if compared with skin biopsies, but several important limitations exist concerning low
reprogramming efficiency (10 - 50 times lower than that of fibroblasts), technical complexity, donor
limitations, and practical challenges in both collection and culture. Blood - derived cells often lack
long - term culture stability, limiting their scalability and use in extended protocols. A high volume
of cells is usually required for these techniques, and although recent advances show promise using
small volumes, these methods are not yet widely standardized.

For these reasons, new sources have been considered, including urine.

iPSC from Proximal Tubular Epithelial Cells (PTEC)

Specifically, urine provides a non-invasive, easily accessible source of proximal exfoliated renal
epithelial cells, typically collected from 50 - 200 mL of midstream urine. These cells can be cultured
and reprogrammed into iPSC that display comparable pluripotency and gene expression profiles to
embryonic stem cells. Urine - derived cells are a promising somatic source for iPSC generation due
to their high accessibility, non - invasive nature, and relatively high efficiency (higher than that of
fibroblasts and blood cells), though their use is best limited to early - passage cultures (39)(40).

To identify the cellular composition of urine, it is first necessary to consider the structure of the
urinary tract. The system comprises two kidneys, with numerous nephrons containing renal
corpuscles and tubules, along with the ureters, bladder, and urethra (Figure 1.5) (41) (42). Owing the
extensive tubular network and mechanical stress from glomerular filtrate flow, approximately 2000 -
7000 viable and non - viable cells are shed daily into urine (43) (44). These exfoliated epithelial cells
represent a heterogenous population originating from different regions of the urinary tract, including
renal tubular cells from the nephron, urothelial cells from downstream areas such as the renal pelvis,
ureters, and bladder, and squamous cells from the distal urethra or female genital tract. Additionally,
blood - derived cells (erythrocytes, leukocytes, macrophages) are commonly present, with their

abundance increasing with age or in pathological conditions (42).
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Figure 1.5. The left panel illustrates the anatomical organization of the urinary tract, whereas the right panel provides a
detailed representation of the nephron, the functional unit of the kidney. Each nephron comprises two principal
components: the renal corpuscle, which includes the glomerulus and Bowman’s capsule, and the renal tubule, consisting
of the proximal convoluted tubule, the loop of Henle, and the distal convoluted tubule. Figure adapted from Benda et al.

As noted above, epithelial cells exfoliated in human urine may originate from any region of the

urinary tract, including the kidneys. The two main renal cell types commonly identified are podocytes

and proximal tubular epithelial cells (PTEC) (34).

e Podocytes are specialized epithelial cells forming a key component of the glomerular filtration

barrier. Their interdigitating foot processes create slit diaphragms that, together with the

glomerular basement membrane, ensure selective permeability during blood filtration (34).

e Proximal Tubular Epithelial Cells (PTEC) play a central role in reabsorbing water and solutes

from the glomerular filtrate via specialized channels and transporters (45). In vivo, they

exhibit a cuboidal morphology with basolateral invaginations and an apical brush border,

while in culture they lose polarity and therefore present a spindle - shape orientation (46) (47).

These cells represent the main target for isolation in this thesis.
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1.6.2. Liver Organoids

Conventional 2D hepatocyte culture systems suffer from well — recognized functional limitations,
including the rapid dedifferentiation of primary hepatocytes and the loss of key polarized features
required for directional metabolite transport. The disruption of hepatocyte polarity has been
associated with impaired physiological functions, such as reduced low — density lipoprotein
internalization, ultimately limiting the predictive value of these models for metabolic and
toxicological studies. Advanced 2D configurations, such as sandwich cultures, partially address these
shortcomings by promoting hepatocyte polarization and canaliculi - like network formation, thereby
extending culture longevity and enhancing drug sensitivity. Nevertheless, despite these
improvements, hepatocytes cultured in sandwich systems still undergo progressive dedifferentiation
over prolonged culture periods, underscoring the intrinsic limitations of these culture formats in

sustaining mature hepatic function (48) (49).

In this context, 3D polarized tissue models, including hepatic organoids, have emerged as promising
alternatives capable of better preserving liver - specific architecture and functionality. Organoids have
been shown to achieve functional states approaching those of adult hepatocytes following appropriate
maturation protocols, as evidenced by enhanced albumin secretion, cytochrome P450 activity, and
transcriptomic profiles. Importantly, hepatic organoids display superior metabolic competence
compared to 2D counterparts, including improved glucose and lipid metabolism, heightened insulin
responsiveness, and increased glycogen synthesis. Beyond metabolic maturation, 3D systems enable
the inducible establishment of liver zonation - like features, allowing spatially resolved modelling of

adult liver functions (49).

For these reasons, three - dimensional (3D) in vitro culture systems have recently emerged as
innovative platforms for investigating tissue morphogenesis, organ development, and stem cell
behaviour. Their potential lies on the establishment of a multidimensional network of biochemical

and mechanical cues that overcomes the structural and functional limitations inherent to 2D cultures

(50).
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In 2015, Meritxell Huch and Bon - Kyoung Koo (51) defined organoids as follows:

“We define an “organoid” as a 3D structure derived from either PSCs (pluripotent stem cells),
neonatal tissue stem cells or AdSCs (adult stem cells)/adult progenitors, in which cells spontaneously
self - organize into properly differentiated functional cell types and progenitors, and which resemble

their in vivo counterpart and recapitulate at least some function of the organ.”

Organoids offer a unique platform for modelling liver physiology and pathology, as they closely
recapitulate the microarchitecture of native hepatic tissue. Lumen formation enables the distinction
between intraluminal and extraluminal compartments, facilitating active molecular transfer between
these domains. The extracellular matrix can be precisely manipulated to investigate cellular responses
to specific mechanical cues in their microenvironment. Compared to conventional two - dimensional
cultures, organoids exhibit enhanced functionality, likely due to their ability to mimic the
physiological niche and promote a higher degree of cellular maturity. Their three-dimensional
organization allows faithful reproduction of the spatial relationships between different hepatic cell
types, supporting self - organization processes and enabling advanced studies in morphogenesis.
Furthermore, they are highly suitable for multicellular co - cultures and for exploring cell - cell
signalling and interactions. The long - term culture and expansion of primary cells within organoids,
achieved with minimal manipulation, reduces barriers to clinical translation and underscores their
potential in regenerative medicine and bioengineering. Taken together, these features establish

organoids as an optimal system for fundamental and translational liver research.

Despite their numerous advantages, organoids also present several limitations that currently restrict
their broader application. Sampling distinct compartments, such as the organoid lumen and the
extraluminal space, remains technically challenging. Furthermore, the complex extracellular matrices
typically used are often chemically undefined, not compliant with good manufacturing practices
(GMP), and thus incompatible with certain regenerative medicine applications. Organoid cultures are
generally costly, time - and labour - intensive. These systems are also less amenable to large - scale
expansion and manufacturing, and their inherent heterogeneity complicates quality control and
standardization. From a technical standpoint, culturing, maintaining, and extracting cells from
organoids requires advanced expertise, while characterization of their multicellular complexity often

demands high - resolution methodologies such as single - cell RNA sequencing. Addressing these
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challenges will be essential to fully harness the potential of organoids in both research and clinical

settings (52).

Liver organoids are specifically defined as 3D structures originating from pluripotent stem cells,
progenitor cells, and/or differentiated cells, as well as from primary or metastatic tumour tissue, which
self - organize through coordinated cell - cell and cell - extracellular matrix interactions to reproduce

key architectural and functional characteristics of the liver tissue of origin (53).
As defined by Huch et al., organoids can be generated from pluripotent stem cells, including
embryonic stem cells (ESCs), induced - pluripotent stem cells (iPSCs), and adult pluripotent stem

cells (ASCs), as well from differentiated primary cells of adult origin (51).

iPSC - Derived Organoids

During early development, the totipotent zygote gives rise to both embryonic and extraembryonic
tissues. As the blastocyst forms, outer cells commit to extraembryonic lineages, while the inner cell
mass retains pluripotency. As described previously, several protocols have been established to
differentiate iPSCs into HCLs by mimicking embryonic development. A major advantage of iPSC -
based models is the non - invasive accessibility of patient - derived samples — such as urine, blood,
or skin — avoiding limitations linked to biopsies (54). This enables the generation of patient - specific
organoids that preserve the original genotype, allowing the modelling of genetic diseases or the use
of genetic engineering to introduce desired phenotypes. To produce multicellular organoid models,
iPSCs can also be co - cultured with other cell types, with the aim to better reproduce in vivo cellular
heterogeneity and to study complex diseases such as fibrosis and cancer (55).

However, limitations remain. iPSC - derived organoids often display mixed fetal/adult characteristics,
as reprogramming can introduce genetic and functional discrepancies compared with the original
cells. Moreover, the requirement for recombinant growth factors makes large - scale applications

costly (56).

Hepatoblast - Derived Organoids

Hepatoblast — derived organoids originate from hepatoblasts, bipotent fetal liver progenitors that give

rise to both hepatocytes and cholangiocytes during liver development. These organoids exhibit high
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proliferative capacity, long - term expandability, and stable bipotency, while retaining the ability to
differentiate into more mature and polarized hepatocyte - like structure. As such, hepatoblast - derived
organoids represent a promising platform for large - scale production of hepatic tissue, disease
modelling, drug development, and the study of liver polarization and viral infection mechanisms (57)
(58). However, when these organoids are derived from embryonic stem cells (ESCs), their derivation

and use are not permitted in certain countries, such as Italy (59).

Adult Pluripotent Stem Cells - Derived Organoids

Adult - tissue resident stem cells, known as oval cells, are characterized by oval - shaped nuclei, small
cytoplasm, and surface expression of the Leucine - rich repeat - containing G protein - coupled
receptor 5 (Lgr5). Localized within the terminal branches of the bile duct, they can undergo the oval
cell reaction, known as ductal reaction (60).

Huch et al. (54) established liver organoid cultures from Lgr5" hepatic stem cells, mimicking the
pericentral hepatocyte niche, characterized by high Wnt activity. These organoids were able to

maintain a normal karyotype and express mature hepatocyte markers (25).

Organoids Obtained from Adult Hepatocytes (Hep - Orgs)

The liver exhibits a heterogeneous cellular composition, consisting of approximately 65%
hepatocytes, 10% tissue - resident macrophages (Kupffer cells), 5% hepatic stellate cells (HSCs),
15% liver sinusoidal endothelial cells, 5% cholangiocytes, and smaller population of other immune
and adult stem cells, which cooperate spatially and temporally coordinated manner to establish and

maintain liver function (53).

Following partial hepatectomy, hepatocytes are the primary parenchymal cells driving liver
regeneration. Primary hepatocytes (PHs) can be expanded in vitro and used to generate hepatocyte —
derived organoids, known as Hep - Orgs (61).

In 2018, two independent groups led by Clevers and Nusse established two models that require the
activation of mitogenic signalling via epidermal growth factor (EGF), HGF, FGF, and potentiation of
the Wnt pathway to sustain long - term culture (62) (63).

The main difference between the two protocols is based on the inclusion of tumour necrosis factor o

(TNFo) in the culture medium by Peng et al. (63).
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Primary hepatocytes cultured with EGF, HGF, and TNFa formed organoids within two weeks; TNFau
supplementation enabled expansion of Hep - Orgs for over six months. Given its known role in injury
- induced liver regeneration, TNFo was hypothesized to promote Hep - Orgs proliferation. In
particular, the medium proposed by Peng et al. supported robust murine primary hepatocytes
proliferation, containing TNFa, EGF, HGF, CHIR99021, A83 - 01, and Y27632, giving rise to grape
- shape Hep - Orgs of up to 100 um (64).

Hep - Orgs retain stable characteristics, including albumin expression at levels only two - to fourfold
lower than PHs, and demonstrate functional maturity, making them valuable for disease modelling
from patient - specific hepatocytes. Their genetic stability at both sequence and chromosomal levels
supports their use in modelling monogenic disorders such as a1 - antitrypsin deficiency (A1AT) and
Alagille syndrome (ALGS) (55).

Compared with iPSC - derived organoids, Hep - Orgs offer a longer functional window for

experimental testing and sustained activity over extended culture periods (52).
After considering the various sources from which hepatic organoids can be obtained, it is important
to note that other liver - related organoid systems have been developed and are increasingly being

used to model specific aspects of hepatic and biliary biology.

Biliary Organoids

Biliary organoids are generated from biliary epithelial cells, liver progenitor cells, or pluripotent stem
cells, and exploit the intrinsic stem/progenitor capacity of these cell types to form three — dimensional
structures that closely recapitulate bile duct architecture and function. These organoids provide a
valuable platform for studying biliary development, disease pathogenesis, and regenerative
mechanisms, as well as for drug screening, and have been generated using a variety of culture
approaches ranging from conventional matrix embedding to advanced technologies such as organ -

on - a — chip systems and 3D printing (65) (66).

Hepatic Lineage Organoids

Hepatic lineage organoids are defined by the integration of multiple liver — relevant cell populations
within a unified three - dimensional architecture, typically derived from pluripotent stem cells or

lineage — specified progenitors. By incorporating hepatocyte — like populations, these organoids more
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closely recapitulate the cellular complexity of the native liver. This multicellular composition enables
the study of dynamic parenchymal — non — parenchymal interactions that are central to liver
maturation, homeostasis, and disease progression, particularly in conditions such as fibrosis where
stromal activation and extracellular matrix remodelling play pivotal roles. As such, multi — lineage
organoids provide an advanced platform for modelling human - specific liver pathophysiology and
evaluating therapeutic interventions in a context that extends beyond hepatocyte - centric systems
(67) (48).

Table 1.1 provides a summary of the advantages and disadvantages of the hepatic organoid types

discussed above.
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Organoid model Advantages Disadvantages

(a) Mixed fetal and adult features.
(b) Shorter functional windows

compared to Hep - Orgs.

(c) Genetic abnormalities from

reprogramming can be present.

(d) The growth factors needed are very

expensive.

(a) Easy and non invasive access to
patient's sample.

(b) iPSC can derive from a donor
(specific genotype) or be modified by
genetic engineering.

(c) Multiple cell types can be co -
cultured.

iPSC - derived organoids

(a) Developmentally immature origin
(fetal - like).

(b) Incomplete functional maturation
compared with adult hepatocytes.
(c) Differentiation outcomes are
protocol - dependent.

(a) Expandable and genetically stable.
(b) Enable generation of polarized and
. . relative mature hepatocyte organoids.
H last -
epatoblast - derived organoids (c) Suitable for large - scale production,
disease modelling, and drug
development.

(a) Incomplete maturation.

(b) Culture complexity to sustain

growth and Wnt activation, with

increase costs and variability.
(c) Donor variability.

(a) Long - term expansion.
(b) They exhibit mature hepatocyte
functions and express - specific
markers. (c) Therapeutic potential.
(d) Versatility.

ASCs - derived organoids

(a) PHs can be grown for long - term

ith functional ity.
VZE) 52;222: Snt:;t;imy (a) Difficult access to primary tissue.
Hep - Orgs from adult hepatocytes (¢) PHs can be derived fror;y}.)atients. (b) Lack of he;esﬁle;ii)tz in the starting

(d) The starting material can match the
desired phenotype, reducing animal use.

Organoid type Advantages Disadvantages

(a) High physiological relevance for

biliary development and disease (a) Limited hepatocyte representation.

(b) Not suitable for modelling

modelling.
Biliary organoids (b) Su'itable .for study.il?g hepz?toc.y'te - speciﬁc metabolism.
cholangiopathies and biliary (c) Variability depending on cell source
and culture protocol.

regeneration.

(c) Compatible with advanced culture (d) Complex culture requirements.

platforms.
(a) Enable modelling of complex liver (a) High f:orinple)uty and.het'e rogeneity.
diseases (e.g. fibrosis) (b) Limited standardization and
.8. . ducibility.
L. . (b) Capture interactions beteween Fepro uc1.b.1 oy .
Hepatic lineage organoids (c) Reduced stability for high -
parenchymal and non - parenchymal .
cells throughput screening.
) M i functionsl
(c) Amenable to genome editing. @ . atration a'nd unctlorlls
consistency remain challenging.

Table 1.1. Advantages and disadvantages of iPSC - derived organoids, ASCs - derived organoids, and Hep - Orgs
obtained from adult hepatocytes.



Aim of the Thesis

2. AIM OF THE THESIS

The overall aim of this thesis is to develop and optimize advanced in vitro liver models to investigate
the molecular and cellular mechanisms underlying cholestasis and liver diseases in general. Current
in vivo and in vitro systems often fail to reproduce the structural complexity, functional polarization,
and dynamic processes characteristic of hepatocytes, thereby limiting the possibility to elucidate the
molecular pathways responsible for hepatobiliary dysfunctions of either genetic or pharmacological
origin. For this reason, from a personalized - medicine perspective, it is evident that there is a need
to have patient - specific models, possibly obtained in a non - invasive way.

To address these limitations, this work focuses on the establishment of two - and three - dimensional
experimental systems that are based on induced pluripotent stem cells (iPSC) and adult hepatocyte -
derived organoids. The iPSC - based approach relies in the reprogramming of renal epithelial cells
obtained non - invasively from urine samples, followed by their differentiation into hepatocyte - like
cells. This strategy enables the generation of donor - specific cellular models that preserve the donor’s
genetic background, are amenable to precise genome editing, and can be used to explore the
pathophysiological mechanisms of human liver diseases.

In parallel, three - dimensional organoids derived from primary adult hepatocytes (Hep - Orgs) have
been developed and characterized to assess hepatocyte function in a physiologically relevant context.
These organoids reproduce key architectural features of the native liver tissue, allowing the evaluation

of responses to pharmacological agents within a controlled microenvironment.

Despite the intrinsic limitations of both experimental systems, the project aims to establish a versatile
and reproducible platform capable of dissecting the complex molecular interactions occurring during
cholestasis. The use of the donor - derived model and adult hepatocyte - based organoids is expected
to provide a robust tool for studying gene - function relationships, investigating the effects of
pharmacological compounds, and ultimately contributing to the development of targeted therapeutic

strategies.

In a broader perspective, the thesis seeks to validate innovative, ethically sustainable, and highly
translational in vitro models that can be applied not only to genetically determined or drug - induced
hepatic dysfunctions but also to a wider spectrum of liver pathophysiology where conventional

approaches remain insufficient.
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3. MATERIALS AND METHODS

General description of the project

The first part of this chapter will describe the materials and methods used to first obtain PTEC from
urine samples (Step 1, Methods 3.1), then iPSCs from PTEC (Step 2, Methods 3.2), and finally
hepatocyte -like cells from iPSC (Step 3, Methods 3.3) (Figure 3.1).

STEP 1 : - STEP 2 STEP 3

Urine PTEC iPSCs Hepatocyte
samples — like cells

Figure 3.1. General description of the protocol to obtain urinary cells (PTEC) from urine samples (STEP 1), iPSC from
PTEC (STEP 2), and finally Hepatocyte - like cells from iPSC (STEP 3). This image was created using BioRender.com.

Subsequently, the protocols used to generate Hep - Orgs from primary rat (Methods 3.4) and mouse
(Methods 3.5) hepatocytes will be outlined (Figure 3.2.).

Rat/Mouse

-él

- '

Liver perfusion and Liver processing Hepatocytes isolation and
digestion droplets plating

Figure 3.2. General description of the protocol to obtain primary hepatocytes and then hepatic organoids from rat and
mouse livers. This image was created using BioRender.com.
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3.1. PTEC Isolation and Culture from Urine: Protocol Improvements

(Step 1)

Chosen Donors and Informed Consent

Urine samples were obtained from healthy voluntary donors of both sexes, aged between 25 and 49
years, and of different ethnic backgrounds, including Asian and European origins. Donors were
instructed to collect 100 mL of urine six times a day. All samples were maintained at 4°C; however,
the storage duration and number of samples collected varied depending on the specific analysis to be
performed. Informed consent was obtained from each donor after they received a detailed explanation

of the study rationale (Figure 3.3).

Prior to sample collection, donors received direct and individual oral instructions regarding the
procedures required for proper urine collection, with particular emphasis on adherence to hygienic
practices to minimize the risk of sample contamination and on the immediate addition of a phosphate
- buffered solution containing antibiotics following collection. For this purpose, donors were provided
with serological pipettes to facilitate the accurate addition of the buffer and antibiotics to the urine

samples and to ensure thorough mixing.
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Figure 3.3. Template of informed consent obtained from healthy voluntary donors for urine sample collection.

3.1.1. Original Protocols

PTEC Isolation and Culture from Urine

Urinary cell isolation was performed following the protocol described by Zhou et al. (40).
Each 100 mL urine sample was transferred into two 50 mL conical tubes and centrifuged at 400 xg
for 15 minutes at room temperature. Following centrifugation, the supernatant was discarded, and the

resulting pellet was gently resuspended in 5 mL of Washing Buffer composed of Dulbecco’s
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phosphate - buffered saline (DPBS) supplemented with 1% penicillin/streptomycin and 0.2%
amphotericin B. The pellets from the two tubes of the same sample were then combined into a single
50 mL tube and subjected to a second centrifugation at 200 xg for 15 minutes at room temperature.
After discarding the supernatant, the final cell pellet was resuspended in 1.5 mL of Primary Medium
consisting of a 1:1 mixture of DMEM/High glucose and Ham’s F12, supplemented with 1%
penicillin/streptomycin, 1% amphotericin B, and the REGM® SingleQuots kit supplements (Lonza).
Each sample was then seeded into a single well of a 24 - well plate pre - coated with Embryomax
Gelatin (300 uL/well, Sigma - Aldrich), which facilitates initial cell attachment. Cultures were
incubated at 37°C, 5% CO: and 95% RH (Relative Humidity). During the first three days, the Primary
Medium was partially changed daily (removing and replacing 700 pL) to promote cell adhesion while
not removing specific factors released by the cells. After three days, the Primary Medium was
gradually replaced with Proliferation Medium consisting of REBM medium supplemented with 1%
penicillin/streptomycin, 1% amphotericin B, and REGM SingleQuot kit supplements (Lonza). The
Primary Medium, containing a higher concentration of fetal bovine serum (FBS), supports initial cell
adhesion, while the Proliferation Medium selectively promotes the expansion of the renal tubular
epithelial cells.

In the case of bacterial contamination, penicillin and streptomycin were added to the medium at a
concentration of 10 uL/mL. In the presence of mold or fungal contamination, amphotericin B was
added at the same concentration as an antifungal agent.

Once the PTEC reached confluence, they were passaged using Trypsin - EDTA (EuroClone) for

further expansion or cryopreserved in liquid nitrogen for future use.

3.1.1.1. PTEC Preparation within 4h of Sample Storage

Donors were instructed to collect two 100 mL urine samples per day, at different time points during
the day, over a period of three consecutive days. A total of 36 samples were collected: 18 from female

donors and 18 from male donors. All urine samples were subsequently stored at 4°C for 4 hours prior

to processing (Table 3.1).
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Daily urine samples

Total number of donors 6
Female 3
Male 3
N° sample/donor/day 2
N° days 3

Total of samples 36

Storage temperature 4°C

Storage time 4 hours

Table 3.1. Schematic representation of the total number of donors, the number of samples provided per donor per day,
the number of donation days per donor, the overall number of samples collected, the storage temperature of urine
samples post - collection, and the duration of storage at the specified temperature.

3.1.1.2. PTEC Preparation after 24h of Sample Storage

Urine Preparation from Morning Urine Collection

Donors were instructed to collect one 100 mL sample of first morning urine per day for three
consecutive days. A total of 18 samples were collected: 6 from female donors and 6 from male donors.

All urine samples were subsequently stored at 4°C for 24 hours prior to processing.

Morning urine samples

Total number of donors 6
Female 3
Male 3
N° sample/donor/day 1
N° days 3

Total of samples 18

Storage temperature 4°C

Storage time 24 hours

Table 3.2. Schematic representation of the total number of donors, the number of samples provided per donor per day,
the number of donation days per donor, the overall number of samples collected, the storage temperature of urine
samples post - collection, and the duration of storage at the specified temperature.

PTEC Preparation from Urine Collected During the Day

Donors were instructed to collect six 100 mL urine samples at different time points throughout the

day, over a period of three consecutive days. A total of 108 samples were collected: 54 from female
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donors and 54 from male donors. All urine samples were stored at 4°C for 24 hours prior to

processing.
Daily urine samples
Total number of donors 6
Female 3
Male 3
N° sample/donor/day 6
N° days 3
Total of samples 108
Storage temperature 4°C
Storage time 24 hours

Table 3.3. Schematic representation of the total number of donors, the number of samples provided per donor per day,
the number of donation days per donor, the overall number of samples collected, the storage temperature of urine
samples post - collection, and the duration of storage at the specified temperature.

3.1.2. Challenges in PTEC Isolation and Plating, and Strategies for Their

Resolution

3.1.2.1. Urine Test Strip Analysis

Following the designated storage period at 4°C, urine samples were equilibrated to room temperature
(15 - 25°C) for subsequent test strip analysis using the COMBI SCREEN® 11 SYS PLUS system.
This analytical step represents a novel addition to the standard isolation protocol.

COMBI SCREEN® 11 SYS PLUS test strips serve as semi - quantitative diagnostic tools for
detecting various analytes in urine. The test strip enables the simultaneous evaluation of 11
parameters: ascorbic acid, bilirubin, blood, glucose, ketones, leukocytes, nitrite, pH, protein, specific
gravity, and urobilinogen (Table 3.4). Each parameter provides between 4 and 7 measurable levels,
indicated by colorimetric changes on the reagent pads.

Strips were briefly immersed in the urine sample (~ 2 seconds) to ensure complete saturation of all
reagent pads. Excess urine was removed by gently wiping the strip against the edge of the collection
container or blotting on absorbent paper. To avoid cross - reactivity between adjacent reagent areas,
the strips were incubated in a horizontal position. Colour development was evaluated after 60 seconds
of incubation (60 - 120 seconds for the leukocyte pad) by visually comparing the colour of each
reagent area with the reference scale provided on the container. Colour changes appearing only at the

rim of the pad or beyond 2 minutes post - immersion were considered artefactual and excluded from

33



Materials and Methods

interpretation. All readings were performed under diffuse daylight or a standardized daylight lamp to

ensure consistency.

Parameter Acronym Time Reading
Bilirubin BIL 60 sec neg 1 mg/dL 2 mg/dL 4 mg/dL
Urobilinogen UBG 60 sec norm 2 mg/dL 4 mg/dL 8 mg/dL 12 mg/dL
Ketones KET 60 sec neg trace 25 mg/dL 100 mg/dL 300 mg/dL
Ascorbic acid ASC 60 sec neg 5 mg/dL 10 mg/dL
Glucose GLU 60 sec norm 50 mg/dL | 100 mg/dL 250 mg/dL 500 mg/dL > 1000 mg/dL
Protein PRO 60 sec neg trace 30 mg/dL 100 mg/dL 500 mg/dL
Blood BLD 60 sec neg 5-10 ery/uL| ~50 ery/pL ~300 ery/pL
pH pH 60 sec 5 6 6.5 7 8 9
Nitrite NIT 60 sec neg 0.05 mg/dL | 0.1 mg/dL
Leukocytes LEU 60 - 120 sec neg ~25 leu/pL | ~75 leu/pL ~500 leu/pL
Specific gravity SG 60 sec 1000 1005 1010 1015 1020 1025 1030

Table 3.4. The table summarizes the eleven parameters assessed using the Urine Strips COMBI SCREEN® 11 SYS
PLUS. The first and second columns report the parameter acronym and its corresponding analyte, respectively. The
third column specifies the time interval after immersion at which the reagent areas can be read. The remaining seven
columns present the range of possible results obtainable for each parameter.

3.1.2.2. Use of a Buffer for the Stabilization of Urine Samples

Use of PBS to Buffer Urine Samples

Donors were instructed to collect a single 25 mL urine sample during the day. In total, urine samples
were obtained from eight individual donors. Each sample was processed immediately upon collection.
Initially, 2.5 mL of 10X PBS was added to each 25 mL urine sample to achieve a final PBS
concentration of around 1X. Subsequently, an additional 5 mL of 10X PBS was added, bringing the
total volume to 30 mL and the final PBS concentration to around 2X. Finally, 20 mL of 10X PBS was
added to reach a final volume of 50 mL, corresponding to a PBS concentration of 5X. The pH of each

sample was measured using a pH meter after each addition of 10X PBS.
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Final concentration PBS 1X PBS 2X PBS 5X
Volume of 10X PBS
added to 25 mL of urine 2.5 mL SmL 25 mL

Table 3.5. Volume of 10X PBS added to 25 mL of urine to achieve the desired pH range.

Use of Phosphate Buffer for the Stabilization of Urine Samples

Prior to preparing the buffer solution, the desired pH, final volume, and target molarity were defined.
Phosphoric acid has three pKa values: 2.16, 7.21, and 12.32. To prepare a buffer with a final pH of
7.4, the pKa value closest to the desired pH was selected (pKa = 7.21), using monosodium phosphate
(NaH2POQs4), and its conjugate base disodium phosphate (NaxHPO4). The appropriate acid - to - base
ratio required to achieve the target pH was determined using the Henderson - Hasselbalch (HH)

equation:

[Base]
pH = pHa + logwm
Separate solutions of monosodium phosphate and disodium phosphate were prepared at the desired
initial concentrations and subsequently mixed to obtain a stock phosphate buffer at the final
concentration reported in Table 3.7. The pH of the resulting solution was adjusted to 7.4, if necessary,
using phosphoric acid (H3PO4) or sodium hydroxide (NaOH). Finally, distilled water was added to

bring the solution to the required final volume.

Stock buffer solution Cf pH pKa NaH2PO4 Ci | Na,HPO, C;
5M 7.4 7.2 1.92M 3.08M
25M 7.4 7.2 0.96 M 1.54 M
M 7.4 7.2 038 M 0.62M
0.5M 7.4 7.2 0.18M 032M

Table 3.6. The first column of the table reports the concentration of the phosphate buffer stock solution to be prepared.
The second column specifies the target pH of the resulting buffer solution. The third column lists the pKa value of
phosphoric acid employed in the HH equation, selected as the value closest to the desired pH. The fourth and fifth
columns present the calculated concentrations of monosodium phosphate and disodium phosphate, respectively, as

determined using the HH equation.
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Stock solution Volume added in | Phosphate buffer final
concentration 100 mL of urine concentration
5M 2mL 0.1 M
25M 4 mL 0.1 M
1M 10 mL 0.1 M
0.5M 10 mL 0.05M

Table 3.7. Volume of phosphate buffer stock solution added to urine samples to achieve a neutral pH. The first column
reports the initial concentration of the phosphate buffer stock solution, the second column indicates the volume of
buffer added to 100 mL of urine, and the third column presents the final concentration of the diluted phosphate buffer
within the urine sample.

In this experiment, donors were asked to collect a single 25 mL urine sample over the course of the
day. A total of eight samples were obtained from eight individual donors. The initial pH of each
sample was measured. To increase the variability of urine pH and assess the buffering capacity under
alkaline conditions, sodium hydroxide (NaOH) was added to selected samples. Urine samples were
processed immediately upon collection. To each sample, 250 pL of 5 M phosphate buffer was added
to achieve a final concentration of 0.05 M. Subsequently, an additional 250 pL of 5 M phosphate
buffer was added, for a total of 500 pL, corresponding to a final phosphate buffer concentration of
0.1 M. The pH of each sample was measured using a pH meter following each addition of the

phosphate buffer.

Final concentration Phosphate buffer 0.05 M | Phosphate buffer 0.1 M

Volume of phosphate bufter

5M added to 25 mL of urine SO 500 pL

Table 3.8. Volume of phosphate buffer 5 M added to 25 mL of urine to reach the desired pH range.

1 M Phosphate Buffer addition

Donors were asked to collect a single 100 mL urine sample over the course of the day. A total of 36
samples were collected, comprising 18 from female and 18 from male donors (Table 3.9). The
samples were stored at 4°C for 24 hours prior to processing. Before further analysis, all samples were

visually inspected to exclude those exhibiting salt precipitation.
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Daily urine samples

Total number of donors 3
Female 2

Male 1

N° sample/donor/day 2
N° days 1

Total of samples 6

(a) total buffered samples 3

(b) total internal control

3
samples
Storage temperature 4°C
Storage time 24 hours

Table 3.9. Schematic representation of donor sampling parameters, including the total number of donors, the number of
samples provided per donor per day, the number of donation days per donor, the total number of samples collected, the
storage temperature of urine samples following collection, and the duration of storage at the specified temperature.

0.5 M Phosphate Buffer addition

Donors were instructed to collect two 100 mL urine samples per day over a period of three
consecutive days. A total of 36 samples were obtained, comprising 18 from female and 18 from male
donors (Table 3.10). Following collection, all samples were stored at 4°C for 24 hours. Prior to

processing, samples were inspected to exclude those exhibiting visible salt precipitation.

Daily urine samples
Total number of donors 6
Female 3
Male 3
N° sample/donor/day 2
N° days 3
Total of samples 36
(a) total buffered samples 18
(b) total internal control 18
Storage temperature 4°C
Storage time 24 hours

Table 3.10. Schematic representation of donor sampling parameters, including the total number of donors, the number
of samples provided per donor per day, the number of donation days per donor, the total number of samples collected,
the storage temperature of urine samples following collection, and the duration of storage at the specified temperature.
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3.1.2.3. Optimization of PTEC Isolation and Culture Using Cell Strainers

Evaluation of various cell strainer sizes for female samples processing

Urinary cell isolation was performed following the protocol described by Zhou et al. (40), as
mentioned previously. Each donor was instructed to collect two 100 mL urine samples, to which
antibiotics and antifungal agents were immediately added to ensure proper preservation at 4°C for up
to 4 hours. After the storage period, the two samples from each donor were pooled to obtain a
homogeneous 200 mL sample. A urine test strip analysis was then performed using the COMBI

SCREEN® 11 SYS PLUS system, as detailed previously (subchapter 3.1.3.1).

The pooled sample was divided into four 50 mL conical tubes and centrifuged at 400 xg for 15
minutes. The resulting pellet was resuspended in Washing Buffer and subjected to a second
centrifugation at 200 xg for 15 minutes. The supernatant was discarded, and the pellet was
resuspended in 2 mL of Primary Medium. At this stage, 1 mL of the suspension was directly seeded
into a 24 - well plate previously coated with EmbryoMax Gelatin. The remaining 1 mL was filtered
using pluriStrainers (PluriSelect, Germany) with mesh sizes of 15, 20, and 30 um, and then plated
under identical conditions.

Cell cultures were maintained at 37°C, 5% CO», 95% RH. During the first three days, the Primary
Medium was partially changed daily by removing 700 pL and replacing it with an equal volume of
fresh medium to promote cell adhesion. Following this initial phase, the Primary Medium was
gradually replaced with Proliferation Medium. Phase - contrast images of cells were acquired at day

1 and day 8 with a Nikon ECLIPSE - TS 100 Microscope (Nikon Corporation, Tokyo, Japan).

Isolation of PTEC from female donors using a 20 um cell strainers

Female donors were instructed to collect two 100 mL urine samples per day over a period of six
consecutive days. A total of 36 samples were obtained, corresponding to 12 samples per donor.

Following collection, all samples were stored at 4°C for 4 hours prior to processing.
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Daily urine samples
Total number of donors 3
Female 3
N° sample/donor/day 2
N° days 6
Total of samples 36
(a) total buffered samples 18
(b) total internal control 18
Storage temperature 4°C
Storage time 4 hours

Table 3.11. Schematic representation of donor sampling parameters, including the total number of donors, the number
of samples provided per donor per day, the number of donation days per donor, the total number of samples collected,
the storage temperature of urine samples following collection, and the duration of storage at the specified temperature.

3.1.3. Improved and Definitive Protocols: Integrated Use of Test Strips, 0.5 M
Phosphate Buffer, and 20 pm Cell Strainer

Urinary cell isolation was carried out following the protocol described by Zhou et al (40). Each donor
was instructed to collect a single 100 mL urine sample and immediately supplemented with a solution
containing 10 mL of 0.5 M phosphate buffer and a mixture of antibiotics and antifungal agents.

Samples were then stored at 4°C for 24 hours (subchapter 3.1.3.1) and 4 hours (subchapter 3.1.2.2).

3.1.3.1 Preparation of PTEC by Combined Application of Test Strips, 0.5 M Phosphate Buffer
and 20 pm Cell Strainer (After 24 Hours)

Following the storage period (see details in Table 3.12), samples were equilibrated to room
temperature for urine test strip analysis, as described previously. Each sample was subsequently
divided into two 50 mL conical tubes and centrifuged at 400 xg for 15 minutes. The resulting pellet
was resuspended in Washing Buffer and centrifuged again at 200 xg for 15 minutes. After discarding
the supernatant, the final pellet was resuspended in 1 mL of Primary Medium. The cell suspension
was then filtered using a 20 um pluriStrainer (PluriSelect, Germany) and plated in culture. Cultures
were maintained in the incubator (37°C, 5% CO», 95% RH). During the first three days, the Primary
Medium was partially replaced daily by removing 700 puL and adding an equal volume of fresh
medium to facilitate cell attachment. Thereafter, the Primary Medium was gradually replaced with
Proliferation Medium. Throughout the three - week culture period, PTEC adhered to the substrate

and progressively expanded.
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Daily urine samples
Total number of donors 6
Female 3
Male 3
N° sample/donor/day 6
N° days 3
Total of samples 108
(a) total buffered samples 108
(b) total filtered samples 108
Storage temperature 4°C
Storage time 24 hours

Table 3.12. Schematic representation of donor sampling parameters, including the total number of donors, the number
of samples provided per donor per day, the number of donation days per donor, the total number of samples collected
(buffered and filtered), the storage temperature of urine samples following collection, and the duration of storage at the
specified temperature.

3.1.3.2 Preparation of PTEC by Combined Application of Test Strips, 0.5 M Phosphate Buffer
and 20 pm Cell Strainer Only for Female Samples (After 4 Hours)

Following the storage period (see details in Table 3.13), samples were equilibrated to room
temperature for urine test strip analysis, as described previously. Each sample was subsequently
divided into two 50 mL conical tubes and centrifuged at 400 xg for 15 minutes. The resulting pellet
was resuspended in Washing Buffer and centrifuged again at 200 xg for 15 minutes. After discarding
the supernatant, the final pellet was resuspended in 1 mL of Primary Medium. The cell suspension,
only for female samples, was then filtered using a 20 pm pluriStrainer (PluriSelect, Germany) and
plated in culture. Cultures were maintained in the incubator (37°C, 5% CO., 95% RH). During the
first three days, the Primary Medium was partially replaced daily by removing 700 pL and adding an
equal volume of fresh medium to facilitate cell attachment. Thereafter, the Primary Medium was
gradually replaced with Proliferation Medium. Throughout the three - week culture period, PTEC

adhered to the substrate and progressively expanded.
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Daily urine samples

Total number of donors 4
Female 2
Male 2
Total of samples 99
(a) total buffered samples 99
(b) total filtered samples 66
Storage temperature 4°C
Storage time 4 hours

Materials and Methods

Table 3.13. Schematic representation of donor sampling parameters, including the total number of donors, the total
number of samples collected (buffered and filtered), the storage temperature of urine samples following collection, and
the duration of storage at the specified temperature.

The final chosen protocol is illustrated in Figure 3.4.
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Figure 3.4. Graphical representation of the PTEC isolation process from urine samples. The figure illustrates the
specific stages at which buffer solution was added, and sample filtration was performed. This image was created using

BioRender.com
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3.1.4. Statistical Analysis

Statistical analysis was performed for the last two experiments (described in Sections 3.1.3.1. and
3.1.3.2. of the Materials and Methods), whereas all preceding experiments were considered pilot

studies. The minimum sample size was determined according to Remdr (R Commander).

Data for the various parameters were obtained from the urine strip analysis. For each parameter, the
percentage of samples in which urinary cell adhesion occurred and the percentage in which adhesion
did not occur were calculated. A 95% confidence interval (CI) was then computed for each group
using Remdr.. In this context, the confidence interval for a population proportion was used to estimate
the likelihood of a specific characteristic - namely, urinary cell adhesion or non - adhesion - occurring
within the population.

To evaluate whether urine pH influences urinary cell adhesion, a Chi - Square test for independence
was performed using Remdr. The null hypothesis (Ho) stated that urine pH is independent of urinary
cell adhesion, whereas the alternative hypothesis (H1) posited that urinary cell adhesion is dependent
on urine pH.

Degrees of freedom were calculated by multiplying the number of categories for each variable minus
one. In this case, urine pH was categorized into two groups: pH < 7 and pH > 7, while the second
variable corresponded to the presence or absence of urinary cell adhesion. The significance level (o)
was set at 0.05, representing a 5% risk of committing a Type I error - that is, rejecting a true null

hypothesis. Results were then reported in the following format:

1 (degrees of freedom, N = sample size) = test statistic, p = p value

It should be noted that the Chi - Square test for independence identifies associations between variables

but does not imply causality.
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3.2. iPSC Generation from PTEC and Their Subsequent Culture (Step
2)

3.2.1. Lentiviral Vector Production and PTEC Transduction

Lentiviral vector production was carried out according to the protocols described by Zhou et al. and

Overeem et al. (40) (68).

To induce the reprogramming of PTEC into induced pluripotent stem cells (iPSC), a second -
generation lentiviral vector system was employed. This approach enabled efficient transduction of
PTEC and facilitated their reprogramming through the expression of the four Yamanaka factors —
OCT4, SOX2, KLF4, and ¢ - MYC — as originally described by Takahashi and Yamanaka (69).
The lentiviral system was generated using a three - plasmid transfection method, consisting of:

- Apackaging plasmid (psPAX2) (Figure 3.5 - A)

- A reprogramming plasmid
(pPRRL.PPT.SF.hOct34co0.hKlf4co.hSox2co.hmyc.itdTomato.pre.FRT) encoding codon -
optimized versions of the Yamanaka factors along with a fluorescent reporter (Figure 3.5 -
B), and

- A plasmid encoding the vesicular stomatitis virus glycoprotein (pMD2.G) for envelope

formation (Figure 3.5 - C)

The reprogramming plasmid was kindly provided by Prof. C. Baum and Prof. A. Schambach from
the Institute of Experimental Haematology, Hannover, Germany. The psPAX2 and pMD2.G plasmids
were generously provided by Prof. Serena Zacchigna from the Department of Medical, Surgical and
Health Sciences, University of Trieste. All three plasmids were subsequently amplified by Dr. Luisa
Napolitano and Dr. Antonio Longo at the Structural Biology Laboratory, Elettra - Sincrotrone, Trieste,

Italy.
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Figure 3.5. Schematic representation of the three plasmids encoding the lentiviral vector. The figure illustrates the
structure of the plasmids used for HEK293T transfection. (A) the packaging plasmid psPAX2 (AddGene plasmid
#12260); (B) the transfer plasmid pRRL.PPT.SF.hOct34co.hKlf4co.hSox2co.hmyc.itdTomato.pre.FRT; and (C) the

envelope plasmid pMD2.G (AddGene plasmid #12259).
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The HIV - based lentiviral vector system employed in this study is designed with enhanced - biosafety
features to minimize the risk of generating replication - competent viruses. Key safety modifications
include:

- Self - inactivating design: a deletion in the enhancer region of the U3 segment within the
3’ALTR ensures self - inactivation of the vector following transduction and integration into
the host cell genome

- Tat - independent transcription: the presence of an RSV promoter upstream of the 5’LTR
allows efficient transcription of the viral RNA in the absence of the HIV - 1 Tat protein,
thereby reducing the number of HIV - 1 genes utilized in the system

- Minimal packaging components: only three HIV - 1 genes (gag, pol, and rev) are required for
viral packaging, replication, and transduction. These genes are supplied in trans from separate
helper plasmids that lack packaging signals and do not share significant sequence homology
with the expression vector or with the pVSV - G envelope plasmid, thus minimizing the risk
of homologous recombination leading to the formation of replication - competent lentivirus
(RCL).

- Replication incompetence: the gag, pol, and rev genes are not present in the packaged viral
genome, as they are expressed from helper plasmids lacking packaging sequences.
Consequently, the resulting lentiviral particles are replication - deficient.

- Cargo specificity. The pseudotyped viral particles carry only the expression cassette of

interest, ensuring that no viral coding sequences are transferred to the target cells.

Despite the aforementioned safety features, the use of HIV - based lentiviral vectors is classified

under NIH Biosafety Level 2 (BSL - 2) guidelines (see: https://www.izsmportici.it/wp-

content/uploads/2025/02/Normativa-rischio-biologico-Inail.pdf") due to the potential biological risks

associated with recombination events involving endogenous viral sequences, which could generate

replication - competent viruses, or the possibility of insertional mutagenesis.

All procedures involving lentiviral particle preparation and handling were conducted following BSL
- 2 biosafety protocols. Work was performed in a designated cell culture room using a Class II (P2)
laminar flow cabinet. During incubation, culture plates were placed within secondary containment to
prevent accidental spills. Appropriate personal protective equipment (PPE), including laboratory coat
and gloves, was always worn. Open tubes were handled exclusively within the laminar flow hood;

when removed, tubes were tightly closed and externally disinfected with 75% ethanol. All laboratory
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materials that came into contact with viral particles were treated as biohazardous waste. Liquid waste
was aspirated into a dedicated container containing freshly added concentrated bleach and replenished
whenever the solution lost its yellow coloration. Once the container was full and following a
minimum 10 - minute contact time for decontamination, the liquid waste was transferred to a
designated biohazardous liquid waste disposal system. Solid waste, including consumables and
plasticware, was collected in a waste bag placed under the laminar flow cabinet. Once filled, the bags

were sealed within the cabinet and subsequently transferred to certified biohazard disposal containers.

To enable the transduction of PTEC, lentiviral vector production was first carried out. Human
Embryonic Kidney 293T (HEK293T) cells were seeded at a density of 600,000 cells per well ina 6 -
well plate and maintained in HEK medium composed of High - glucose DMEM (Gibco),
supplemented with 5% FBS, 1% L - Glut, and 1% penicillin - streptomycin. Upon reaching
approximately 80% confluency, cells were transfected with equimolar amounts (1:1:1 ratio) of the
three required plasmids using Lipofectamine 2000 (Life Technologies) in Opti - MEM reduced serum
medium (Gibco). The lipid - based nature of Lipofectamine facilitated the fusion of adjacent cell
membranes, leading to the formation of multicellular aggregates within the HEK293T culture.

16 hours post - transfection, the medium was replaced with fresh HEK medium. After 36 hours, the
lentiviral particles assembled and secreted into the supernatant by the HEK293T cells were harvested
for use in the transduction of PTEC. Prior to transduction, the viral supernatant was passed through
a 0.45 um filter to remove any residual HEK cells or cellular debris. Polybrene (final concentration:
8 ug/mL) was added to the filtered medium to enhance viral entry into PTEC. The lentiviral
suspension was then applied to the target cells dropwise to facilitate efficient transduction. Following
the first collection, fresh medium was added to the HEK293T cells, and a second round of viral
supernatant was collected 24 hours later, processed in the same manner. After this second harvest, the

HEK?293T cells were discarded.

Assessment of Lentiviral Transduction Efficiency in PTEC

Cell segmentation and counting were performed in Fiji (RRID:SCR_002285) using TrackMate -
Cellpose plugin. Brightfield images were analyzed with the cyto2 model to identify all cells, while
tdTomato fluorescence images were processed separately to detect transduced (tdTomato - positive)
cells. The resulting Regions of Interest (ROIs) data and counts were exported from Fiji to compute
transduction efficiency as the percentage of tdTomato - positive cells relative to the total cell

population.
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3.2.2. iPSC Generation and Their Culture

Induced pluripotent stem cells (iPSCs) were generated from PTEC through lentiviral vector -
mediated reprogramming. PTEC were seeded several days prior to transduction to reach
approximately 75% confluency on the day of the first lentiviral exposure (2,000,000 cells per well in
6 - well plates). Two consecutive transductions were carried out 24 hours apart using the culture
supernatant collected from HEK293T cells containing the lentiviral vector. Between transductions,
the culture medium was replaced with fresh Proliferation Medium for § - 12 hours to allow for cellular
recovery.

To verify the insertion of the plasmid carrying the tdTomato fluorescent signal in the cells, PTEC
were examined under a ZEISS Axiovert 200 Fluorescence Microscope.

Two days after the second transduction, cells were transferred to vitronectin - coated wells (0.5
ug/cm?) and cultured in Essential 6 Medium (Thermo Fisher) supplemented with fibroblast growth
factor (FGF; 100 ng/uL) and 0.5% penicillin - streptomycin.

Emerging iPSC colonies typically appeared between days 7 and 12 post - transduction. At this point,
the culture medium was switched to Essential 8 Medium (Thermo Fisher) supplemented with 0.5%
penicillin - streptomycin to support colony maintenance and expansion. iPSC colonies were passaged
using 0.5 mM EDTA in PBS for over 10 passages and cryopreserved in liquid nitrogen for future use.
For each passage, colonies were replated onto freshly vitronectin - coated culture dishes in the
presence of 1% RevitaCell Supplement (Thermo Fisher) to enhance post - passaging cell survival.
Medium was refreshed daily. The generation of iPSC colonies was typically complete within two

weeks of culture.

Verification of Transgene Integration in Lentivirus - Generated iPSC ¢cDNA through

Qualitative PCR

Transgene integration was assessed on cDNA obtained from iPSC generated using lentiviral vectors.
Primer pairs specific for the transgene were employed (Table 3.14). PCR amplification was performed
on samples subjected to reverse transcriptase (+RT) and on negative controls lacking reverse
transcriptase (-RT). PX459, gDNA, and PMX were included as expression controls.

Two primer pairs were designed on the reprogramming plasmid
(pRRL.PPT.SF.hOct34co.hKlIf4co.hSox2co.hmyc.itdTomato.pre.FRT) to specifically amplify the

endogenous genes.
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Figure 3.6 presents the map of the plasmid employed, while Table 3.14 provides the specific

sequences corresponding to each primer.

(3233 .. 3252) OCT3/4F ILrans;gene rt F (5345 .. 5374)

(2043) BstBI | (eEe)
(2372) Agel MIuI (5960)
(2331) Ascl
SFFV‘ ‘ transgene rtR (6035 .. 6065)
(1943) Xhol - PspXI - PaeR71 ’ I (IRES)
(PPT) | PmII (7702)
(1803) Hpa!“ \ | [{FSRAL. (8024)
(1709) KAI || | | BsIWL (5157
11 | ] Csil - SexAI* (8493)
‘.“ Nsil (3456)| | Afex (8621)
(964) Mfel i || |z ’ l\. (PRE)
\ {1 |
Il KLFIR (3644 .. 3663 Xbal (9416)
[ T
(612) NruI* ||| | ||| XemI (4456) Sfil (9960)
| |
| Scal (11.125)

RSV | | | | | SIN
PBS hOct34 co hKlfd4co h cmyc d Tomato
Feature 20 FRT wt

PRRL.PPT.SF.hOKSM.i.dTom.PRE.FRT
12.899 bp

Figure 3.6. Map representing the reprogramming plasmid and position of the two primer pairs. Image was created with

SnapGene.
Primer Sequence
OCT3/4 F AAGGGCAAGAGAAGCAGCAG
KLFI1 R CGCTTCATGTGGCTCAGTTC
Transgene 1t F AGAAGAAAGACCAAGACCCTGATGAAGAAG
Transgene rt R CATAGTTCCTGTTGGTGAAGCTAACGTTGAG

Table 3.14. Sequences of the two primer pairs used.

3.3. iPSC Differentiation into Hepatocytes - Protocol Comparison
(Step 3)

Four different protocols [(68); (70); (71); (72)] were compared, as listed below.

Overeem’s Protocol (68)

This differentiation protocol consists of 4 stages and has a total duration of 19 days.
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150.000 iPSCs were plated as single cells in vitronectin - coated 12 multi - well plate, cultured in
Essential 8™ medium with RevitaCell supplement. The day after, PSC Definitive - Endoderm
Induction Kit was used to differentiate them into definitive endoderm. After 2 days, RPMI - 1640
supplemented with 20 ng/mL BMP4, 10 ng/mL FGF2, 0.5% DMSO (Sigma-Aldrich) and B-27™
supplement (Thermo Fisher) was added for 5 days. Then, cells were detached as single cells using
Accutase (StemPro™ Accutase™ Cell Dissociation Reagent, Gibco™, Life Technologies
Corporation, 3175 Staley Rd., Grand Island, NY 14072, USA) and then transferred to Matrigel -
coated wells in RPMI - 1640 with 20 ng/mL HGF, 0.5% DMSOQO, and B - 27 supplement with 1%
RevitaCell supplement on the first day. After 5 days, cells were cultured in Hepatocyte Culture
Medium Bulletkit™ medium (Lonza, Walkersville, MD USA) with 20 ng/mL Oncostatin M and
overlaid with Matrigel (at a concentration of 0.25 mg/mL). The medium was changed daily for all

stages of differentiation.

Matakovic’s Protocol (70)

This differentiation protocol consists of 4 stages and has a total duration of 19 days.

At day 0, 150.000 iPSC were plated into a Matrigel - coated (Corning ® Matrigel ® hESC - qualified
Matrix, 354277, Stem Cell Technologies, Discovery Labware, Inc, Two Oak Park, Bedford, MA
01730 USA) 12 multi - well plate and cultured for 24 hours in the cell culture incubator. To prevent
and contain bacterial contamination, we added to each media 1% Pen - Strep and 0.5% Gentamicin
(Euroclone S.p.A., Pero (MI), Italy).

On day 1, the medium was replaced with PSC DE - Induction Medium A (Gibco™, Life Technologies
Corporation, Grand Island, NY 14072, USA) and the cells were left for 24 hours in the cell culture
incubator. On day 2, the medium was replaced with PSC DE - Induction Medium B (Gibco™, Life
Technologies Corporation, Grand Island, NY 14072, USA). On day 3, Medium B was replaced with
RPMI - 1640 medium (Euroclone S.p.A., Pero (MI), Italy), supplemented with B - 27 Supplement -
50x (1:50) serum free (Gibco™, Life Technologies Corporation, Grand Island, NY 14072, USA), 10
ng/mL Fibroblast Growth Factor 2 (FGF2) (PeproTech, Thermo Fisher , Waltham, Massachusetts,
USA), 20 ng/mL Bone Morphogenetic Protein (BMP) 4 (PeproTech, Thermo Fisher , Waltham,
Massachusetts, USA), 0,5% (v/v) dimethyl sulfoxide (DMSO, Sigma - Aldrich, Co., 3050 Spruce
Street, St. Louis, MO 63103 USA ). From day 4 to day 7, daily, this medium was aspirated and
replaced with an equal volume of the same fresh medium. On day 8, the medium was switched to
RPMI - 1640 medium, supplemented with B - 27 supplement, 20 ng/mL Hepatocyte Growth Factor
(HGF) (PeproTech, Thermo Fisher, Waltham, Massachusetts, USA) and 0.5% (v/v) DMSO. From
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day 9 to day 12, on a daily basis, this medium was aspirated and replaced with an equal volume of
the same fresh medium. On day 13, the medium was switched to William’s E medium (without phenol
red, Gibco™, Life Technologies Corporation, 3175 Staley Rd., Grand Island, NY 14072, USA )
supplemented with Primary Hepatocyte Maintenance Supplements (Gibco™, Life Technologies
Corporation, 3175 Staley Rd., Grand Island, NY 14072, USA), 20 ng/mL Oncostatin M (PeproTech,
Thermo Fisher , Waltham, Massachusetts, USA) and embryonic stem cell - qualified Matrigel, at a
concentration of 0.25 mg/mL. On a daily basis, from day 14 to day 19, this medium was aspirated

and replaced with an equal amount of the same fresh Matrigel supplemented medium.

Mallanna’s Protocol (71)

This experimental part of the project was carried out, inside a multicentric study, by the research
group of the Medical Genetics Laboratory, led by Professor Adamo Pio d’Adamo, at the IRCCS
Materno Infantile “Burlo Garofolo” Hospital in Trieste, Italy.

This differentiation protocol consists of 3 stages and has a total duration of 20 days.

iPSCs were seeded onto 100 mm tissue culture dishes pre - coated with either E - Cadherin - Fc
(StemAdhere) or Matrigel. Upon reaching a confluency of no more than 50%, cells were transferred
to an appropriate number of 35 mm dishes in a 6 - well tissue culture plate, also coated with Matrigel,
and incubated overnight at 37°C, 4% O, 5% CO.. On differentiation days 1 and 2, the culture medium
was replaced with RPMI 1640 medium (pre - warmed to 37°C) supplemented with 2% B27
supplement lacking insulin, 100 ng/mL Activin A, 10 ng/mL BMP4, and 20 ng/mL FGF2. From days
3 to 5 of differentiation, the medium was switched to RPMI with 2% B27 (without insulin)
supplemented with 100 ng/mL Activin A. From days 6 to 10, the cells were cultured in RPMI with
2% B27 (without insulin) containing 20 ng/mL BMP4 and 10 ng/mL FGF2. During days 11 to 15,
hepatic progenitor cells were maintained in RPMI medium supplemented with 2% B27 (with insulin)
and 20 ng/mL hepatocyte growth factor (HGF). From days 16 to 20, differentiation was continued in
Clonetics® Hepatocyte Culture Medium (HCM™) supplemented with the provided “SingleQuots”
(excluding EGF) and 20 ng/mL Oncostatin M.

50



Materials and Methods

STEMJdiff™ Hepatocyte Kit (72)

This experimental part of the project was carried out, inside a multicentric study, by the research
group of the Medical Genetics Laboratory, led by Professor Adamo Pio d’Adamo, at the IRCCS
Materno Infantile “Burlo Garofolo” Hospital in Trieste, Italy.

This differentiation protocol consists of 3 stages and has a total duration of 21 days.

One day prior to cell seeding, 24 - well or 96 - well tissue culture - treated plates were coated with
Matrigel according to the manufacturer’s instructions. iPSCs were seeded at a density of 4 x 10° cells
per well (24 - well plate) or 7 x 10* cells per well (96 - well plate) in mTeSR™1 medium and
incubated at 37°C and 5% CO; incubator for 24 hours. On day 1 of differentiation, the medium was
replaced with STEMdiff ™ Basal Medium (Hepatic) supplemented with STEMdiff ™ Definitive
Endoderm Supplement MR and STEMJiff ™ Definitive Endoderm Supplement CJ, which was
maintained through days 3 and 4 with daily medium changes. On day 5, cells received a full medium
change with STEMdiff ™ Hepatic Progenitor Medium. On days 6 and 7, fresh STEMdiff ™ Hepatic
Progenitor Medium was added with full medium changes performed daily. A subsequent medium
change with the same formulation was conducted on day 9. On day 10, the medium was replaced
with STEMdiff ™ Hepatocyte Medium, and cells were incubated at 37°C for 48 hours. Beginning on
day 12 and continuing every other day until day 21, a complete medium change with fresh STEMdiff

™ Hepatocyte Medium was performed.

3.3.1. Phase - Contrast Microscopy

Phase - contrast photos were captured with a Nikon ECLIPSE - TS 100 Microscope (Nikon
Corporation, Tokyo, Japan) at the magnification of 10X and 20X.
Photos were taken at the main three stages of differentiation for each protocol (Definitive Endoderm,

Hepatic Progenitors, Hepatocyte - like Cells).

3.3.2. ELISA - Albumin Release in the Medium

The release of albumin in the medium was evaluated through the Human Albumin ELISA kit (RayBio
®, RayBiotech Life, Inc., GA 30092, USA) according to the manufacturer instructions, using
Multimode Plate Reader (Perkin Elmer - EnSpire®, Perkin - Elmer, Inc., Waltham, Massachusetts,
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USA). Cell culture media were collected and centrifuged at 1500 rpm for 10 minutes at 4°C to remove
debris.

For each protocol, the media of the two key steps of hepatic differentiation (Hepatic Progenitors and
Hepatocyte - like Cells) were collected. The media of HepG2 cell line and Upcyte® hepatocytes were

used as a control.

For a detailed description of the molecular analysis methods and immunofluorescence experiments,

please refer to subchapters 3.6 and 3.7 of this chapter.

3.4. 2D and 3D Cultures from Rat Primary Adult Hepatocytes

3.4.1. Rat Liver Perfusion and Digestion

To establish the liver perfusion protocol in rodents, rats were selected as the model organism. This
procedure was adapted from the method described by Shen et al. (73). All procedures and animal
housing were conducted at the Animal Facility of the University of Trieste, according to the guidelines
of the Italian Law and European Community directive. The experimental protocol was approved by
the local Animal Care Committee and by the Italian Health Ministry (permit n° 321/2022-PR)
according to art.31 of decree 26/2014. The animals used were Wistar rats, maintained on a standard

chow diet with ad libitum access to water.

Preparation for Surgical Procedure

Prior to initiating the surgical procedure, all tubing was flushed with 70% ethanol, then thoroughly
dried at 37°C. Surgical instruments, including tweezers, surgical scissors, and Klemmer forceps, were
similarly disinfected and dried at 37°C. All equipment was subsequently exposed to UV light for 15
minutes under a biological safety cabinet to ensure sterility. Following UV treatment, materials were
wrapped in aluminium foil to prevent contamination during transport to the animal facility. A water
bath was pre - warmed to 42°C, and both the Perfusion Buffer and 1X PBS were incubated in the
bath for approximately 20 minutes prior to use. Due to the heat sensitivity of the enzymes, the
Digestion Buffer was warmed only immediately before use, after perfusion had begun. William’s
Complete Medium and PBS supplemented with 3% penicillin/streptomycin were kept on ice

throughout the procedure. The peristaltic pump was connected to the tubing system, which included
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a glass reservoir bottle and a bubble trap, both pre - filled with warm Perfusion Buffer. To prime the
system, the tubing was filled with the buffer at low pump speed to remove air bubbles and to eliminate

residual ethanol from the tubes.

Initial Procedure and Anaesthesia

Adult Wistar rats (10 - 12 weeks old, body weight 250 - 350 g) were anesthetized via intraperitoneal
injection of an anaesthesia cocktail consisting of xylazine (22.5 mg/kg) and ketamine (112.5 mg/kg).
Depth of anaesthesia was assessed using the toe - pinch reflex, and surgery was initiated only after
the animal failed to respond to noxious stimuli, typically within 3 - 5 minutes. The abdominal area
was shaved and disinfected with 70% ethanol to reduce the risk of bacterial contamination. The
animal was placed in the centre of a dissection tray, and its limbs were secured using sterile pins. A
U - shaped incision was made through both the skin and abdominal muscle, extending from the lower
abdomen to the rib cage. The skin was retracted and held in place using clamps near the thoracic
region. Special care was taken throughout the surgical procedure to avoid damaging large blood
vessels, as bleeding can obscure the surgical field and hinder access to critical anatomical structures
necessary for liver perfusion. In the event of bleeding, gentle pressure was applied to promote clot
formation and minimize blood loss. The intestines were carefully displaced to the right, exposing the
portal vein (PV) and inferior vena cava (IVC). Using forceps, a cotton thread was passed underneath
the portal vein, and a loose ligature was prepared without tightening it at this stage. To prevent
intravascular coagulation, 250 units of heparin diluted in 300 uL of 1X PBS were injected into the
inferior vena cava. Immediately prior to cannulation, the pre - positioned cotton thread beneath the
PV was prepared for ligation. After insertion of the cannula (angiocath) into the portal vein, the

ligature was securely tightened to stabilize the cannula and prevent displacement during perfusion.

Cannulation and Liver Perfusion

The peristaltic pump was initially set to a flow rate below 1 mL/min. An 18 - gauge angiocath was
inserted into the PV at the site of the pre - positioned ligature, maintaining a shallow insertion angle
relative to the vein to minimize vessel damage. After insertion, the inner stylet of the angiocath was
removed, leaving the plastic cannula in place. Liver Perfusion Medium (Gibco) was used as the initial
perfusate. While the perfusion buffer was running through the tubing, the cannula was connected to
the outlet line using a Luer - lock connector. The ligature around the PV was then securely tightened

to fix the cannula in place. Subsequently, the IVC was cut to allow blood to exit, establishing an open
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circulatory system. The perfusion was initiated at 1 mL/min. Within 2 - 3 seconds, the liver began to
swell and blanch, indicating correct buffer flow through the vasculature. The pump speed was
gradually increased to 10 ml/min and maintained for a minimum of 10 minutes to effectively flush
out residual blood from the liver. A slow initial flow rate was used to validate proper cannulation of
the portal vein. In cases where surrounding extrahepatic tissues began to swell, cannulation was
considered suboptimal. Minor adjustments — either advancing or slightly retracting the cannula — were
made to correct positioning and restore efficient perfusion. To ensure full perfusate outflow, the IVC
was severed, confirming an open, unidirectional flow from the PV to the cut IVC. Correct liver
perfusion was further supported by gentle manual pressure on the IVC using a cotton swab to enhance
distribution of the buffer throughout all liver lobes. Since liver swelling is a critical determinant of
successful cell isolation, alternating cycles of pressure and release were performed throughout the
perfusion process. Specifically, intermittent pressure was applied to the IVC using a cotton swab for
10 - second intervals, followed by relaxation. These cycles were repeated 5 - 10 times, promoting
visible liver swelling during clamping and relaxation during release, thus facilitating enhanced

dissociation and improved cell yield.

Liver Digestion

Following the initial perfusion, the system was seamlessly switched to the pre - warmed Liver
Digestion Medium (Gibco) without interrupting flow and ensuring no air bubbles entered the tubing.
The peristaltic pump speed was increased to 20 mL/min, and intermittent pressure was again applied
to the IVC using a cotton swab to promote alternating liver swelling and relaxation. As the digestion
buffer circulated (for approximately 15 minutes), the liver began to appear soft and friable, indicating
adequate enzymatic digestion. At this point, the cannula was carefully removed, and the pump was
turned off. The liver was then gently excised. Using forceps, the central connective tissue between
the lobes was grasped, and all attachments to adjacent organs were carefully severed. The liver was
immediately briefly immersed in pre - chilled PBS supplemented with 3% penicillin/streptomycin
(P/S) for a few seconds to remove residual buffer and then transferred to a tube containing pre -

chilled Williams’ Complete Medium for subsequent processing.

3.4.2. Hepatocytes Isolation

Under a biological hood, the liver was transferred into a sterile 100 mm Petri dish containing 15 mL

of ice - cold William’s E Complete Medium (Thermo Fisher). The dish was placed on an ice - filled
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tray to maintain low temperature throughout the procedure. The intact liver tissue was mechanically
dissociated using a cell scraper to release parenchymal hepatocytes into the medium. The Glisson’s
capsule was gently disrupted by vigorous scraping to promote the release of single hepatocytes. This
process was continued until only residual capsular collagen fibres remained visible. The resulting cell
suspension was collected and passed through a 100 pum cell strainer into a sterile 450 mL Falcon tube
to remove connective tissue and undigested fragments. To further maximize cell release, the
remaining liver remnants in the Petri dish were washed with an additional 15 mL of cold William’s
Complete Medium supplemented with 100 nM dexamethasone (Sigma - Aldrich), 1X
penicillin/streptomycin, L - glutamine, 1X Insulin - Transferrin - Selenium supplement (Life
Technologies), and 5% FBS. This solution was used to rinse the Petri dish and added to the filtered
cell suspension. The pooled filtrate was centrifuged at 50 xg for 3 minutes at 4°C using a low brake
setting. The supernatant was carefully discarded, and the resulting pellet was resuspended in 40 mL
of ice - cold Williams’ Complete Medium. A second identical centrifugation step was performed,
followed by resuspension in 25 mL of the same medium. To purify viable hepatocytes, 25 mL of 90%
Percoll solution (Santa Cruz) was added to the cell suspension and gently mixed. This density gradient
centrifugation step enables separation of live (higher density) from dead (lower density) cells. The
suspension was centrifuged at 200 xg for 10 minutes at 4°C. Following centrifugation, a visible pellet
of a viable hepatocytes was observed at the bottom of the tube, while a layer of dead cells formed
near the top of the gradient. The dead cell layer was carefully aspirated, leaving approximately 1 - 2
mL of medium above the viable cell pellet. The hepatocytes pellet was resuspended in 30 - 40 mL of
ice - cold William’s E Complete Medium, followed by a final centrifugation at 200 xg for 10 minutes
at 4°C. The supernatant was removed, and the final pellet containing primary hepatocytes (PHs) was
plated in collagen type VI (Sigma - Aldrich) precoated multiwell plates. The cells were then used for
further analyses, including phase - contrast microscopy, Trypan Blue exclusion assay to assess cell

viability, and RNA extraction.

3.4.3. Primary Hepatocyte Culture

Each well of a 6 - well plate was coated with 8 ug/cm? of collagen solution (Sigma - Aldrich) and
incubated overnight at 4°C to allow protein binding. The following day, excess collagen was removed,
and the wells were air - dried at 37°C for approximately 2 hours. PHs were seeded at a density of
50,000 cells per 10 cm? well and cultured in Williams’ E complete medium (Thermo Fisher), which

was replaced daily. Cells were harvested at defined time points (day 0, 1, 2, 3, 4, and 5) for viability
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assessment via Trypan Blue exclusion assay, morphological evaluation using phase - contrast

microscopy, and RNA extraction.

3.4.4. Primary Hepatocytes - derived Organoids (Hep - Orgs) Culture

For the establishment of 3D long - term hepatocyte culture, cells were resuspended in cold, undiluted
matrix at a concentration of 1,000 - 10,000 cells per 20 pL, carefully avoiding the formation of air
bubbles. Using pre - chilled pipette tips, droplets containing the cell - matrix suspension were
dispensed into pre - warmed cell culture plates. The plates were then inverted and incubated for 20 -
30 minutes to allow proper gelation. Subsequently, the plates were returned to their upright position,
and pre - warmed 3D long - term hepatocyte medium, supplemented with the specific culture medium
described by Kluiver et al. (74), was added. Cultures were maintained under standard incubator
conditions, and the medium was replaced every 2 - 3 days. After a minimum of 14 days in culture,
the Hep - Orgs were dissociated from the matrix, and their viability was assessed using Trypan Blue
exclusion and EdU incorporation assays. The viable organoids were subsequently passaged following

the protocol described by Peng et al. (63).

For a detailed description of the molecular analysis methods and immunofluorescence experiments,

please refer to subchapters 3.6 and 3.7 of this chapter.

3.5. 3D Culture from Mouse Primary Adult Hepatocytes

3.5.1. Mouse Liver Perfusion and Digestion

The liver perfusion technique in the mouse was adapted from the protocol described by Charni -
Natan and Goldstein (75), and was established based on prior experience with the rat model (76).

Due to their larger size, rats are more amenable to surgical procedures, facilitating the initial
optimization of the technique. All procedures and animal housing were conducted at the Animal
Facility of the University of Trieste, according to the guidelines of the Italian Law and European
Community directive. The experimental protocol was approved by the local Animal Care Committee

and by the Italian Health Ministry (permit n® 321/2022-PR) according to art. 31 of Decree 26/2014.
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Surgical Procedure

Liver perfusion was performed on 10 - week - old mice with an average body weight of 28 g.

Mice were anesthetized via intraperitoneal injection of a xylazine/zolazepam - tiletamine (Zoletil®)
solution in PBS (final concentrations: xylazine 2.5 mg/kg; ketamine 11.25 mg/kg). Following
anaesthesia, the abdominal area was shaved and disinfected with 70% ethanol to minimize bacterial
contamination. Once full anaesthesia was confirmed, a midline laparotomy was performed to expose
the abdominal cavity. The IVC was visualized by gently displacing the intestines to the left. A 24G
angiocath was then inserted into the IVC and secured with a wire to ensure stable cannulation.
Peristaltic pump tubing was initially disinfected with 70% ethanol, followed by thorough rinsing with
PBS to remove any residual disinfectant. The liver was perfused with 35 mL of Hank’s Balanced Salt
Solution (HBSS) supplemented with 0.5 mM EDTA and 25 mM HEPES (Sigma - Aldrich), adjusted
to a final pH of 7.4 (referred to as Perfusion buffer). The flow rate of the peristaltic pump was slowly
raised to a final rate of 4 mL/min. Following cannulation, the PV was severed to establish an open
system, allowing for efficient blood outflow from the circulatory system. The second perfusion was
performed without interrupting the flow of the Perfusion buffer to prevent air bubble formation. A
total of 15 mL of HBSS supplemented with Ca**, Mg?*, Phenol red, 25 mM HEPES, and 1 mg/mL
Liberase (Sigma - Aldrich) was used. Following adequate liver swelling during both the washing and
digestion phases, always maintaining the same flow rate, the liver was detached from its ligaments,
the gallbladder was removed, and the tissue was rinsed with PBS. The liver was then washed into ice
- cold PBS and then transferred to ice - cold HBSS containing Ca?*, Mg?*, Phenol red, and 25 mM
HEPES for subsequent processing.

3.5.2. Hepatocytes Isolation

One Petri dish, one beaker, one scraper (size M), one pair of forceps, two 70 um cell strainers, and
two 50 mL Falcon tubes were sterilized under UV light for 15 minutes. Under the biological hood
and working on ice, the liver and medium were transferred to the Petri dish. The liver was gently
manipulated with forceps to facilitate the release of hepatocytes from the Glisson’s capsule. Using a
medium cell scraper, the liver tissue was gently compressed until the parenchymal components were
fully released into the medium. At this stage, only the fibrotic capsule should remain intact.

The cell suspension was then filtered through two 70 um cell strainers using a 25 mL pipette and
collected into two 50 mL Falcon tubes. To isolate primary hepatocytes (PHs) from other parenchymal

and non - parenchymal liver cells, the suspension underwent differential centrifugation at 50 xg for 2
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minutes with a slow brake setting. Subsequently, viable cells were separated from dead cells by
density gradient centrifugation. Hepatocytes were resuspended in 10 mL of Percoll solution (90%
Percoll, Santa Cruz; 10% NaCl) and centrifuged at 300 xg for 10 minutes 4°C with slow braking.
This step resulted in viable cells forming a pellet at the bottom of the tube, while dead cells formed a
pellet at the top. The supernatant, including dead cell pellet, was discarded, and the viable cells were
resuspended in an appropriate volume of Williams E medium (Gibco).

Cell viability was assessed using Trypan Blue exclusion. Briefly, 10 uL of the cell suspension was

mixed with 90 pL of Trypan Blue (Sigma - Aldrich) in a 250 pL tube before microscopic evaluation.

3.5.3. Primary Hepatocytes - derived Organoids (Hep - Orgs) Culture

The procedures following the isolation of hepatocytes from both rat and mouse livers were identical
for both rodent species and were carried out according to the protocol described by Peng et al. (63)

(2018).

Medium Preparation

William’s E Medium (GIBCO) was supplemented with 1% (v/v) L - glutamine, 1% (v/v) Non -
Essential Amino Acids (NEAA), 1% (v/v) Penicillin/Streptomycin, 0.2% (v/v) Normocin, 2% B27,
1% N2 supplement, 10 mM nicotinamide, 1.25 nM N - acetylcysteine, I0 mM Y - 27632, 1 mM AS83
— 01, 3 mM CHIR99021, 25 ng/mL Epidermal Growth Factor (EGF), 50 ng/mL Hepatocyte Growth
Factor (HGF), and 100 ng/mL Tumour Necrosis Factor - alpha (TNFa).

Medium was replaced every 2 - 3 days of culture.

Hep - Orgs Plating

PHs isolated from mouse were centrifuged at 200 xg for 2 minutes and resuspended in Geltrex
(Gibco) at a typical concentration of 10,000 cells per 20 pL. Ten 20 - uL droplets were dispensed
onto a single well of a 6 - well plate (Corning). The plates were then incubated inverted at 37°C for
30 minutes to allow droplet polymerization. Following gelation, 2 mL of William’s Peng medium

were added to each well.
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Hep - Orgs Passaging

Between days 14 and 20, Hep - Orgs were passaged to prevent over - confluence and degradation of
the extracellular matrix. The culture medium was completely aspirated, and 1 mL of 5 U/mL Dispase
(STEMCELL Technologies) was added to each well. During Dispase addition, matrix droplets were
mechanically disrupted by repeated pipetting with a P1000 micropipette to enhance matrix digestion,
by cutting the tip of the pipette to avoid disrupting the organoids, followed by incubation at 37°C for

20 minutes.

The solution of Dispase and Organoids of at least 3 wells was pooled together in a 15 mL Falcon
tube. Hep - Orgs were washed with PBS 10% FBS and pelleted by centrifugation at 300 xg for 3
minutes at 4°C with low brake. The supernatant was discarded, and the centrifugation step was
repeated at least three times to ensure complete removal of Dispase, as residual enzyme may

compromise matrix integrity during subsequent culture.

At the first passage, Hep - Orgs were collected and replated following the procedure previously
described. For second - passage Hep - Orgs, dissociation into single cells was achieved by incubating
the organoids with 0.5 mL of TrypLE Select (Gibco) at 37°C for 5 minutes. Following enzymatic
dissociation, samples were centrifuged at 300 xg for 2 minutes at 4°C. The supernatant was then
removed, and the cell pellet was resuspended in Geltrex at a concentration of approximately 5,000
cells per 20 puL. To prevent nonspecific adhesion of Hep - Orgs to plastic surfaces, all plasticware

was pre - treated at least once with PBS containing 10% (v/v) FBS to saturate potential binding sites.

3.5.4. Phase - Contrast Microscopy

Morphological changes and growth of both PHs and Hep - Orgs were monitored using a Nikon
Eclipse TS100 inverted microscope. Image acquisition and size measurements of Hep - Orgs were

performed using the Digital Sight DS - L1 imaging software.
3.5.5. EdU Proliferation Assay

This experimental part of the project was carried out thanks to Dr. Davide Selvestrel of the Advanced
Disease Models Group, led by Professor Giovanni Sorrentino, at the International Centre for Genetic

Engineering and Biotechnology (ICGEB) in Trieste, Italy.
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The assay was conducted using the Click - iT® EdU Imaging Kit (Life Technologies), following the
manufacturer’s protocol for 2D cultures and adapting it to 3D organoids based on the indications
provided by Dr. Davide Selvestrel (Advanced Disease Models Group, International Centre for
Genetic Engineering and Biotechnology (ICGEB), Trieste). EAU (5 - ethynyl - 2’ - deoxyuridine) is
a thymidine analog that is actively incorporated into DNA during replication. It exhibits an excitation
maximum at 495 nm and an emission maximum at 519 nm, allowing detection via fluorescence

microscopy. Cells that have incorporated EdU are green - stained.

Figure 3.7. Fluorescent spectra of EAU (Thermo Fisher). In green, the emission spectrum is underlined.

EdU was added to the culture medium at 1:1000 dilution, and Hep - Orgs were incubated at 37°C
overnight to allow EdU incorporation into newly synthesized DNA. To improve the recovery and
yield of Hep - Orgs at the end of the procedure, pre - conditioning of tubes and pipette tips with FBS

or BSA were recommended to reduce sample loss due to adhesion.

Following EdU incubation, under sterile conditions in a biological safety cabinet, the supernatant
containing residual EAU was carefully aspirated from the wells. The wells were washed once with
phosphate - buffered saline (PBS), followed by the addition of 2 mL of 4% paraformaldehyde (PFA).
Repeated pipetting was performed to facilitate detachment of the organoids and ensure effective
fixation. Notably, PFA alone was sufficient to disrupt the matrix droplets, eliminating the need for
enzymatic digestion with Dispase. The PFA - cell suspension was transferred to a 15 mL conical tube
preconditioned with FBS to minimize sample loss. Fixation was carried out for 20 - 30 minutes at
room temperature while gently agitated on a stirrer. Subsequently, 7 mL of PBS were added to dilute
the fixative, and the sample was centrifuged at 300 xg for 5 minutes at 15°C. After centrifugation,
the supernatant was discarded, and the Hep - Orgs pellet was washed once with PBS. The organoids
were then transferred to a 1.5 mL microcentrifuge tube, and a second centrifugation was performed
(300 xg for 3 minutes at 15°C). The pellet was resuspended in an appropriate volume of nuclease -
free water, depending on the pellet size, and finally adjusted to 30 pL total volume. The resuspended

Hep - Orgs were spotted in a circular pattern into a Superfrost™ Plus microscope slide, avoiding the
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edges to prevent spreading. The slides were left to air dry under the chemical hood for at least 30
minutes. If PBS is used instead of water, precipitated crystals can be found on the top of the

Superfrost™

glass. Once dried, the region containing the Hep - Orgs was outlined using a
hydrophobic barrier pen (Liquid Blocker Super PAP Pen, Sigma - Aldrich). The enclosed area was
rehydrated dropwise with water, which was removed after a few minutes. To permeabilize the cellular
membranes, 0.5% Triton X - 100 in PBS was added and incubated for 20 - 30 minutes at room
temperature. This step was followed by two washes with PBS containing 3% BSA to reduce
background staining. The Click - iT® reaction cocktail was prepared according to the manufacturer’s
instructions, scaled to the number of slides. After removing the BSA solution, the reaction mixture
was added to the slide and incubated for 30 minutes at room temperature, in the dark. Subsequently,
the slides were stained with Hoechst 33342 (1:100 dilution in PBS) for 15 minutes to label cell nuclei.
Excess Hoechst was removed by two PBS washes. Hoechst binds DNA, with excitation at 350 nm
and emission at 461 nm. After the final wash, the slide was allowed to air dry and ProLong ™ Gold
Antifade Mountant (Thermo Fisher) was applied. A coverslip was gently placed over the sample, and

the slide was stored at room temperature overnight. The following day, fluorescence images were

acquired using a Leica DFC490 fluorescence microscope.

3.5.6. Mouse Albumin ELISA

Mouse albumin concentration was measured using the AssayMax™ Mouse Albumin ELISA Kit
(AssayPro), following the manufacturer’s instructions. Cell culture supernatants were collected,
gently mixed, and centrifuged at 1500 rpm for 10 minutes at 4°C to remove cellular debris. The
clarified supernatants were then aliquoted and stored at -80°C until analysis. All reagents provided in
the kit, including Mix Diluent Concentrate, Mouse Albumin Standard, Biotinylated Mouse Albumin
Antibody, Wash Buffer, SP Conjugate, Chromogen Substrate, and Stop Solution, were prepared
immediately prior to use, as per the manufacturer’s guidelines. The entire assay was performed at
room temperature. A total of 50 uL of either Mouse Albumin Standard or sample was added to each
well of the pre - coated ELISA microplate, which contains immobilized polyclonal antibodies specific
to mouse albumin. The plate was gently tapped to ensure proper liquid distribution, bubbles were
removed, and the plate was sealed with adhesive film and incubated for 2 hours. Following
incubation, the wells were washed thoroughly: the plate was inverted and tapped 4 - 5 times on
absorbent paper to eliminate residual liquid. Then, 50 pL of Biotinylated Mouse Albumin Antibody
was added to each well, the plate was resealed and incubated for 1 hour. After washing, 50 uL of SP

Conjugate was added to each well and incubated for 30 minutes. Another washing step was performed
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as previously described. Next, 50 uLL of Chromogen Substrate was added to each well and incubated
for 20 minutes in ambient light, allowing development of a blue colour. The reaction was stopped by
adding 50 uL of Stop Solution, resulting in a yellow colour, and absorbance was measured
immediately at 450 nm using a PerkinElmer EnSpire ™ Multimode Plate Reader. Each standard and
sample was assayed in duplicate, and the mean absorbance (OD) values were calculated. A standard
curve was generated by plotting the known concentrations of albumin (x - axis) against their
corresponding mean OD values at 450 nm (y - axis). Albumin concentrations in unknown samples
were determined by interpolation from the standard curve and normalized to the number of organoids

droplets used in the culture.

3.5.7. CsA Treatment and CDFDA Assay

Hep - Orgs were treated with 10 uM Cyclosporine A (CsA) for 24 hours and with 50 uM CsA for 4
hours. Following treatment, biliary excretory function was assessed using 5 - (and - 6) - carboxy -
2°,7’ - dichlorofluorescein diacetate (CDFDA) at a concentration of 0,5 uM for 2 hours. CDFDA

clearance was evaluated using a Nikon A1 MP confocal microscope.

For a detailed description of the molecular analysis methods and immunofluorescence experiments,

please refer to subchapters 3.6 and 3.7 of this chapter.

3.6. Detailed Protocols for Quantitative and Qualitative PCR Analyses

This section describes the molecular analysis methodologies applied to the different experimental

steps and to both models (2D and 3D) presented in this thesis.

RNA Extraction and Quantification

RNA was collected using TRI - Reagent™ RNA Isolation Reagent (Sigma - Aldrich, Co., 3050
Spruce Street, St. Louis, MO 63103 USA) and extracted following the manufacturer’s instructions.
cDNA was obtained from 1 pg of purified RNA using the High - Capacity cDNA Reverse
Transcription Kit (Applied BiosystemsTM, Waltham, Massachusetts, USA). The reaction was run in
a T-100 Thermal Cycler (Bio Rad, Hercules, California, USA) according to the reaction protocol

proposed by the manufacturer.
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For RNA extraction from Hep - Orgs, the Quick - DNA/RNA Miniprep Plus Kit (Zymo Research)
was employed following the manufacturer’s instructions. Hep - Orgs were collected in DNA/RNA
Shield, mixed with an equal volume of DNA/RNA Lysis Buffer, and thoroughly homogenized. The
lysate was transferred to a Spin - Away Filter placed in a collection tube and centrifuged at 14,000 xg
for 30 seconds. The resulting flow - through was retained, mixed with 300 puL of 100% ethanol, and
loaded into a Zymo - Spin IIICG Column. After centrifugation, the flow - through was discarded, and
the column was washed with 400 uL of DNA/RNA Prep Buffer, followed by two washes with
DNA/RNA Wash Buffer. Finally, RNA was eluted in 15 pL of DNase/RNase - free water.

RNA was quantified and its quality assessed using a NanoDrop 2000 spectrophotometer (Thermo
Fisher). RNA concentration and purity were determined by measuring absorbance at 230 nm, 260
nm, and 280 nm. The A260/A280 ratio was calculated for each sample to evaluate RNA purity and

confirm its suitability for downstream applications.

Retrotranscription

RNA was collected using TRI - Reagent™ RNA Isolation Reagent (Sigma - Aldrich, Co., 3050
Spruce Street, St. Louis, MO 63103 USA) and extracted following the manufacturer’s instructions.
cDNA was obtained from 1 pg of purified RNA using the High - Capacity cDNA Reverse
Transcription Kit (Applied BiosystemsTM, Waltham, Massachusetts, USA). The reaction was run in
a T - 100 Thermal Cycler (Bio Rad, Hercules, California, USA) according to the reaction protocol

proposed by the manufacturer.

Real - Time qPCR

Gene expression levels were measured by Real — Time Quantitative PCR (RT - qPCR) according to
the 1Q5 SYBR Green Supermix (Bio Rad Laboratories, Hercules, California, USA) using CFX
Connect Real - Time System (Bio Rad, Hercules, California, USA).

The sequences of the primers were designed with the Beacon Designer 8 software (PREMIER Biosoft
International, Palo Alto, CA, USA).

For Step 1, 10 different PTEC samples were analyzed, and fibroblasts were used as a control (mRNA
expression = 1) (Table 3.15).

63



Materials and Methods

RNA was collected from each step of differentiation of the four protocols (Step 3). The RNA from
the HepG2 cells and from the Upcyte® hepatocytes was collected to be used as a control (Table 3.16).

Genes and Primers Real Time PCR - PTEC Characterization (Step 1) - Human
Gene name Accession number I Forward primer Reverse primer
Housekeeping genes
18S NR_003286.4 5'- TAACCCGTTGAACCCCATT - 3' 3'- CCATCCAATCGGTAGTAGCG - §'
HPRTI NM_000194 5'- ACATCTGGAGTCCTATTGACATCG - 3' 3'- CCGCCCAAAGGGAACTGATAG - 5'
Epithelial Markers
CLAUDIN1 NM_021101 5'- AGCAAGATGATGTAATGGA - 3' 3'- ACAGACGGTGATTGATAG - 5'
E - CADHERIN NM_004360.5 5'- CTATATTCTTCTGTGAGAGGAA - 3' 3'- GTGTTAGTTCTGCTGTGA - §'
Renal Tubular Markers
NR3C2 NM_000901.5 5'- CACTCGTTAGCGTCCATT - 3' 3'- GTAAAGCCAACACAATAGATACT -5
LICAM NM 001278116 5'- ACAACCACTCAGACTACAT - 3' 3'- GGTCAATGGGTTCCTICT - 5'
Fibroblasts
SLUG I NM_003068.5 I 5'- CGCAATCAATGTTTACTC - 3' | 3'- CATATTATTTGGTTGGTCAG - 5'

Table 3.15. Primer sequences used for RT - PCR, including epithelial markers, renal tubular markers, and fibroblast

markers.
Genes and Primers Real Time PCR (Step 3) - Human
Gene name Accession number Forward primer Reverse primer
Housckeeping genes
18S NR_003286.4 5'- TAACCCGTTGAACCCCATT - 3' 3'- CCATCCAATCGGTAGTAGCG - 5'
HPRTI NM_000194 5'- ACATCTGGAGTCCTATTGACATCG - 3' 3'- CCGCCCAAAGGGAACTGATAG - 5'
iPSC Markers
SOX2 NM 003106.4 5'- TAGTCTCCAAGCGACGAA -3' 3'- AGCAAGAAGCCTCTCCTT - 5'
OCT3/4 NM_001173531.3 5'- GGATTAAGTTCTTCATTCA - 3' 3'- GTGTCTATCTACTGTGTC - §'
NANOG NM 024865.4 5'- TTCCGTGTATGAATCTGTAATTG - 3' 3'- CTGCGTAGCTGCTCTTAA - 5'
Hepatic Markers
ALB NM_000477 5'- GGCATCCTGATTACTCTGTCG - 3' 3'- AATTCTGAGGCTCTTCCACAAG - 5'
AFP NM 001134 5'- GCGGCTGACATTATTATCG - 3' 3'- TTGGCACAGATCCTTATGG - 5'
HNF4a NM_000457.6 5'- AAACCCATTCCACCTTAATAAC - 3' 3'- AGGACCACAACTCAAGTAG - 5'
SERPINA1 NM 000295 5'- ATTCAGTCTAATCAATGGATACC - 3' 3'- AGGCTGTCAGTGAGTAAG - 5'
TTR NM_000371.4 5'- ACGAGGGATGGGATTTCA - 3' 3'- TCTGCCTGGACTTCTAACA - 5'
ASGR2 NM 001181.4 5'- TTTGAGGAAAGGAAGAAACA -3' 3'- TGAAGAAGGGCTGACGATTA - 5'
APOF NM_001638.4 5'- ATCCAGTATTACCAAGAT - 3' 3'- AACTTACTACTTCTGATATG - 5'

Table 3.16. Primer sequences used for RT - PCR, including housekeeping genes, iPSC markers, and hepatic markers.

The primers used for the analysis of primary hepatocytes and Hep - Orgs derived from rat and

mouse were listed in 3.17 and 3.18.

Genes and Primers Real Time PCR - Rat
Gene name Accession number Forward primer I Reverse primer
Housekeeping genes
ACT NM 031144.3 5'- CTCTCTGCTCCTCCCTGTTC - 3' 5'- CACCGACCTTCACCATCTTG - 3'
GAPDH NM 017008.4 5'- GGTGTGATGGTGGGTATG - 3' 5'- CAATGCCGTGTTCAATGG - 3'
Hepatic genes
ALB NM 134326 5'- ATCTCCAGAAATGCCCATAT - 3' 5'- TTCTCATCAGCGACACAT - 3'
PCK1 NM 198780 5'- CCTGTCTGTCTCATTGTCT - 3' 5'- GGTAAGAAAGGGCAGTGTA - 3'
ABCD3 NM 012804 5' - TATTGCTGTTATGCTGGTA - 3' 5'- GCGATGAAGTTGAATAAGTAT -3'
KRT18 NM 053976 5'- GTCTCTCGCTTCGTTCTC - 3' 5'- CGGTAGTTGGTGGAGAAG -3'
SERPINA1 NM 022519 5'- TTCGACCACCCTTTCATT - 3' 5'- GTGACTTCTGAGGACAGT -3'
TDO2 NM 022403 5'- AAGGAGGACTTATCTATGG - 3' 5'- CTCACGAACAGAATCAAG -3'

Table 3.17. Primer sequences used for RT - qPCR, including housekeeping genes and hepatic markers (rat).
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Genes and Primers Real Time PCR - Mouse
Gene name Accession number Forward primer Reverse primer
Housekeeping genes
ACT NM 007393 5'- AATAAGTGGTTACAGGAAGTC -3'|  5'- ATGAAGTATTAAGGCGGAAG - 3'
GAPDH NM_ 008084 5'- CCAGTATGACTCCACTCACG - 3' 5'- CTCGCTCCTGGAAGATGGTG - 3'
Hepatic genes
ALBUMIN NM 009654.4 5'- GTAGAAGAGCCTAAGAACT - 3' 5'- GGTGTAGCGAACTAGAAT - 3'
HNF4a NM 001312906.1 5'- TGATAACCACGCTACTTG - 3' 5'- GCCTACTTCTGAATGTTTG - 3'
AFP NM 007423.4 5'- CTCATCCTCCTGCTACAT - 3' 5'- CACATTCTTCTCCGTCAC - 3'
SERPINA1 NM 001252569.1 5'- TTGTTGTGGACTTGAGAT - 3' 5'-TTAGAGCAGATGGTTCTT - 3'
CYP3All NM 007818.3 5'- GTGCTGAATTATTACAAGG - 3' 5'-CACATTCTTAATCGTCTCT - 3'
Oxidative stress genes
MHO1 NM_ 010442 5'- TGTGAACTCTGTCCAATG - 3' 5'- CTTAGAGGCCCAAGAGAA -3'
MSOD2F NM 013671 5'- TGAATTGCTTGGATGCTA - 3' 5'- GTAGAACAGGATTACAGACT - 3'
MNRF2 NM 010902.3 5'- GATGACCATGAGTCGCTTG -3' [ 5'- CGGTATTAAGACACTGTAATTCG - 3'
GRP78 NM 014339 5'- GTATTCTCCGAGTGACAG - 3' 5'-AGCATCATTAACCATCCTT - 3'
CHOP NM_000014 5'- AAACCTTCACTACTCTTG - 3' 5'-TAGAACTCTGACTGGAAT - 3'

Table 3.18. Primer sequences used for RT - qPCR, including housekeeping genes and hepatic markers (mouse).

The cyclical parameters were determined, and the results analyzed using the comparative Ct method
as the means of relative quantification, normalized to two references genes, and expressed as 2-AACT.
Melting curve analysis was performed to assess product specificity. In each experiment a
housekeeping gene was used to normalize the expression level of the analyzed genes. To determine
the relative expression of the mRNA for the same sample (Sample or Control), the Ct of the target
gene has been normalized on the Ct of the housekeeping gene (reference). The expression of the gene
of interest in the sample is reported as relative to that of the control that is always considered one.
The formula used for computing the relative expression (Figure 3.8) also considers the amplification
efficiency of the primers: Etarget for the gene of interest and Eref for housekeeping gene. To evaluate
the efficiency of primers for each gene, it is necessary to construct a standard curve that is generated
by scalar dilutions of a sample cDNA that expresses the gene of interest. Various sample dilutions
will be associated with Ct values that are represented according to the concentration in a graph Ct /
log (concentration). Experiments were accepted if the correlation coefficient of the straight lines
obtained was > 0.99. The slope of the straight line is directly related to the efficiency of the reaction
by the formula:

Efficiency = [10(-1/slope)] — 1.
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Relative quantification

C.Sample C ,Control

(1+E) (1+E,)

Ratio =

C Sample ¢, Control

(14E uged (14E rged)

If the efficiencies are 100%, or at least they
are high and comparable, you can convert
the formula

Ratio = 2"

Figure 3.8. Formula to calculate the relative expression of the mRNA of one sample in analogy with a sample selected
as a control. Eref is the efficiency of the housekeeping gene; It targets the efficiency of the gene of interest; Ct sample
is the Ct value of the sample in question; Cr Control is the Ct value of the sample chosen as a control.

Qualitative PCR

Gene expression levels were measured by qualitative PCR according to KAPA2G Fast HotStart
ReadyMix PCR Kit protocol.

In Table 3.19 the sequences of the primers are listed.

Genes and Primers Qualitative PCR (Step 3)
Gene name I Accession number I Forward primer Reverse primer
Housekeeping genes
ACTB I NM_00101.5 I 5'- CACCTTCTACAATGAGCTGC - 3' | 3'- CACAGCCTGGATAGCAACG - §'
iPSC Markers
SOX2 NM_003106.4 5'- GTGAACCAGCGCATGGACAGCTACGCGC - 3' 3'- TCGTAGCGGTGCATCGGTTGCATCTGTGC - 5'
OCT3/4 NM 001173531 | 5'- GACAACAATGAGAACCTTCAGGAGATATGC - 3'| 3'- CCAAGCTGATTGGCGATGTGAGTGATCTGC - 5'
Hepatic Markers
ALB NM_000477.7 5'- CCTTTGGCACAATGAAGTGGGTAACC - 3' 3'- CAGCAGTCAGCCATTTCACCATAGG - 5'
AFP NM 001134.3 5'- AGAACCTGTCACAAGCTGTG - 3' 3'- GACAGCAAGCTGAGGATGTC - 5'
HNF4a NM_178849.3 5'- CTGCTCGGAGCCACCAAGAGATCCATG - 3' 3'- ATCATCTGCCACGTGATGCTCTGCA - 5'
SERPINAT1 NM 000295.5 5'- CCGAAGAGGCCAAGAAACAG -3 3'- GGTCTCTCCCATTTGCCTTT- §'
TTR NM_000371.4 5'- GCCGTGCATGTGTTCAGAAAG - 3' 3'- GACAGCCGTGGTGGAATAGGA - 5'
ASGR2 NM_001181.4 5'- CGTGGGTGACAAGATCACAT - 3' 3'- GGGAAGTGCTTCAGATGGAA - 5'
APOF NM_001638.4 5'- GGAAGCGATCAAACCTACCA -3' 3'- ATCAGCCTGACAACCAGCTT - 5'

Table 3.19. Primer sequences used for qualitative PCR, including housekeeping genes, iPSC markers, and hepatic
markers.

3.7. Detailed Protocols for Immunofluorescence Experiments

This section details the immunofluorescence methodologies employed across the various

experimental procedures and applied to both the 2D and 3D models investigated in this thesis.
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2D model - PTEC (Step 1)

The characterization of PTEC for specific epithelial markers was performed using an
immunofluorescence protocol provided by ibidi®, the manufacturer of the substrates employed for

this staining.

Both - slide 4 Well and p - slide 8 Well were utilized. The culture medium was aspirated and PTEC
were washed with PBS. Cells were fixed with 4% PFA (paraformaldehyde, 36.5 - 38% in H>O, Sigma
- Aldrich) for 10 minutes. PFA was then removed, and cells were washed three times with PBS. Then,
cells were incubated for 10 minutes in Perforation Buffer (0.5% Triton - X - 100 in PBS). The
Perforation Buffer was then removed and PTEC were washed with PBS. Cells were then blocked
with Blocking Buffer (1% BSA + 0.2% Triton - X - 100 in PBS) for 30 minutes. Primary Antibodies
(Table 3.20) were diluted in Antibody Dilution Buffer (1% BSA + 0.05% Triton - X - 100 in PBS).
Blocking Buffer was removed and then PTEC were incubated in Primary Antibodies overnight at
4°C, protected from light. On the following day, cells were washed twice with Blocking Buffer and
incubated with Secondary Antibodies (Table 3.21) and the phalloidin (ActiGreen™ 488
ReadyProbes™ reagent, Invitrogen) for two hours at room temperature, protected from light. After 2
hours, cells were washed twice with Blocking Buffer and then incubated with Hoechst 33258 (Sigma
Aldrich) for 10 minutes. Hoechst was then removed, and all wells were emptied and drops of ibidi®
Mounting Medium were added. Samples were stored in the dark at 4°C and then observed under a
ZEISS Axiovert 200 Fluorescence Microscope microscope (Olympus XM - 10 Camera, X - Cite120Q

excitation light source) and a Leica Stellaris 5 confocal microscope.

Primary Antibodies
Recognized Antigen Type Dilution | Species of origin Production Product number
70 -1 monoclonal 1:50 mouse Invitrogen 339100

Table 3.20. Primary antibodies used in immunofluorescence experiments.

Secondary Antibodies
Name Type Dilution | Species of origin Production Product number
Alexa Fluor 546 anti - mouse| polyclonal 1:500 donkey Invitrogen A10036

Table 3.21. Secondary antibodies used in immunofluorescence experiments.
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2D model - Hepatocyte - like Cells (Step 3)

Immunofluorescence experiments were performed on HLC stages for each protocol, and Upcyte®
hepatocytes were used as a positive control. Cells were plated on p-Slide 8 Well ibiTreat®
chamberslides (ibidi GmbH, 82166 Grifelfing, Germany).

At the stage of Hepatocyte - like Cells, samples were washed three times with PBS, then fixed with
4% PFA (paraformaldehyde, 36.5 - 38% in H>O, Sigma - Aldrich) in PBS for 30 minutes at room
temperature. Then, samples were washed again for three times with PBS. Cells were then
permeabilized with a solution of PBS supplemented with 0.2% (v/v) Triton - X - 100 at 37°C for 10
minutes. Then, cells were washed three times with PBS to remove the Triton - X - 100 and non -
specific binding sites were blocked by incubating the cell in PBS supplemented with 1% (v/v) bovine
serum albumin (BSA) at 37°C for 60 minutes. Subsequently, cells were incubated with primary
antibodies (see Table 3.22), diluted in PBS with 1% (w/v) BSA, at the concentrations suggested by
provider, at 4°C for 18 hours. The next day, cells were washed three times with HBSS and incubated
with appropriate fluorescently labelled secondary antibodies (Table 3.23), diluted in PBS with 1%
(w/v) BSA, at the concentrations suggested by the provider, at 37°C for 30 minutes. A DNA - staining
agent (DAPI) was also included. Finally, cells were washed three times with PBS, and the coverslip
was mounted on a microscopy slide for microscopy analyses. Samples were analyzed using a ZEISS

LSM 900 Confocal laser scanning microscope.

Primary Antibodies
Recognized Antigen Type Dilution | Species of origin Production Product number
OCT3/4 monoclonal 1:300 mouse Santa Cruz s¢5379
HNF4a monoclonal 1:200 mouse Santa Cruz sc374229
ALB monoclonal 1:100 mouse R&D System MABI1455
BSEP polyclonal 1:500 rabbit Atlas Antibodies HPA019035
MRP2 polyclonal 1:100 rabbit Sigma - Aldrich M38316
Z0 -1 monoclonal 1:100 mouse Invitrogen 339100
E - cadherin polyclonal 1:100 goat R&D System AF648
Table 3.22. Primary antibodies used in immunofluorescence experiments.
Secondary Antibodies
Name Type Dilution | Species of origin Production Product number
Alexa Fluor 488 anti - mouse| polyclonal 1:2000 goat Invitrogen A -11001
Alexa Fluor 488 anti - rabbit | polyclonal 1:1000 goat Invitrogen A -11008
Alexa Fluor 488 anti - goat [ polyclonal 1:1000 donkey Invitrogen A - 11055

Table 3.23: Secondary antibodies used in immunofluorescence experiments.
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3D model - Hep - Orgs

Hep - Orgs cultured in a 6 - well plate were fixed with 4% paraformaldehyde (PFA) and pipetted
thoroughly to facilitate matrix dissolution. The fixed organoids where then transferred to 15 mL
Falcon tubes (e.g., organoids from 3 wells per tube), previously preconditioned with fetal bovine
serum (FBS) to prevent sample adhesion. An additional 2 mL of 4% PFA was added to each tube,
which was then placed on a shaker and incubated for 20 - 40 minutes at room temperature. To avoid
centrifugation, the tubes were allowed to stand upright to enable passive sedimentation of the
organoids. If sedimentation was incomplete, organoids were washed with phosphate — buffered saline
(PBS) and centrifuged at 200 xg for 5 minutes at 4°C. After centrifugation, the supernatant was
aspirated, and 1 mL of PBS was added to resuspend the pellet. Organoids were then transferred to
1.5 mL Eppendorf tubes, also preconditioned with FBS, washed once with PBS, and centrifuged
again at 200 xg for 4 minutes at 4°C. The supernatant was removed, and 1 mL of Permeabilization
buffer (0,5% Triton X - 100 in PBS) was added. The sample was divided equally into two tubes to
generate experimental and control conditions. Three rounds of permeabilization were performed,
each consisting of 10 minutes of incubation with gentle shaking, followed by removal and
replacement of the buffer. After permeabilization, the buffer was removed and replaced with
Blocking Buffer (1% bovine serum albumin (BSA) and 0,5% Triton X - 100 in PBS). Samples were
incubated for 1 hour at room temperature with gentle agitation. Following blocking, the buffer was
removed from the experimental tube, and primary antibody solution was added (Table 3.24). The
control tube received fresh Blocking Buffer. Samples were incubated overnight at 4°C. The next day,
the primary antibody solution was removed, and samples were washed three times for 10 minutes
each with Washing Buffer (0,2% Triton X - 100 in PBS). After washing, the experimental sample
was incubated with the secondary antibody (Table 3.25) and phalloidin (ActiGreen™ 488
ReadyProbes™ reagent, Invitrogen), while the control sample received only the secondary antibody.
Samples were incubated for 2 hours at room temperature, protected from light, with gentle agitation.
Following incubation, the secondary antibody solution was removed. A final series of washes was
performed: first with PBS, then with distilled water to prevent salt crystal formation during drying.

Water was removed, and the organoids were carefully spotted onto Superfrost™

glass slides using
pre - cut and FBS - functionalized pipette tips. Slides were left to air dry under a chemical hood.
Finally, mounting medium (Prolong™ Gold antifade reagent with DAPI, Thermo Fisher) was
applied, a coverslip was placed, and the slides were allowed to dry in a closed cardboard box,

protected from light and dust, until analysis. Confocal imaging was performed using ZEISS - LSM -
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880 with Airyscan Confocal microscope, a ZEISS Apotome 3, and a Leica Stellaris 5 confocal

microscope.
Primary Antibodies

Recognized Antigen Type Dilution | Species of origin Production Product number

70 -1 monoclonal 1:50 mouse Invitrogen 339100

HNF4a monoclonal 1:100 rabbit Abcam ab199431

Table 3.24: Primary antibodies used in immunofluorescence experiments.
Secondary Antibodies

Name Type Dilution | Species of origin Production Product number

Alexa Fluor 546 anti - mouse| polyclonal 1:500 donkey Invitrogen A10036

Alexa Fluor 546 anti - rabbit | polyclonal 1:500 donkey Invitrogen A10040

Table 3.25: Secondary antibodies used in immunofluorescence experiments.

Note

Immunofluorescence images were acquired using the microscopes specified in the figure legends,
with magnifications indicated for each image. Exposure settings varied depending on the sample, the
specific experimental conditions, and the type of microscope. For each immunofluorescence result
presented in the Results section, individual images corresponding to DAPI or Hoechst staining, as
well as images for the marker of interest, are shown, along with a merged figure combining these
channels. Adjustments of brightness and contrast using Fiji (Image J, version 2.3.0/1.53f) were
applied uniformly only to the individual source images, ensuring consistent representation across

comparable images.
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4. RESULTS

Within the Results section, subchapters 4.1 - 4.3 pertain to the 2D model concerning the derivation
of Hepatocyte - like Cells (HLCs) from iPSC obtained starting from proximal tubular epithelial cells
(PTEC), while subchapters 4.4. - 4.5 address the 3D liver organoid model and its characterization.

4.1 PTEC Isolation and Culture from Urine: Protocol Improvements

(STEP 1)

This first section is dedicated to the isolation of Proximal Tubular Epithelial Cells (PTEC) from urine

samples collected from 6 healthy donors.

The original protocol of Zhou (40) was improved by us to obtain the final one reported in subchapter
3.1.3. Urine samples were plated primarily after 4 hours of storage at 4°C or, alternatively, after 24

hours of storage at 4°C.

4.1.1. Original Protocols
4.1.1.1. PTEC Preparation within 4h of Sample Storage

The procedure for urine sample collection from volunteers has been previously described in

subchapter 3.1.1.1 of the Materials and Methods.

This experiment aimed to assess the adhesion efficiency of PTEC in samples stored at 4°C and
processed within 4 hours of collection. The results are shown in Table 4.1.

As an initial analysis, the yield was evaluated in terms of percentage of samples in which urinary cell
adhesion and proliferation occurred. 53% of the total collected and plated samples exhibited adherent
PTEC after 3 weeks of culture.

As a second analysis, yields were evaluated separately for male and female donors. A marked
difference was observed: the percentage of samples with adherent PTEC was 94% =+ 10% in males

and 11% £ 19% in females. The standard deviation was acceptable for male - derived samples whereas
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it was considerably higher for female - derived samples and, consequently, for the overall dataset.
These findings clearly indicate that gender differences may play an important role in urinary cell
colony formation.

As a third analysis, yields were assessed at the level of individual donors. Table 4.1 shows that
adherent PTEC were obtained from all donors except for two females (A and L). Among female
donors, adhesion was observed only in donor B (33%), even if this yield was consistently lower than
the yields of male donors H, I, and M. This further supports the hypothesis of a correlation between

urinary cell adhesion and donor gender.

. . % samples with Total % of
Samples with % samples with . 5
. Collected R . urinary cells samples with
Identity code Plated samples urinary cells urinary cells A .
samples . . adhesion by urinary cells
adhesion adhesion .
gender adhesion
A 6 6 0 0%
B 6 6 2 33% 11% + 19%
L 6 6 0 0%
53% + 48%
H 6 6 6 100%
I 6 6 5 83% 94% £ 10%
M 6 6 6 100%
TOTAL 36 36 19

Table 4.1. The columns of the table report the following information: donor identification code; donor sex (indicated in
pink for females and blue for males); total number of samples collected from each donor; number of samples processed
and plated after 4 hours of storage at 4°C; number of samples exhibiting urinary cell adhesion; percentage of samples
showing urinary cell adhesion relative to the number of plated samples for each donor; percentage of samples + SD
with urinary cell adhesion stratified by donor gender; and the overall percentage of samples + SD with urinary cell
adhesion relative to the number of plated samples.

4.1.1.2. PTEC Preparation after 24h of Sample Storage

The volunteers described in subchapter 3.1.1.1 of the Materials and Methods collected urine samples
in the laboratory where sample preparation was performed. Nevertheless, considering future
scenarios in which patient may collect urine samples at home or at sites distant from the processing
laboratory, it was evaluated the yield after extending the storage period at 4°C from 4 hours to 24

hours (considering the potential transport time, which may extend up to 24 hours).
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PTEC Preparation from Morning Urine Collection

The procedure for urine sample collection from volunteers has been previously described in
subchapter 3.1.1.2 of the Materials and Methods.
As shown in Table 4.2, no adhesion of PTEC was observed in any of the donor samples. One possible

explanation is that urine, being a waste product, does not provide an environment suitable to cell

survival.
Y I ith Total % of
Samples with % samples with % sz.lmp e wi otal % (?
. Collected . . urinary cells samples with
Identity code Plated samples urinary cells urinary cells A .
samples . . adhesion by urinary cells
adhesion adhesion .
gender adhesion
A 3 3 0 0%
B 3 2 0 0% 0% + 0%
L 3 3 0 0%
0% = 0%
H 3 3 0 0%
I 3 3 0 0% 0% + 0%
M 3 1 0 0%
TOTAL 18 15 0

Table 4.2. The columns of the table report the following information: donor identification code; donor sex (indicated in
pink for females and blue for males); total number of samples collected from each donor; number of samples processed
and plated after 24 hours of storage at 4°C; number of samples exhibiting urinary cell adhesion; percentage of samples
showing urinary cell adhesion relative to the number of plated samples for each donor; percentage + SD of samples
with urinary cell adhesion stratified by donor gender; and the overall percentage + SD of samples with urinary cell
adhesion relative to the number of plated samples.

Given these results with the aforementioned procedure, it was decided to adopt an alternative

approach.

PTEC Preparation from Urine Collected During the Day

The procedure for urine sample collection from volunteers has been described in subchapter 3.1.1.2

of the Materials and Methods.

As an initial analysis, the yield was assessed by determining the percentage of samples in which
urinary cell adhesion and proliferation was observed. As shown in Table 4.3, the percentage yield of
plated samples exhibiting urinary cell adhesion after 3 weeks of culture, relative to the total number

of collected and plated samples, was 21% + 27%. Comparison with the data reported in subchapter
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4.1.1.1. indicates that increasing the storage time of urine samples resulted in a decrease in yield from
53% to 21%. In both cases, the standard deviation remained high.

As second analysis, yields were evaluated separately for male and female donors. As illustrated in
Table 4.3, a clear difference between sexes was observed, in line with previous results. Specifically,
the percentage of samples with urinary cell adhesion was higher in males (37% £ 30%) than in
females (6% £ 10%).

As third analysis, yields were assessed at the level of individual donors. As previously reported in
Section (“PTEC Preparation from Morning Urine Collection"), no adherent PTEC were obtained
from donors A and L. Furthermore, Table 4.3 shows that donors B, H, I and M displayed different
yields of urinary cell adhesion and proliferation, confirming the variability in adhesion capacity

across donors.

9 I ith Total % of
Samples with | % samples with % sz}mp o wi otal % (f
. Collected . . urinary cells samples with
Identity code Plated samples urinary cells urinary cells . .
samples . . adhesion by urinary cells
adhesion adhesion .
gender adhesion
A 18 18 0 0%
B 18 18 3 17% 6% £ 10%
L 18 18 0 0%
21% £+ 27%
H 18 18 12 67%
I 18 18 7 39% 37% £ 30%
M 18 17 1 6%
TOTAL 108 107 23

Table 4.3. The columns of the table report the following information: donor identification code; donor sex (indicated in
pink for females and blue for males); total number of samples collected from each donor; number of samples processed
and plated after 24 hours of storage at 4°C; number of samples exhibiting urinary cell adhesion; percentage of samples
showing urinary cell adhesion relative to the number of plated samples for each donor; percentage + SD of samples
with urinary cell adhesion stratified by donor gender; and the overall percentage + SD of samples with urinary cell
adhesion relative to the number of plated samples.

4.1.1.3. PTEC Culture, Morphology, and Heterogeneous Components

Following collection and processing of urine samples, as outlined in subchapter 3.1, the samples were
plated. As shown in Figure 4.1-A, the plated samples contained heterogeneous cells populations and
additional components. Adhesion of PTEC and the formation of colonies were observed
approximately 3 - 10 days post - plating (Figure 4.1-B). Subsequent proliferation of PTEC resulted
in progressive colony expansion (Figure 4.1-C). Once a confluence of 70 - 80% was achieved (Figure

4.1-D), cells were either passaged for further expansion or cryopreserved for future applications.
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Figure 4.1. Representative phase - contrast images (magnification 10X) illustrating the sequential stages of urinary cell
culture following sample collection. (A) Female donor sample at day 1 post - plating, showing the presence of multiple
cell types and components. (B) Adhesion of PTEC at day 7 of culture (10X). (C) Formation of urinary cell colonies at
day 8 of culture (10X). (D) Proliferation of PTEC leading to colony expansion at day 12 of culture (10X).

Proliferating PTEC gave rise to colonies exhibiting distinct morphologies. Two main cellular
phenotypes were identified. Type I cells displayed a rounded morphology, growing in close contact
with neighbouring cells and forming well - organized colonies. In contrast, type II cells exhibited an
elongated shape, proliferating in a more dispersed and irregular arrangement, as illustrated in Figure

4.2. Both phenotypes are regarded as suitable for reprogramming into iPSC.
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Type I Type II

Figure 4.2. Representative images illustrating distinct PTEC colony morphologies (magnification 10X). (A) Type I
urinary cells. (B) Type II urinary cells.

Heterogeneous Components Detected in Urinary Cell Samples

As illustrated in Figure 4.3, plating of urine samples did not exclusively yield urinary cells but also
revealed the presence of multiple additional components in varying amounts. Despite washing steps
performed after the initial centrifugation, it was not possible to isolate PTEC derived from the renal
tubular epithelium in a completely pure form, given that urine is a complex biological fluid containing

a heterogeneous mixture of components.
These included cellular and non - cellular elements such as bacteria, both cocci (Figure 4.3-B) and

rods (Figure 4.3-A), debris (Figure 4.3-B), mold (Figure 4.3-C), different types of exfoliated fiber
(more frequently observed in female samples) (Figure 4.3-D), and uric acid crystals (Figure 4.3-E).

76



Results

Figure 4.3. Phase - contrast images of representative components observed in urine samples. (A) Rods; (B) Cocci and
debris; (C) Mold; (D) Fibers; (E) Uric acid crystals. Magnification 10X.

Both male and female samples contained all components previously identified in Figure 4.4. Cells
exhibiting a rounded morphology correspond to PTEC, whereas those displaying a more polygonal,
irregular, and flattened shape correspond to squamous cells. A clear distinction between male and
female samples, however, was observed in the abundance of squamous cells: male urine samples
generally contained very few squamous cells (Figure 4.4-A), whereas female samples consistently
displayed a markedly higher number, often forming a continuous “cell carpet” within the well after

plating (Figure 4.4-B).

77



Results

Male sample Female sample

PTEC Squamous cells

Figure 4.4. Phase - contrast representative images of the differences between male (A) and female (B) samples.
Magnification 20X.

The presence of a high number of squamous cells in female - derived samples represent an obstacle
to the adhesion of PTEC to the well surface. For this reason, as described in subchapter 3.1.2,

procedural modifications were introduced to address this issue.

4.1.2. Challenges in PTEC Isolation and Plating, and Strategies for Their

Resolution

Considering the results obtained, it was evident that two sources of variability could be identified:
e Variability associated with the individual donor (called “donor - specificity”)

® Variability related to donor sex (called “gender - specificity”).
For both types of variability, strategies were developed to improve the procedure for isolation and
plating of PTEC. In this section, donor - specificity will be addressed first, followed by gender -

specificity analysis.

4.1.2.1. Addressing Donor - Specificity

The next objective was to assess whether urine samples derived from donors in which PTEC adhesion
failed to occur after three weeks in culture exhibited distinctive characteristics. To address this, urine

test strips (COMBI SCREEN® SYS PLUS Urine Strips) were used, as described in subchapter
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3.1.2.1 of the Materials and Methods. The rationale for employing these strips was to evaluate

whether any urinary parameter could influence cell adhesion independently of the donor source.

Identification of the parameters affecting cell adhesion

Table 4.4 reports the values obtained using test strips for the collected and plated urine samples (n =
107) from the experiment described in subchapter 3.1.2.1 of Materials and Methods. It should be
noted that all urine samples were obtained from healthy volunteers. For each of the 11 parameters
assessed, the corresponding values were recorded and highlighted. All measured parameters fell

within the normal reference range, thereby confirming the absence of pathological conditions in the

donors.
PARAMETER | ACRONYM READING
BIL ne 1 mg/dL 2 mg/dL 4 mg/dL
Bilirubin g £ £ £
BIL n. strip 107 0 0 0
- UBG norm 2 mg/dL 4 mg/dL 8 mg/dL 12 mg/dL
Urobilinogen
UBG n. strip 107 0 0 0 0
KET neg trace 25 mg/dL 100 mg/dL | 300 mg/dL
Ketones
KET n. strip 107 0 0 0 0
.. ASC neg 5 mg/dL 10 mg/dL
Ascorbic acid
ASC n. strip 97 10 0
Gl GLU norm 50 mg/dL 100 mg/dL | 250 mg/dL | 500 mg/dL |> 1000 mg/dL
ucose
GLU n. strip 107 0 0 0 0 0
. PRO neg trace 30 mg/dL 100 mg/dL | 500 mg/dL
Protein
PRO n. strip 85 22 0 0 0
BLD neg 5-10 Eri/uL| ~50 Eri/uL [ ~300 Eri/uL
Blood
BLD n. strip 82 20 5 0
pH 5 6 6.5 7 8 9
pH
pH n. strip 38 28 15 17 12 0
. NIT neg 0.05 mg/uL | 0.1 mg/uL
Nitrite
NIT n. strip 106 1 0
LEU neg ~25 Leu/uL | ~75 Leu/uL | ~500 Leu/uLj
Leukocytes
LEU n. strip 91 14 2 0
X X SG 1000 1005 1010 1015 1020 1025 1030
Specific gravity
SG n. strip 36 23 23 18 6 1 0

Table 4.4. The table summarizes the 11 parameters assessed using the COMBI SCREEN® 11 SYS PLUS urine strips.
The first and second columns report the parameter acronym and its corresponding full name. The last seven columns list
the possible outcomes detectable for each parameter. The values recorded during the experiments (n = 107) are
highlighted, with the frequency of occurrence for each specific parameter also indicated numerically.
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Then, a more detailed analysis of the data presented in Table 4.4 was performed. For each of the 11
parameters assessed the total number of samples exhibiting a given value was determined.
Subsequently, for each value, the number of samples in which PTEC adhesion was either present or
absent was examined. The aim of this analysis was to evaluate whether any of the parameters could
exert a positive or negative influence on PTEC adhesion. To this end, the percentage of samples in
which adhesion occurred (or did not occur), together with the corresponding confidence interval for

each parameter, was measured.

As reported in Table 4.5, the parameters Bilirubin (BIL), Urobilinogen (UBG), Ketones (KET) and
Glucose (GLU) showed only one value across all samples analyzed (n = 107). In each case, the
proportion of samples with (21.5%) or without (78.5%) PTEC adhesion was identical, indicating that
these values are independent of adhesion outcomes.

Ascorbic acid (ASC), Protein (PRO), and Nitrites (NIT) displayed two distinct values, while Blood
(BLD) and Leukocytes (LEU) exhibited three. In all instances, negative values predominated, and no
correlation with adhesion capacity was observed. These findings are consistent with the healthy status
of the donors. The only parameters demonstrating notable variability were Specific Gravity (SG) and

pH.

The effect of pH was first examined by categorizing values into acidic (5 - 6.5) and neutral to mildly
basic (7 - 8) ranges. The proportion of samples in which adhesion occurred was 15.4% for pH < 7

and 37.9% for pH > 7, with 95% confidence intervals showing only partial overlap.

Subsequently, specific gravity (SG), a measure of urine density influenced by hydration status and
certain pathological conditions, was analysed. Values were grouped into two categories: SG < 1020,
indicative of diluted urine and adequate hydration, and SG > 1020, indicative of concentrated urine
and reduced fluid intake or dehydration. A higher tendency toward cell adhesion (23%) was observed
in samples with SG < 1020, whereas adhesion was not observed in samples with higher SG values.
However, the 95% confidence intervals overlapped, suggesting that the difference may not be

statistically significant.
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samples samples Lower % non - Lower Upper
Parameter Value N. samples urinv:li;hcells uﬁv;iz::;lcl:Hs % a;ll:: red bound U]zgse;.bgl;;l d a/:lhered bound b:’:nd
adhesion adhesion (95% CI) cells 95% CI) | (95% CI)
BIL neg 107 23 84 21.5 14.1 30.5 78.5 69.5 85.9
UBG norm 107 23 84 21.5 14.1 30.5 78.5 69.5 85.9
KET neg 107 23 84 21.5 14.1 30.5 78.5 69.5 85.9
GLU norm 107 23 84 21.5 14.1 30.5 78.5 69.5 85.9
ASC neg 97 19 78 19.59 12.22 28.89 80.41 71.11 87.78
ASC + 10 4 6 40.0 12.16 73.76 60.0 26.24 87.84
PRO neg 85 20 65 23.53 15.0 33.97 76.47 66.03 85.0
PRO trace 22 3 19 13.64 291 3491 83.36 65.09 97.09
NIT neg 106 22 84 20.75 13.49 29.72 79.25 70.28 86.51
NIT pos 1 1 0 100.0 2.5 100.0 0.0 0.0 97.5
BLD neg 82 11 71 13.41 6.89 22.74 86.59 77.26 93.11
BLD 5 20 10 10 50.0 27.2 72.8 50.0 27.2 72.8
BLD 50 5 2 3 40.0 5.27 85.34 60.0 14.66 94.73
LEU neg 91 23 68 25.27 16.75 35.47 74.73 64.53 83.25
LEU 25 14 0 14 0.0 0.0 23.16 100.0 76.84 100.0
LEU 75 2 0 2 0.0 0.0 84.19 100.0 15.81 100.0
pH 5 38 3 35 7.89 1.66 21.38 92.11 78.62 98.34
pH 6 25 7 18 28.0 12.07 49.39 72.0 50.61 87.93
pH 6.5 15 2 13 13.33 1.66 40.46 86.67 59.54 98.34
pH 7 17 7 10 41.18 18.44 67.08 58.82 32.92 81.56
pH 8 12 4 8 33.33 9.92 65.11 66.67 34.89 90.08
SG 1000 36 8 28 22.22 10.12 39.15 77.78 60.85 89.88
SG 1005 23 6 17 26.09 10.23 48.41 73.91 51.59 89.77
SG 1010 23 6 17 26.09 10.23 48.41 73.91 51.59 89.77
SG 1015 18 3 15 16.67 3.58 41.42 83.33 58.58 96.42
SG 1020 6 0 6 0.0 0.0 45.93 100.0 54.07 100.0
SG 1025 1 0 1 0.0 0.0 97.5 100.0 2.5 100.0
pH <7 78 12 66 15.4 8.2 243 85.0 74.0 91.0
pH >7 29 11 18 37.9 20.7 57.7 62.0 42.0 79.0
SG <1020 100 23 77 23.0 15.17 32.49 77.0 67.51 84.33
SG >1020 7 0 7 0 0 40.96 100.0 59.04 100.0

Table 4.5. The table reports the 11 parameters measured using the COMBI SCREEN® 11 SYS PLUS urine strips. The
first and second columns present the parameter acronym and the corresponding value measured by the strip. The third
column shows the number of samples corresponding to that specific parameter, followed by the number of samples with
or without urinary cell adhesion (fourth and fifth column). The final columns present the percentage of samples
showing urinary cell adhesion or non - adhesion within three weeks, along with the corresponding 95% confidence
intervals (upper and lower limits).
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The distribution of pH values across the 107 urine samples was represented, together with the
percentage of samples exhibiting urinary cell adhesion according to pH (Figure 4.5). As shown in
Figure 4.5 - A, the majority of urine samples (73%) displayed an acidic pH, whereas Figure 4.5 - B
indicates that most of the samples in which urinary cell adhesion occurred (38%) were characterized
by a neutral to mildly basic pH (> 7). Further stratification by sex revealed that, at pH > 7, urinary

cell adhesion was observed in 82% of male samples and 11% of female samples.

A.
i » Distribution of samples (%) with cell adhesion
a : ) &
pH distribution (%) among 107 samples based onpH
100+ 1004 k%
T 1
804 — 804
: =3 all £ = al
E €0 3 males ? 601 + [ males
% 404 [ females g q04 1 3 females
s B3
20 | “—| et ,—l |
0 T ] T T T T = : <I7 ' ' >I7 '
<7 >7 H
pH >

Figure 4.5. (A)Percentage distribution of urine samples according to pH. Each urine sample (n = 107), collected and
processed after 24 h of storage at 4°C, was classified based on the measured pH as acidic (< 7) or neutral to mildly
basic (= 7). Green columns indicate the percentage distribution of all samples, blue columns represent male samples,
and pink columns represent female samples.

(B) Percentage distribution of urine samples exhibiting urinary cell adhesion according to pH, classified as acidic (< 7)
or neutral to mildly basic (= 7). Green columns indicate the percentage distribution of all samples, blue columns
represent male samples, and pink columns represent female samples.

p — values were calculated by Chi - Square test; * = p < 0.05; *** =p <0.001.

To assess the potential effect of pH on PTEC adhesion, a Chi - Square test was performed. As reported
in Table 4.6, samples were classified into two categories: pH < 7 and pH > 7. Within each category,
samples were further distinguished based on the presence or absence of PTEC adhesion. The null
hypothesis assumed that PTEC adhesion is independent of pH. This hypothesis was rejected, as the

test yielded the following result:
% (1,N=107)=6.36,p=0.0116

Since the p - value was lower than the alpha level, the analysis indicated a significant association

between pH and urinary cell adhesion, with a higher frequency of adhesion observed in samples

with pH > 7.
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Samples with urinary

Samples without

Marginal Row Total -
cell adhesion urinary cell adhesion arginal Row Totals p - value
pH<7 12 (16.77) 66 (61.23) 78
H>7 11(6.239 18 (22.77 29

P ¢ (22.77) 0.0116
Marginal

Column 23 84 107

Totals

Table 4.6. Representation of the values used in the Chi — Square test. Sample were stratified into two groups: pH <7
and pH > 7. For each group, the number of samples exhibiting urinary cell adhesion and those without adhesion are
reported. The tables display the observed frequencies, with the expected frequencies shown in parentheses. Row and
column totals of the observed values are provided, along with the overall total (n = 107). The last column reports the
corresponding p - value.

Subsequently, the same analysis was performed after stratifying the subjects by gender, as reported

in Table 4.7. In the male subgroup (in blue), the Chi - Square test yielded the following result:

x> (1, N=53)=11.48, p=0.000703

Since the p - value was below the 0.05 threshold, a statistically significant association between pH

and urinary cell adhesion was observed. Conversely, in the female subgroup (in pink), the Chi -

Square test produced the following result:

x> (1, N=54)=1.59,p=0.207578

In this case, the p — value exceeded the alpha level, indicating that PTEC adhesion did not appear to

be associated with pH and that other variables could interfere with cell adhesion.
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S les with uri S 1 ithout
MALES amp'es wi }mnary . ammpres wi ou‘ Marginal Row Totals p - value
cell adhesion urinary cell adhesion
pH <7 11 (15.85) 31 (26.159) 42
H=>7 9(4.15 2 (6.85 11
P “.13) (6.83) 0.000703
Marginal
Column 20 33 53
Totals
S les with uri S 1 ithout
FEMALES amples wi flrmary . amples wi ou. Marginal Row Totals p - value
cell adhesion urinary cell adhesion
pH<7 1(2) 35(34) 36
H>7 2(1 16 (17 18
P W {17) 0.207578
Marginal
Column 3 51 54
Totals

Table 4.7. Representation of the values used in the Chi - Square test for male (blue) and female (pink) samples.
Samples were classified into two categories: pH < 7 and pH > 7. Within each category, the number of samples with and
without PTEC adhesion is reported. Row and column totals of the observed values are provided, along with the overall

total. The last column reports the corresponding p - value. The tables display the observed frequencies, with the

expected frequencies shown in parentheses, for male subjects only (blue) and female subjects only (pink).

Overall, these results suggested that samples with a neutral to slightly basic pH exhibit greater urinary
cell adhesion. Consequently, 24 - hour storage at these pH levels may exert a less adverse effect on

cell survival and adhesion.

A similar analysis was conducted for specific gravity (SG). To assess whether SG influenced PTEC
adhesion, a Chi - Square test was performed. The resulting p - value (0.491839) indicated no
significant association between SG and urinary cell adhesion. Nevertheless, it may still be advisable
to recommend adequate hydration prior to urine collection, particularly to minimize bacterial

accumulation in urine samples.

Use of Phosphate Buffer for the Stabilization of Urine Samples

To address the issue of the 24 - hour storage of cells in an acidic environment, as observed in the
majority of urine samples, a buffer solution was added at the time of collection to adjust the urine to
a neutral pH and thereby promote PTEC viability. Phosphate - buffered saline (PBS) was initially

employed to prepare a highly concentrated stock solution. This approach was designed to require only

84



Results

a minimal proportion of buffer relative to the total urine volume, with the aim of adjusting the final
pH as close as possible to 7.4. The pH of each urine sample was measured, and the PBS solution was
prepared. The main limitation encountered was the solubility of PBS, which did not allow the
preparation of stock solution at concentrations higher than 10X. As a result, achieving a final
concentration of 5X required the addition of an excessive volume of buffer (1:1 ratio), corresponding
to 25 ml of buffer for 25 mL of urine. This requirement rendered the procedure impractical,

highlighting the need to identify an alternative approach not involving PBS.

A 5 M phosphate buffer stock solution was prepared. As shown in Figure 4.6, starting from an initial
pH range of 5.3 - 8.9, the addition of phosphate buffer to a final concentration of 0.05 M resulted in
a pH range of 6.3 - 8.0. In contrast, a final concentration of 0.1 M produced a narrowed pH range of
6.6 - 7.7, which can be regarded as optimal. The urine samples were subsequently stored at 4°C, and

pH stability was maintained after both 72 and 120 hours.
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Figure 4.6. Graphical representation of pH measurements in urine samples following the addition of 5 M phosphate
buffer. The y - axis reports the measured pH values, while the x - axis indicates the final phosphate buffer concentration
obtained by adding increasing volumes of 5 M buffer to the urine samples. The last two data points represent pH values

measured after 72 and 120 hours of storage at 4°C.

Since 1 M results as a good mother buffer concentration to maintain a pH as close as possible to
neutral values, it was decided to start from a 1 M solution and a dilution ratio of 1:10 was maintained

between the mother stock solution and the buffer added to the urine samples.
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1 M Mother Phosphate Buffer Addition

Then, a 1 M phosphate buffer was employed to adjust the pH of urine samples toward neutrality, as
described in the Materials and Methods. However, the addition of the buffer led to salt precipitation
in most of the samples. During centrifugation, the precipitates pelleted together with the cells,
preventing their proper separation. Consequently, salts were co - plated with the cells, forming a dense

layer in the wells that impaired cell survival in culture (Figure 4.7).

Salt precipitates

Squamous cells

Figure 4.7. Phase - contrast image (magnification 10X) of salt precipitates in plated urine samples. These precipitates
are clearly recognizable and distinguishable from the squamous cells present within the well.

0.5 M Mother Phosphate Buffer Addition

To minimize salt precipitation in urine samples, a 0.05 M final concentration of phosphate buffer was
employed. A 0.5 M phosphate buffer stock solution was prepared to achieve a final concentration of
0.05 M, instead of 0.1 M. The objective was to find the best mediation between adjusting the pH of
urine collected from volunteers toward neutrality in order to enhance urinary cell survival and

avoiding salt precipitation.

Phosphate buffer was added to one of each pair of samples. Salt precipitation was not observed in 16
out of 18 samples, while it occurred in only 2 of the total urine samples collected. The frequency of
salt formation was therefore markedly reduced compared with the previous experiment. Based on
these findings, a final concentration of 0.05 M phosphate buffer was considered the most suitable for

subsequent analyses.
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4.1.2.2. Addressing Gender - Specificity

Considering the differences observed in urine samples, specifically the higher number of squamous
cells in female - derived samples, the quantitative differences in the yield of adherent PTEC obtained
from female compared to male samples, as well as the different impact of neutral - mildly basic pH

on PTEC adhesion, the use of cell strainers was introduced into the original protocol.

Preliminary Analysis Using Different Strainer Sizes

A preliminary analysis was performed to test three different strainer sizes (30 pm, 20 um, and 15
um). In this experiment, only female urine samples were considered, given their high content of
squamous cells that could interfere with process yield. The aim of this analysis was to identify the
strainer size capable of reducing the number of squamous cells in female samples while still

permitting the passage of urinary cells.

As shown in Figure 4.8, one day after plating, all filtered samples exhibited a marked qualitative
improvement. In contrast, unfiltered samples (A, D, G in Figure 4.8) contained mucus, debris, and
exfoliated fibres, which were absent in the filtered samples (B, E, H in Figure 4.8). The most notable
improvement in all filtered conditions was a substantial reduction in the number of squamous cells.

Our goal was to identify the smallest strainer size that would allow PTEC to pass while retaining
squamous cells. As shown in Figure 4.8 (C, F, 1), at day 8 post - plating, urinary cell adhesion and
proliferation occurred only in samples filtered with the 30 um and 20 pm strainers. The 15 um strainer

likely prevented the passage of urinary cells, resulting in the absence of adhered cells at day 8.
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NO FILTER (Day 1) FILTER (Day 1) FILTER (Day 8)

30 um filter

20 um filter

15 um filter

Figure 4.8. Phase — contrast images at 10X magnification of a female urine sample plated using three different strainer
sizes: 30 um, 20 um, and 15 pm. The first column (images A, D, and G) shows the cells at day one, plated without
using the filter. The second column (images B, E, H) shows the cells at day 1, following the use of the strainer. The last
column (images C, F, I) show the samples on day 8 post - plating using strainers, underlying the presence or absence of
adhered PTEC.

Based on these results, the 20 um strainer was identified as the smallest size that both permitted PTEC
passage and qualitatively improved female urine samples and was therefore selected for subsequent

analyses.

Application of a 20 um Strainer for Urinary Cell Preparation from Female Donors

The aim of the subsequent analysis was to assess whether the use of strainers could improve the yield
of PTEC adhesion in female samples by separating them from squamous cells and by removing
sediment and mucus that might negatively affect cell adhesion.

Also for this experiment, samples were processed within 4 hours of collection to ensure optimal yield

conditions and to allow comparison with the previous experiments.
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As described in the previous Section, the 20 um strainer was selected, as it permitted the passage of
PTEC in female samples. The samples taken in considerations were obtained from female donors A,
B, and L. A qualitative improvement was evident in all three samples as early as day 1 with a marked
reduction in the number of squamous cells, mucus, debris, and fibres. The use of the strainer enabled
the passage and adhesion of PTEC in samples from donor B and L, whereas no adhesion occurred in
sample A. Notably, in contrast to previous experiments, in which no urinary cell adhesion was ever
observed in donor L, the use of strainers allowed adhesion to occur. By contrast, donor A consistently
failed to yield PTEC, even with the use of strainers, confirming the relevance of donor - specificity

in PTEC adhesion.

The results were subsequently analyzed from a quantitative perspective.

The use of strainers enabled the adhesion of PTEC from donor L. As previously reported, no urinary
cell adhesion had ever been detected in samples obtained from this donor. This finding was
noteworthy, as it markedly enhanced the yield of these samples, achieving 100% PTEC adhesion
(Table 4.8). In contrast, no adherent PTEC were obtained from donor A under the same experimental
conditions.

The overall yield was then evaluated by calculating the percentage of female donor samples in which
urinary cell adhesion and proliferation were observed. As presented in Table 4.8, the proportion of
plated samples (post - filtration) exhibiting adherent PTEC after three weeks of culture, relative to
the total number of collected and plated samples, was 44% + 51%. When compared with the data
reported in subchapter 4.1.1.1, it became evident that the use of 20 um strainers increased the process
yield by approximately fourfold (from 11% to 44%). The standard deviation, however, remained

substantial, reflecting inter - donor variability.

Samples with | % samples with | % samples with
Identitv code Collected Plated samples | Plated samples urinary cells urinary cells urinary cells
y samples without strainers | with strainers adhesion with adhesion with adhesion with
strainers strainers strainers
A 12 6 6 0 0%
B 12 6 6 2 33% 44% £ 51%
L 12 6 6 6 100%

Table 4.8. The table reports the following information: donor identification codes; the total number of samples collected
from each donor; the number of samples processed and plated with 20 um strainers after 4 hours of storage at 4°C; the
number of samples processed and plated without strainers after 4 hours of storage at 4°C; the number of samples
exhibiting urinary cell adhesion; the percentage of samples with urinary cell adhesion relative to the plated samples
(processed with 20 pum strainers) for each donor; and the overall percentage + SD of samples with urinary cell adhesion
among those plated using 20 um strainers.
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Based on this analysis, it could be concluded that pre - filtration of urine samples from female donors

with 20 um strainers enhanced the overall process yield.

4.1.3. Improved and Definitive Protocols

4.1.3.1. Preparation of PTEC by Combined Application of Test Strips, 0.5 M Phosphate Buffer,
and a 20 pm Strainer (After 24h)

The preparation of urine samples is described in subchapter 3.1.3.1 of the Materials and Methods.

As initial analysis, the effect of 0.5 M phosphate buffer on pH adjustment was assessed. This
evaluation was carried out after 24 hours of storage at 4°C. Figure 4.9 shows the pH distribution of
the 108 samples analyzed. The majority of urine samples (87%) exhibited a neutral to slightly basic

pH (pH = 7), thereby confirming the expected buffering effect.

pH distribution (%) among 108 samples
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E 3 males
«-2 40- 3 females
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Figure 4.9. Percentage distribution of urine samples by pH value. Each urine sample (n = 108), collected and analyzed
after 24h of storage at 4°C, was classified according to the measured pH as acidic (< 7) or neutral - slightly basic (> 7).
Green bars represent the percentage distribution of all samples, blue bars represent male samples only, and pink bars
represent female samples only.

The purpose of this analysis was to determine whether the introduction of the buffer combined with

the use of strainers in the original protocol could improve the yield of PTEC isolation.

As a first evaluation, yield was expressed in percentage terms based on PTEC adhesion. As shown in
Table 4.9, the percentage yield of plated samples exhibiting PTEC adhesion after three weeks of
culture was 25% £ 14%. When compared with the result reported in subchapter 4.1.1.2. (21% £ 27%)),

a modest increase in yield and a reduction in standard deviation were observed.
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Then, the yield of the samples was evaluated according to donor gender. As shown in Table 4.9, a
marked increase in yield was observed in female samples following the combined use of buffer and
strainers. The percentage of samples with PTEC adhesion increased from 6% = 10% (subchapter
4.1.1.2.) to 26 £ 20%. This protocol modification also allowed PTEC adhesion in all female donors,
including donors A and L, from whom adherent PTEC had not been obtained in previous analyses. In
male donors, the yield decreased from 37% £ 30% to 25% + 8%. However, a reduction in the standard
deviation was noted. Overall, the results appeared more homogeneous and less variable than in the
previous analysis, thereby increasing their reliability. Notably, the final yield was comparable

between male and female samples.

. . % samples with Total % of
. . % samples Samples with % samples with . .
Identity Collected Plated [Samples with salt| = ) . urinary cells samples with
. eliminated due to urinary cells urianry cells A .
code samples samples precipitation e . . adhesion by urinary cells
salt precipitation adhesion adhesion .
gender adhesion
A 18 18 0 0% 1 6%
B 18 13 5 28% 6 46% 26% = 20%
IL, 18 12 6 33% 3 25%
25% + 14%
H 18 12 6 33% 3 25%
1 18 18 0 0% 6 33% 25% + 8%
M 18 18 0 0% 3 17%
TOTAL 108 91 17 22

Table 4.9. The table reports the following information: donor identification codes; the total number of samples collected
from each donor; the number of samples processed and plated after 24 hours of storage at 4°C; the number of samples
in which salt precipitation occurred; the percentage of samples excluded due to salt precipitation occurred; the
percentage of samples excluded due to salt precipitation relative to the total collected per donor; the number of samples
exhibiting urinary cell adhesion; the percentage of plated samples showing urinary cell adhesion for each donor; the
percentage + SD of samples with urinary cell adhesion stratified by donor gender (male or female); and the overall
percentage = SD of samples with urinary cell adhesion relative to the total number of plated samples.

One of the most relevant findings of this experiment concerns the persistence of donor - specific
variability, even after the combined use of buffers and filters. Another parameter of interest is the
occurrence of salt precipitation following buffer addition. As shown in Table 4.9, salt precipitation
displayed marked inter - individual variability, being detected only in donor B, L, and H, and affecting

approximately 30% of their samples.
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4.1.3.2. Preparation of PTEC by Combined Application of Test Strips, 0.5 M Phosphate Buffer,
and a 20 pm Strainer Only for Female Samples (After 4h)

The preparation of urine samples is described in subchapter 3.1.3.2 of the Materials and Methods.

Considering the results of the previous experiment, a decrease was observed in the percentage of male
samples yielding adherent PTEC, from 35% + 30% to 25% % 8%. In addition, plating within 4 hours
of collection resulted in a high proportion of samples successfully yielding PTEC (94% + 10%). On
this basis, a new analysis was conducted, collecting a total of 99 samples (66 samples from females,
33 from males). Filters were subsequently applied only to female samples, while urine samples were
plated within 4 hours of collection. The use of buffer immediately after collection was maintained to
ensure appropriate pH stabilization.

Table 4.10 shows the result of this last experiment. Samples from donor B (female) and donor H

(male) were not available for collection.

Y ! ith Total % of
. . % samples Samples with % samples with & sz.tmp s Wi Al (,)
Identity Collected Plated |Samples with salt| . . urinary cells samples with
e L. eliminated due to| wurinary cells urianry cells . .
code samples samples precipitation R . . adhesion by urinary cells
salt precipitation adhesion adhesion .
gender adhesion
A 42 42 0 0% 7 17%
31% £ 21%
L 24 24 0 0% 11 46%
40% + 20%
1 14 14 0 0% 9 64%
48% £ 23%
M 19 19 0 0% 6 32%
TOTAL 99 99 0 33

Table 4.10. For female samples plated after the use of 20 um strainer and for male samples plated without the use of the
filter, the table presents the following information: the total number of samples plated, the number of samples with
PTEC adhesion and the percentage + SD of cell adhesion calculated on the number of wells plated.

By applying filters only to female samples, and by plating all samples after buffer addition and within
4 hours of collection with storage at 4°C, the percentages of PTEC adhesion, compared with 24 -
hour storage and the use of filters for all samples, changed as follows:

e Female samples: from 31% to 21%

e Male samples: from 48% to 23%
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4.1.4. PTEC Characterization

After optimizing the protocol for PTEC isolation, the cells were characterized both molecularly and

through immunofluorescence assays.

Specifically, the molecular markers analyzed included the following genes: Claudin - 1 and E -
cadherin (epithelial markers), LICAM (L1 cell adhesion molecule) and NR3C2 (nuclear receptor
subfamily 3 group C member 2) (renal markers), and SLUG (Snail family transcriptional repressor
2) (fibroblast marker). These markers were specifically selected to confirm the renal epithelial
identity of the PTEC cells: Claudin — 1 and E — cadherin to verify the epithelial characteristics,
L1CAM and NR3C2 to verify renal — specific features, and SLUG as a fibroblast marker to exclude
mesenchymal contamination. Fibroblasts were used as a positive control. Figure 4.10 shows the

results of this molecular characterization.
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PTEC Characterization
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Claudin 1 E - Cadherin L1CAM NR3C2 SLUG
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mRNA relative expression

Figure 4.10. Analysis of genes by qRT - PCR. The figure displays the expression of epithelial genes (Claudin - 1; E -
cadherin), renal genes (L1CAM; NR3C2), and SLUG gene. Gene expressions were normalized on 18S and HPRT as
housekeeping. mRNA expression is relative to fibroblasts (expression value = 1). Data are reported as average = SD of
10 biological samples.

The analyzed PTEC (n = 10) exhibited high expression levels of the Claudin - 1 gene, as well as
substantial expression of E - cadherin, the second epithelial marker evaluated. Regarding renal
markers, their expression levels were lower than those of epithelial genes but remained approximately
tenfold higher than in the positive control. Conversely, the SLUG gene, typically expressed by
fibroblasts, was not detected in the PTEC.
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In addition to the molecular characterization, immunofluorescence experiments were performed to
investigate the expression of structural markers such as F - actin and ZO - 1. Figure 4.11 shows the
results of this analysis, revealing a strong signal for F - actin and a weaker signal for the tight junction

protein ZO - 1.

Field 1

DAPI F - actin

Field 2
DAPI F - actin Merge

DAPI - actin ZO -1 Merge

Figure 4.11. The two first rows show the staining for DAPI and F - actin (2 different fields), images acquired with a
ZEISS Axiovert 200 Fluorescence Microscope (Magnification 20X). The third row presents the staining for DAPI,
Phalloidin and ZO - 1. Images were acquired with a Leica Stellaris 5 confocal microscope (magnification 20X).
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4.2. iPSC Generation from PTEC and Their Subsequent Culture (Step
2)

Following the isolation and establishment of PTEC colonies, these cells were dedifferentiated into
iPSC through standardized procedures that have been previously detailed in the Materials and

Methods section.
4.2.1. PTEC Transduction Efficiency

Plasmid transfection efficiency and production in HEK 293T cells was evaluated by fluorescence
microscopy (data not shown), exploiting the expression of the tdTomato reporter encoded in the retro

- transforming plasmid (pRRL.PPT.SF.hOct34co.hKlf4co.hSox2co.hmyc.itdTomato.pre.FRT),

which emits in the orange - red spectrum (data not shown).

In addition, viral integration into the genome of PTEC cells was verified by fluorescence microscopy

(Figure 4.12).

Brightfield Tomato signal

PTEC — Field 1

PTEC — Field 2

Figure 4.12. Representative images of infected PTEC cells from two different donors acquired using brightfield
microscopy and TRITC filter settings. The TRITC filter allows visualization of the Tomato fluorescent signal, encoded
by one of the plasmids employed for viral production and subsequent infection. Images were captured at 20X
magnification with a ZEISS Axiovert 200 Fluorescence Microscope.

95



Results

Subsequently, based on images acquired from multiple fields of lentivirus - treated cells, transduction
efficiency was calculated as the percentage of infected cells exhibiting a detectable Tomato signal,

yielding a value of around 45 %.

4.2.2. iPSC Generation and Their Culture

Following transduction of the urinary cells, the first morphological changes became evident after
approximately 3 - 4 days (Figure 4.13). Subsequently, the transformed cells appeared smaller and
more compact, displaying a high nuclear density, whereas the differentiated (non - transformed) cells

retained the elongated morphology characteristic of PTEC.

PTEC before PTEC after iPSC colony among Isolated iPSC
infection infection differentiated cells colony

Differentiated cells

iPSC

Figure 4.13. Phase - contrast images acquired during the sequential steps of morphological transition from PTEC to
iPSC. The third panel shows the emergence of an iPSC colony and, on the right, non - reprogrammed cells that have
undergone differentiation. Magnification 10X.

PTEC at early passages are preferably used to facilitate the bypass of the senescence barrier that may
rise following infection. No significant differences were observed between the use of type I or type

IT colonies in the infection procedure.

Once generated, iPSC colonies were serially passaged until acquiring a well - rounded morphology
(Figure 4.14, panel A), after which they were either passaged, directed toward hepatocyte
differentiation or cryopreserved in liquid nitrogen. Following colony passaging, it was observed,
particularly at higher passage numbers, the coexistence of colonies that retained morphological
features consistent with iPSC, alongside others that had already undergone differentiation after
passaging, displaying a more flattened morphology and increased cytoplasmic content (Figure 4.14,

panel B). Similarly, even in the presence of differentiated cells, the growth of new iPSC colonies was
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still observed after passaging; these colonies were subsequently isolated and individually expanded

to prevent differentiation (Figure 4.14, panel C).

Differentiated colony C Differentiated cells

iPSC colony iPSC colony iPSC colony growing among

before passaging after passaging differentiated cells

Figure 4.14. Morphological analysis by phase - contrast imaging (magnification 10X) of iPSC colonies before
passaging (panel A) and after passaging (panels B and C).

Cells that underwent differentiation during the various passages were neither retained nor employed

for subsequent induction into hepatocytes.

Verification of Transgene Integration in Lentivirus - Generated iPSC cDNA through
Qualitative PCR

A qualitative PCR was carried out to assess the presence of the transgene in newly derived iPSC
colonies originating from PTEC cells. The results (Figure 4.15) clearly demonstrate and confirm the

detection of the target genes within the iPSC.
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Figure 4.15. Results of the qualitative PCR (upper panel: OCT3/4 F/KLF4 R; lower panel: transgene F/transgene R).
PCR amplification was performed on samples subjected to reverse transcriptase (+RT) and on negative controls lacking
reverse transcriptase (-RT) PX459, gDNA (genomic DNA), and PMX were included as expression controls.

4.3. iPSC Differentiation into Hepatocytes - Protocol Comparison

(Step 3)

4.3.1. General Comparison

Considering a general comparison among the four protocols under investigation, as described in the
Materials and Methods section 3.3, differences can be observed mainly in the coating employed, the
characteristics of the starting cells, the media and factors used, and the duration of the different
induction steps. Figure 4.16 provides a schematic summary of the four protocols, which facilitates

their comparison.
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Figure 4.16. General comparison of the four different protocols under analysis. The figure illustrates a timeline for each
protocol, with different colours used to highlight the attainment of the various stages. In addition, the media employed
at each stage and the specific coating associated with each protocol are indicated.

With regard to the four protocols under analysis, the Matakovic’s, Mallanna’s, and STEMCELL
protocols employ Matrigel coating from day 0, whereas the Overeem’s protocol makes use of
vitronectin for the first 7 days, followed by cell transfer into Matrigel - coated wells after passaging
with Accutase enzyme. Considering Overeem’s protocol, vitronectin is a recombinant human protein

that offers a defined and xeno - free substrate for the feeder - free maintenance of iPSC, by
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maintaining pluripotency and normal growth characteristics, supporting the attachment of the cells
and reducing variability in iPSC cultures. Accutase facilitates the detachment of iPSC as single cells,
thereby enhancing subsequent proliferation of these cells on Matrigel - coated surfaces.

Matrigel is a solubilized basement membrane preparation derived from Engelbreth - Holm - Swarm
(EHS) mouse sarcoma, a tumor abundant in extracellular matrix (ECM) protein such as laminin,
collagen IV, heparan sulphate proteoglycans, entactin/nidogen, as well as various growth factors that

help the iPSC growth during the induction into hepatocyte - like cells.

A key distinction among the protocols, with respect to the characteristics of the starting cells, concerns
the use of single - cell suspensions plated after Accutase passaging (Overeem’s and Matakovic’s
protocol) as opposed to confluent monolayer covering the entire well (Mallanna’s and STEMCELL
protocols). This distinction translates into differences in the number of cells plated, with the
Overeem’s and Matakovic’s protocols employing lower cell densities, whereas the Mallanna’s and

STEMCELL protocols require higher cell numbers.

The distinct media formulations and supplementary factors employed lead to different durations for
each differentiation step and for the total protocol duration (19 days for the first two protocols, 20
days for the third, and 21 days for the last one). In the first two protocols, the initial medium employed
is a commercially available formulation that allows efficient induction of iPSCs to definitive
endoderm in only two days. The Mallanna’s protocol employs a basal medium supplemented with
factors such as Bone Morphogenetic Protein 4 (BMP4), Fibroblast Growth Factor 2 (FGF2), B27,
and Activin A, to achieve the definitive endoderm stage within 5 days. In contrast, the STEMCELL
protocol attains this stage after 4 days of culture through the use of commercial media in combination
with their respective supplements. Notably, in the transition from definitive endoderm to hepatic
progenitors, the first two protocols diverge in the choice of medium, with one supplemented with
BMP4 and FGF2, and the other with B27 and Hepatocyte Growth Factor (HGF). Both protocols
maintain a duration of 10 days for this step. By contrast, the Mallanna’s protocol achieves the same
stage in only 5 days through the combined use of BMP4, FGF2, and B27. The STEMCELL protocol
differs further, relying exclusively on commercial medium throughout this phase.

The first two protocols allocate 7 days to reach the final stage (HLC), employing two distinct basal
media and two different commercial kits. In both protocols, the commercial kit provides reagents that
formulate a highly reproducible maintenance medium for primary hepatocytes. The Mallanna’s
protocol, by contrast, involves the use of two distinct media to achieve the final stage within 10 days:

the first supplemented with HGF and B27, and the second identical to the medium described by
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Overeem. As in the previous stage, the STEMCELL kit provides a commercial medium which is
added to the cultured cells for the final 12 days.

The presence of Oncostatin M is evident in the first three protocols, where it has been reported to
promote the development of hepatocyte polarity. By contrast, this cannot be ascertained for the
commercial STEMCELL kit, as its exact composition is not disclosed. With the aim of promoting
cellular polarity in the final stage, the first two protocols also incorporate a Matrigel overlay, which

is absent in the latter two protocols.

For this part of the project, the following experimental activities were carried out, inside a
multicentric study, by the research group of the Medical Genetics Laboratory, led by Professor Adamo
Pio d’Adamo, at the IRCSS Materno Infantile “Burlo Garofolo” Hospital in Trieste, Italy:
development of Mallanna's and STEMCELL differentiation protocols, acquisition of phase - contrast
images for the Mallanna's and STEMCELL differentiation protocols, qualitative PCR for all four
protocols; immunofluorescence experiments on HLCs for all four protocols under analysis and

subsequent image acquisition.
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4.3.2. Morphological Comparison

For all four protocols, the successive stages of differentiation were successfully obtained and

subsequently compared on a morphological basis. The results are presented in Figure 4.17.

Definitive Hepatic Hepatocyte
Endoderm Progenitors — like cells
4 N “’ - i ¢ ! - B

iPSC

Overeem

Matakovic

Mallanna

STEMCELL

Figure 4.17. Morphological comparison among the four protocols. Phase - contrast images (magnification 20X,
scalebar: 50 um) display, for each protocol, the four principal stages of differentiation: iPSCs, definitive endoderm,
hepatic progenitors, and hepatocyte - like cells. Phase - contrast images for both the Overeem’s and Matakovic’s
protocol were acquired at Fondazione Italiana Fegato ONLUS, while for both the Mallanna’s and STEMCELL
protocols images were acquired at the Medical Genetics Laboratory at the IRCCS Materno Infantile “Burlo Garofolo”
Hospital in Trieste, Italy.

As can be observed, the first major difference between the initial two protocols and the latter two
concerns the number of starting cells. Specifically. Overeem’s and Matakovic’s protocols display
single cells, whereas the other two protocols exhibit a monolayer of cells. This difference in initial
cell number evidently results in a greater amount of cell death in the latter two protocols, visible at

the different stages of differentiation as “white” cells overlying the monolayer.
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In the definitive endoderm stage, cells derived from all four protocols display a polygonal
morphology, which is markedly different from that observed in the iPSC stage. It is also evident that,
although not confluent at the initial stage, the cells derived from the first two protocols begin to form
a monolayer and to spread across the surface. Notably, differences in adhesion can be observed in the
Overeem’s protocol, where the cells are attached to a vitronectin coating rather than to Matrigel.
Distinct variations were evident at the hepatic progenitor stage across the four protocols. The
Matakovic’s protocol was characterized by a pronounced difference in the nuclear - to - cytoplasmic
ratio, a feature less apparent in the remaining protocols. In those derived from confluent monolayers,
cellular over proliferation was observed; however, the overall morphology remained largely
comparable.

At the final differentiation stage, Mallanna’s and STEMCELL protocols display a similar
morphology, characterized by a monolayer of polygonal cells. In contrast, Matakovic’s protocol
yields cells with a larger cytoplasmic volume compared to the other protocols, and additionally
reveals the presence of binucleated cells, a hallmark of hepatocytes. The Overeem’s protocol,
however, exhibits a distinct morphology at this stage, with regions where cells appear to have grown

in multiple layers, one above the other.

4.3.3. Pluripotency Markers Expression

For each protocol, pluripotency markers were analyzed at the four differentiation stages, as described
in the Materials and Methods section of this thesis. In addition, immunofluorescence analyses were
performed. Specifically, the expression of the pluripotency marker OCT3/4, expected to be absent at

the final stage of differentiation, was assessed.

The pluripotency markers analyzed — SOX2 (SRY - box transcription factor 2), OCT3/4 (POU class
5 homeobox 1), and NANOG (Nanog homeobox) — were specifically selected to assess the stem -
like properties of the cells. SOX2, a member of the SRY - related HMG - box transcription factor
family, is required for stem - cell maintenance and regulation of gene expression during development.
OCT3/4 is a POU homeodomain transcription factor critical for embryonic development and the
maintenance of stem cell pluripotency, while NANOG is a homeobox transcription factor involved
in embryonic stem cell proliferation, self - renewal, and the inhibition of differentiation. Together,

these markers provide a comprehensive assessment of the pluripotent state.
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Figure 4.18 presents the results of the analysis for the three pluripotency - associated genes (SOX2,
OCT374, NANOG), showing the comparative outcomes between the qualitative and quantitative

PCR, which were performed for a subset of the analyzed genes.
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Figure 4.18. Analysis of pluripotency - associated genes by qualitative PCR and RT - PCR. The figure displays, for
each protocol, the results of the qualitative PCR and the relative mRNA expression levels of SOX2, OCT3/4, and
NANOG (RT - PCR). For the qualitative PCR, ACTIN was used as an internal control. For RT - PCR, differentiation
stages are indicated by distinct colours (orange = iPSC, green = definitive endoderm [DE], pink = hepatic progenitors
[HP], light blue = hepatocyte - like cells [HLC]). Gene expressions were normalized on 18S and HPRT as
housekeeping. Yellow denotes the reference iPSCs, whose expression level is set to 1 (positive control). Purple
corresponds to the expression of HepG2 cells, and dark blue to that of UpCyte cells, both used as negative controls.
Data are reported as average + SD of at least 3 biological samples.
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For RT - PCR, for the STEMCELL and Mallanna’s protocols, data corresponding to iPSC (orange)

are not shown, as RNA was not collected at this stage.

Considering RT PCR, as expected, SOX2, OCT3/4, and NANOG were not expressed in the HepG2
and UpCyte cell line (negative controls).

In all four protocols, the three genes exhibited a progressive decrease in expression from the iPSC
stage to the HLC stage, although with varying extent.

In Overeem’s protocol, SOX2, OCT3/4, and NANOG were still expressed in the DE step, while they
were unexpressed in the HP and HLC steps. For SOX2 and OCT3/4 it is possible to underline a
decrease from the iPSC step to the DE step, while for NANOG the expression in DE was higher than
the one in iPSC.

In Matakovic’s protocol, OCT3/4 and NANOG were still expressed in the DE step, with an expression
that was still higher than the one in the iPSC step, but they were not expressed in the next two steps
(HP and HLC). SOX2 was expressed at all four differentiation stages, showing an initial decrease in
expression up to the HP stage, followed by an increase at the HLC stage.

In Mallana’s protocol, all three genes remained expressed at the DE stage; however, NANOG was
the only gene expressed at a level higher than that of the reference iPSC. For NANOG, very low
expression levels (approximately tenfold lower) were also detected at the HP and HLC stages.

In the STEMCELL protocol, the DE stage exhibited expression levels of all three genes higher than
those of the reference iPSC. However, gene expression was completely silenced at the subsequent
stages.

Considering the comparison with the qualitative PCR results for the SOX2 gene, a slight expression
also detected by RT - PCR was observed in the Overeem’s protocol at the DE stage. In the
Matakovic’s protocol, the expression pattern identified by RT - PCR was confirmed by the qualitative
assay, showing an increase in gene expression at the HLC stage. In the Mallanna’s protocol, although
qualitative PCR indicated a decreasing SOX2 expression at the HP and HLC stages, no corresponding
expression was detected by RT - PCR for these stages. In the STEMCELL protocol, SOX2 expression
was observed qualitatively at the DE stage (and slightly at HP and HLC), which was consistent with
the quantitative results, although expression levels at HP and HLC were not detectable by RT — PCR.
For the OCT3/4 gene, in the Overeem’s protocol, expression persisted at the DE differentiation stage
but was no longer detectable in the subsequent stages. A similar trend was observed for the
Matakovic’s protocol. In the Mallanna’s protocol, the qualitative PCR showed a faint expression of

OCT3/4 at the HP and HLC stages, while the quantitative analysis revealed only a slight expression
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at the HP stage. In the STEMCELL protocol, the qualitative results indicated a residual SOX2

expression at HP and HLC stages, which was not detectable in the quantitative PCR analysis.

Taken together, these findings indicate that, apart from the persistence of SOX2 expression in the
Matakovic’s protocol, the three pluripotency - associated genes displayed a consistent

downregulation trend across the differentiation protocols.

Considering OCT3/4 expression, none of the four protocols showed a significant signal at the final
stage of differentiation. A faint nuclear signal was observed in the Overeem’s and Matakovic’s
protocols, while for Mallanna’s and STEMCELL protocols the absence of a signal was confirmed

(Figure 4.19).

OCT3/4

OVEREEM MATAKOVIC MALLANNA STEMCELL

Figure 4.19. Representative immunofluorescence images showing OCT3/4 expression across the four differentiation
protocols. The first row displays OCT3/4 (green) for each protocol, while the second row shows the merged signal with
nuclear counterstaining (DAPI, blue). Images were acquired using a 3 Microscope (magnification 40X) a ZEISS LSM

900 Confocal laser scanning microscope thanks to the research group of the Medical Genetics Laboratory, led by
Professor Adamo Pio d’ Adamo, at the IRCCS Materno Infantile “Burlo Garofolo” Hospital in Trieste, Italy.

+ DAPI
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4.3.4. Hepatic Markers Expression

For each protocol, hepatic markers were analyzed at the four differentiation stages, as described in
the Materials and Methods section of this thesis. In addition, immunofluorescence analyses were

performed. Specifically, the expression of the HNF4a and ALB genes was assessed.

The analysis of hepatic genes was subdivided into two main groups: the first comprising genes
Asialoglycoprotein receptor 2 (ASGR2), Serpina.l (SERPINATL), Apolipoprotein F (APOF), and
Albumin (ALB), the second one comprising genes Transthyretin (TTR), Hepatocyte Nuclear Factor
4o, (HNF4a), and Alpha - fetoprotein (AFP).

Regarding the first group, the hepatic markers analyzed — ALB, SERPINA1, APOF, and ASGR2 —
were specifically selected to assess the liver - specific characteristics of the cells. ALB encodes
albumin, the most abundant plasma protein, predominantly produced by the liver. SERPINAI
encodes a serine protease inhibitor with a key role in liver function and protein homeostasis. APOF
encodes a minor apolipoprotein involved in lipoprotein complex formation and cholesterol transport,
with high hepatic expression. ASGR2 encodes a subunit of the asialoglycoprotein receptor, a liver -
specific transmembrane protein critical for glycoprotein clearance and a target for liver - specific viral
infection and drug delivery.

The additional hepatic markers analyzed — HNF4a, TTR, and AFP — were selected to further
characterize the liver - specific properties of the cells. HNF4a encodes a nuclear transcription factor
that regulates the expression of multiple hepatic genes and plays a role in liver development. TTR
encodes transthyretin, a tetrameric carrier protein involved in the transport of thyroid hormones and
retinol, and participates in various intracellular processes including proteolysis, autophagy, and
glucose homeostasis. AFP encodes o - fetoprotein, a major fetal plasma protein produced by the liver
and yolk sac, whose expression in adults is associated with hepatocarcinoma and teratoma.

Collectively, these markers provide a comprehensive evaluation of the hepatic identity of the cells.

Regarding the RT - PCR results, considering the first group of genes (Figure 4.20), HepG2 cells
exhibit higher expression of all genes when compared with the positive control (UpCyte, expression
= 1). No expression of ASGR2, SERPINAI, or ALB was detected in the Overeem’s protocol. By
contrast, APOF expression increased from the iPSC stage to the HP stage, followed by a decrease at

the HLC stage, with expression levels remaining lower than those observed in the HepG2 cell line.
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The Matakovic’s protocol exhibited the same expression pattern for ASGR2, SERPINAI, and ALB.
APOF expression levels were higher than those of the positive control but remained lower than those
detected in HepG?2 cells.

In the Mallanna’s protocol, ASGR2 and SERPINA1 were expressed at the HP and HLC stages,
whereas ALB expression was detected only at the final differentiation stage. Expression levels of
ASGR2, SERPINA1, and ALB were higher than those of the positive control, with SERPINA1 being
the only gene expressed at levels exceeding those of HepG2 cells. For APOF, the highest expression
was detected at the DE stage, while at the HLC stage its expression level remained above that of the
positive control but below that of the HepG2 cells.

In the commercial STEMCELL protocol, ASGR2 and SERPINAI1 expression was detected at both
the HP and HLC stages, with SERPINA1 levels at the HLC stage exceeding those of HepG2 cells.
ALB expression, on the other hand, was higher than in UpCyte cells but remained lower than in
HepG?2 cells. As observed in the other protocols, APOF expression was detected across all four stages,
with the last three differentiation stages displaying levels higher than the positive control but lower
than those of HepG2 cells.

In summary, APOF was the only gene to exhibit expression levels comparable to or higher than the
positive control across all four protocols. In contrast, the other three genes analyzed showed higher

expression than the positive control only in the Mallanna and STEMCELL protocols.

Considering the comparison with the qualitative PCR results for the ASGR2 gene, the outcomes of
the two PCR analyses were consistent for the Overeem’s and Matakovic’s protocols, with no
detectable expression in either case. In contrast, in the Mallanna and STEMCELL protocols, ASGR2
expression was detected at both the HP and HLC stages in both qualitative and quantitative assays.
For SERPINAL, a similar pattern was observed in the Overeem’s and Matakovic’s protocols, with no
detectable expression in either PCR approach. In the Mallanna’s and STEMCELL protocols,
however, qualitative PCR confirmed the quantitative findings, showing evident expression levels in
the last two differentiation stages.

Regarding ALB (albumin), no expression was detected by either qualitative or quantitative PCR in
the Overeem’s and Matakovic’s protocols. In the Mallanna’s and STEMCELL protocols, qualitative
PCR results were consistent with the quantitative data, showing ALB expression in the HP (slight)
and HLC stages for Mallanna, and at the HP stage for STEMCELL.

Finally, APOF expression was not detected by qualitative PCR in any of the protocols. In the
Mallanna’s and STEMCELL protocols, despite clear expression observed in RT - PCR, no

corresponding expression was identified in the qualitative assay.
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Figure 4.20. Analysis of hepatic genes by qualitative PCR and RT — PCR. The figure displays, for each protocol, the
results of the qualitative PCR and the relative mRNA expression levels of ASGR2, SERPINA 1, ALBUMIN, and
APOF. For the qualitative PCR, ACTIN was used as an internal control. For RT — PCR, differentiation stages are

indicated by distinct colors (orange = iPSC, green = definitive endoderm [DE], pink = hepatic progenitors [HP], light

blue = hepatocyte — like cells [HLC]). Gene expressions were normalized on 18S and HPRT as housekeeping. Purple
denotes the reference UpCyte, whose expression level is set to 1 (positive control). Dark blue corresponds to the
expression of HepG2 cells. Yellow corresponds to iPSC, used as negative control. Data are reported as average + SD of
at least 3 biological samples.
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Considering the staining for albumin (Figure 4.21), it was diffused and included also a nuclear
component in the Overeem’s protocol. A faint cytoplasmic, but not nuclear, signal was detected for
the Matakovic’s protocol, while clearer signals were detected in the Mallanna’s and STEMCELL
protocol, showing no staining at the nuclear level. The staining pattern appeared more appropriate in

the last two protocols, as no overlap with the nucleus was observed.

ALB

OVEREEM MATAKOVIC MALLANNA STEMCELL

Figure 4.21. Representative immunofluorescence images showing ALB expression across the four differentiation
protocols. The first row displays ALB (green) for each protocol, while the second row shows the merged signal with
nuclear counterstaining (DAPI, blue). Images were acquired using a 3 Microscope (magnification 40X) a ZEISS LSM

900 Confocal laser scanning microscope thanks to the research group of the Medical Genetics Laboratory, led by
Professor Adamo Pio d’ Adamo, at the IRCCS Materno Infantile “Burlo Garofolo” Hospital in Trieste, Italy.

+ DAPI

Regarding RT - PCR, considering the second group of genes (Figure 4.22), HepG2 cells exhibit higher
expression of all genes when compared with the positive control (UpCyte, expression = 1).

The HepG2 cell line exhibited markedly higher expression levels of TTR, HNF4a, and, most
prominently, AFP (approximately 1000 - fold), compared with the positive control (UpCyte).
According to the Overeem’s protocol, TTR expression was detected at both the HP stage and, at lower
levels, the HLC stage, although in both cases it remained below the levels observed in HepG2.
HNF4a expression was restricted to the DE stage, where it was present only at very low levels
compared with both HepG2 and the positive control. In contrast, AFP was most highly expressed at
the iPSC stage, but its expression persisted, even if at reduced levels, in the HLC stage.

The Matakovic’s protocol showed higher TTR expression levels compared with both the positive

control and HepG2 cells at the HP and HLC differentiation stages. HNF4a expression was significant
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only at the DE stage, whereas AFP was expressed at higher levels than the positive control but much
lower than HepG2 cells at the HLC stage.

With the Mallanna’s protocol, all three genes displayed higher expression levels at the HP and HLC
stages compared with both the positive control and HepG2 cells. In particular, a decreasing trend was
observed from HP to HLC for TTR and HNF4a, whereas AFP showed an increasing trend.

In the STEMCELL protocol, TTR expression was comparable between the HP and HLC stages, while
HNF4a was more strongly expressed at the HP stage. AFP, which was also expressed at the DE stage
similarly to HNF4a., showed an increasing trend, reaching levels higher than HepG2 and becoming

particularly elevated at the HLC stage.

Considering the comparison with the qualitative PCR results for the TTR gene, in the Overeem’s
protocol, the qualitative PCR confirmed the quantitative findings, showing higher expression at the
HP stage compared to HLC. In the Matakovic’s protocol, expression was confirmed at both the HP
and HLC stages. For the Mallanna’s and STEMCELL protocols, the results of the two PCR analyses
were also consistent.

For the HNF4a gene, the expression detected at the DE stage by quantitative PCR corresponded to
that observed in the qualitative assay for both the Overeem’s and Matakovic’s protocol. In the
Mallanna’s and STEMCELL protocols, HNF4a expression at the DE, HP and, HLC stages was
confirmed by qualitative PCR.

Regarding AFP, for the Overeem’s and Matakovic’s protocols, the qualitative PCR results did not
correspond to those obtained from quantitative analysis. In contrast, for the Mallanna’s and
STEMCELL protocols, qualitative PCR did not detect expression at the DE stage but confirmed
expression at the HP and HLC stages.
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Figure 4.22. Analysis of hepatic genes by qualitative PCR and RT - PCR. The figure displays, for each protocol, the
results of the qualitative PCR and the relative mRNA expression levels of TTR, HNF4a, AFP. For the qualitative PCR,
ACTIN was used as an internal control. For RT - PCR, differentiation stages are indicated by distinct colors (orange =
iPSC, green = definitive endoderm [DE], pink = hepatic progenitors [HP], light blue = hepatocyte - like cells [HLC]).

Gene expressions were normalized on 18S and HPRT as housekeeping. Purple denotes the reference UpCyte, whose

expression level is set to 1 (positive control). Dark blue corresponds to the expression of HepG?2 cells. Yellow
corresponds to iPSC, used as negative control. Data are reported as average = SD of at least 3 biological samples.
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Regarding HNF4o expression, in the final stage of differentiation, only the STEMCELL protocol
showed a clear nuclear signal, while the other three protocols showed a faint signal, clearly nuclear

but not as well defined as in the STEMCELL protocol (Figure 4.23).

HNF4«a

OVEREEM MATAKOVIC MALLANNA STEMCELL
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Figure 4.23. Representative immunofluorescence images showing HNF4a expression across the four differentiation
protocols. The first row displays HNF4q, (green) for each protocol, while the second row shows the merged signal with
nuclear counterstaining (DAPI, blue). Images were acquired using a 3 Microscope (magnification 40X) a ZEISS LSM
900 Confocal laser scanning microscope thanks to the research group of the Medical Genetics Laboratory, led by
Professor Adamo Pio d’ Adamo, at the IRCCS Materno Infantile “Burlo Garofolo” Hospital in Trieste, Italy.

In addition, the expression levels of two bile acid transporters (BSEP and MRP2), as well as structural
proteins of interest such as E - cadherin and ZO - 1, were also evaluated on the last stage of
differentiation for all the four protocols.

Figure 4.24 represents the results for the Overeem’s protocol. Canalicular transporter BSEP localized
to the plasma membrane, even if a background signal can be observed in the cytoplasm. MRP2
displayed a diffuse intracellular pattern. The tight - junction marker ZO - 1 was confined to cell
borders, even if a background signal can be noted also for this marker. E - cadherin was likewise

restricted to the membrane.
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Figure 4.24. Representative pictures of BSEP, MRP2, ZO - 1 and E - cadherin staining for the Overeem’s protocol. The
first row displays the green signal for each marker, while the second row shows the merged signal with nuclear
counterstaining (DAPI, blue). Images were acquired using a 3 Microscope (magnification 40X) a ZEISS LSM 900
Confocal laser scanning microscope thanks to the research group of the Medical Genetics Laboratory, led by Professor
Adamo Pio d’Adamo, at the IRCCS Materno Infantile “Burlo Garofolo” Hospital in Trieste, Italy.
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In Matakovic’s protocol (Figure 4.25), BSEP localized to the membrane, while MRP2 exhibited a
diffuse and nonspecific distribution. ZO - 1 delineated intercellular border, and E - cadherin likewise

restricted to the membrane.
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Figure 4.25. Representative pictures of BSEP, MRP2, ZO - 1 and E - cadherin staining for the Matakovic’s protocol.
The first row displays the green signal for each marker, while the second row shows the merged signal with nuclear
counterstaining (DAPI, blue). Images were acquired using a 3 Microscope (magnification 40X) a ZEISS LSM 900

Confocal laser scanning microscope thanks to the research group of the Medical Genetics Laboratory, led by Professor
Adamo Pio d’Adamo, at the IRCCS Materno Infantile “Burlo Garofolo” Hospital in Trieste, Italy.

+ DAPI

Figure 4.26 represents the results for the Mallanna’s protocol. BSEP localized both to the membrane
and to the nuclei, with a clear nonspecific signal. MRP2 showed a diffuse, nonspecific, intracellular
pattern. ZO - 1 was clearly membrane - associated at junctions, while E - cadherin was detected at

the membrane with additional cytoplasmic signal.
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Figure 4.26. Representative pictures of BSEP, MRP2, ZO - 1 and E - cadherin staining for the Mallanna’s protocol. The
first row displays the green signal for each marker, while the second row shows the merged signal with nuclear
counterstaining (DAPI, blue). Images were acquired using a 3 Microscope (magnification 40X) a ZEISS LSM 900
Confocal laser scanning microscope thanks to the research group of the Medical Genetics Laboratory, led by Professor
Adamo Pio d’Adamo, at the IRCCS Materno Infantile “Burlo Garofolo” Hospital in Trieste, Italy.

In STEMCELL protocol (Figure 4.27), BSEP showed a widespread punctate pattern, with clear
overlap with the nuclei. MRP2 staining was diffuse. ZO - 1 localized to the membrane, and E -

cadherin was also membrane - restricted.
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Figure 4.27. Representative pictures of BSEP, MRP2, ZO - 1 and E - cadherin staining for the STEMCELL protocol.
The first row displays the green signal for each marker, while the second row shows the merged signal with nuclear
counterstaining (DAPI, blue). Images were acquired using a 3 Microscope (magnification 40X) a ZEISS LSM 900

Confocal laser scanning microscope thanks to the research group of the Medical Genetics Laboratory, led by Professor

Adamo Pio d’Adamo, at the IRCCS Materno Infantile “Burlo Garofolo” Hospital in Trieste, Italy.

Considering the other markers analzyed in the final differentiation stage, the strongest expression of
BSEP marker was observed in the Overeem’s and Matakovic’s protocols. In contrast, for the MRP2
marker, the Mallanna’s and STEMCELL protocols showed no overlap with the nuclei. The membrane
markers ZO - 1 and E - cadherin were correctly expressed in all four protocols, although a slight

background signal was detected in the Overeem’s and Matakovic’s HLCs.

4.3.5. Albumin Release

The culture media collected from the final two differentiation stages (HP and HLC), as well as from
HepG2 and UpCiyte cells, were analyzed using ELISA kit to assess the release, and consequently the

production, of albumin, a key functional marker of hepatocytes. Results are shown in Figure 4.28.
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Figure 4.28. Albumin concentration (ng/mL) released into the culture medium by HP (pink) and HLC (light — blue)
cells across all four protocols. For comparison, albumin release is also reported for the HepG2 cell line (blue) and the
UpCyte cell line (purple). Data are reported as average = SD of at least 3 biological samples.

Albumin release by the HepG2 cell line exceeded 6 500 ng/mL, whereas UpCyte cells exhibited a
fivefold higher release, surpassing 32 000 ng/mL. Among the differentiation protocols, the HLC stage
of both the Mallanna protocol (> 5 500 ng/mL) and the STEMCELL protocol (> 1 500 ng/mL)
displayed substantial albumin release, approaching the levels observed in HepG2 cells. In contrast,
both the HP and HLC stages of the Overeem’s and Matakovic’s protocols yielded markedly lower

albumin release compared with the other two protocols and with the HepG2 and UpCiyte cell lines.

A comparative analysis of albumin release into the culture medium and ALB gene expression revealed
several marked discrepancies. First, despite the minimal albumin release observed in the Matakovic’s
and Overeem’s protocols (both at the HP and HLC stages), no detectable ALB gene expression was
measured. In the Mallanna’s protocol, ALB expression was lower at the HP stage compared with the
HLC stage, a trend consistent with the corresponding albumin release (Figure 4.28). Although
UpCyte cells exhibited a higher albumin release compared with HepG2 cells, their ALB mRNA

expression levels were lower than those observed in HepG2 cells.
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4.4. 2D and 3D Cultures from Rat Primary Adult Hepatocytes

4.4.1. Liver Perfusion and Hepatocytes Isolation

The points we identified as crucial for achieving good efficiency, along with the main improvements

introduced, are:

e age and weight of the animal

e cannulation

e perfusion and digestion solutions
e swelling

e centrifugation and hepatocytes isolation

The age and body weight of the animals (250 - 300 g, corresponding to 10 - 12 weeks) are critical
determinants of surgical efficiency, since in older animals increased adiposity hampers the exposures

of the inferior vena cava due to the excessive accumulation of abdominal fat tissue.

The accumulation of solutions in extrahepatic vessels can result in suboptimal liver perfusion. This
issue may arise from the cannulation step and can be exacerbated by excessive flow velocity within
the blood vessels. Furthermore, when the PV is cannulated upstream of the splenic vein branching,

part of the perfusion solution may be diverted to the pancreatic region, leading to fluid accumulation.

The prepared in - house perfusion and digestion solutions proved to be suboptimal if compared with
the commercial products. In particular, collagenase type IV displayed high instability and poor
efficiency during the procedure, resulting in a low yield of viable hepatocyte. The reduced enzymatic
activity was confirmed by insufficient liver digestion, as the organ remained structurally intact and
lacked the expected “mushy” consistency. The use of the Liver Perfusion and Digestion solutions
markedly improved solution stability and procedural efficiency compared to the homemade
preparation. Accurate control of the two perfusion steps is critical. The initial perfusion step is
essential to remove residual blood, clots, and soluble molecules, while also chelating Ca?* ions
involved in cell - cell and cell - matrix junctions, thereby promoting their dissociation. The subsequent
digestion step, employing collagenase, is required to degrade the extracellular matrix (ECM) collagen

and facilitate hepatocytes release.
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Adequate tissue swelling facilitates the distribution of solutions throughout the hepatic vasculature,

thereby enhancing collagen digestion and promoting efficient hepatocytes release.

Centrifugation speed and duration were optimized in accordance with established protocols. During
the first differential centrifugation step, hepatocytes sedimented to the bottom of the tube, whereas
other cell populations (stellate cells, Kupfter cells, and others) remained in the supernatant. This
separation relies on differences in cell density, which enables hepatocytes to pellet while non -
parenchymal cells remain suspended. Using this approach, an average yield of approximately 50
million viable hepatocytes was obtained. The procedure requires high precision and accuracy,
particularly during the cannulation step. Moreover, the large volumes of solutions perfused

necessitate an extended perfusion time.

4.4.2. 2D Primary Hepatocytes Culture and Characterization

Following primary hepatocytes isolation (see Methods, subchapter 3.5.2.), cells were seeded onto
collagen type VI pre - coated multi - well plates.
Three key features were assessed at different time points during culture:

e morphological changes monitored by phase - contrast microscopy

e cell viability determined by Trypan Blue exclusion

e expression of hepatocyte - specific genes analyzed by qRT - PCR.

It is well established that primary hepatocytes progressively lose their characteristic morphology and

hepatic functions and cannot be maintained in culture for extended periods.
As shown in Figure 4.29, morphological alterations became particularly evident after day 2 of culture,

with a complete change from an initial cuboidal shape at day 0, to a hexagonal shape at day 1, finally

to a fibroblast - like morphology at day 2.

121



Results

Figure 4.29. Hepatocyte morphology at day 0 (A), day 1 (B), day 2 (C), day 3 (D), day 4 (E), day 5 (F). Picture
magnification: 20X.

Cell viability was assessed by Trypan Blue testing in hepatocytes collected from day 0 to day 5
(Figure 4.30). Viability was 94% immediately after isolation (day 0) but declined dramatically to
49.5% on day 1 (SD % 12.7), to 45.2% (SD % 18.2) on day 2, and 33.5% (SD % 0.77) on day 3.
Viability further declined to 16.9% (SD £ 5.4) on day 4 and reached 9.1% (SD + 0.38) by day 5. This
trend was consistent with the observed loss of typical morphology (Figure 4.29).
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Figure 4.30. Percentage of hepatocyte viability shown at day 0, 1, 2, 3, 4, and 5 of in vitro culture. Day 0 is considered
as 100%. Results are reported as average + SD of 3 different experiments.

Primary Hepatocvtes Characterization

Based on the progressive loss of morphology and viability, RNA was extracted at days 0, 1, 2, and 3
of in vitro culture to evaluate the mRNA expression of hepatocyte - specific genes. Isolated
hepatocytes prior to plating (day 0) exhibited high mRNA expression of hepatic marker genes, as
assessed by RT - qPCR (Albumin - 1 [ALB - 1]; Phosphoenolpyruvate carboxykinase 1 [PCK1];
Keratin 18 [KRT18]; ATP Binding Cassette Subfamily D Member3 [ABCD3]; Serpin [SERPIN];
Tryptophan 2,3 - dioxygenase [TDO2]). These markers were selected to further assess hepatocyte
functionality and liver — specific processes. PCK1 encodes phosphoenolpyruvate carboxykinase 1,
the rate — limiting enzyme in gluconeogenesis, converting oxaloacetate to phosphoenolpyruvate.
KRT18 encodes keratin 18, a marker of epithelial cell death, with serum levels reflecting hepatocyte
damage. ABCD3 mediates the transport of dicarboxylic acids into peroxisomes, contributing to lipid
metabolism. TDO2 encodes tryptophan 2,3 - dioxygenase, a liver - enriched enzyme that regulates
energy homeostasis and tryptophan metabolism. Together, these markers provide complementary

information on hepatic identity, metabolic functionality, and liver - specific physiological processes.
All analyzed genes displayed a time - dependent decrease in expression, with a marked reduction

already evident at day 1 of culture. These expression profiles reflect the progressive loss of function

and viability of primary hepatocytes over time (Figure 4.31).
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Figure 4.31. mRNA expression of hepatic markers measured by RT - qPCR in primary hepatocytes. Data were
normalized to 3 - actin and GAPDH (housekeeping genes) and are expressed relative to primary hepatocytes collected
prior to plating (day 0, set as 1). Values are presented as mean + SD from at least three independent experiments (*** p

- value <0.001).

The inability to maintain primary hepatocytes in culture beyond two days prompted the search for
an alternative long - term culture system capable of sustaining hepatocytes for extended periods. A

suitable model for this purpose is represented by adult Hep - Orgs.

4.4.3. 3D Culture from Rat Primary Adult Hepatocytes (Hep - Orgs)

Rat hepatocytes were embedded in Matrigel to promote Hep - Orgs formation and cultured in
optimized medium supplemented with cytokines to stimulate hepatocyte proliferation and prevent
apoptosis, as detailed in the Methods. Cell density was intentionally kept low to provide hepatocytes

with sufficient space for growth, and to enable direct visualization of organoid development. Primary
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hepatocytes underwent cell division during the first days of culture (Figure 4.32). At day 0, Hep -
Orgs measured approximately 30 um; by day 2, their size had nearly doubled, highlighting a growth
trend that persisted until day 15 (33.08 um at day 1; 64,86 um at day 2; 45.06 um at day 5; 55.19 um
at day 7; 51.93 um at day 10; and 62.90 um at day 15). In terms of morphology, Hep - Orgs were

spherical at day 1 but progressively acquired the characteristic “bunch - of - grapes” shape, typical of

hepatic organoids, in the subsequent days.

Figure 4.32. Phase - contrast images of rat hepatic organoids at different culture time points: dayl, 2, 5, 7, 10, and 15.
Images acquired at 20X magnification. Scale bar in pm (76).

To assess the proliferative capacity of rat hepatic organoids, an EdU assay was performed at day 15
(Figure 4.33). Hoechst staining, however, revealed a predominance of single cells rather than
organized Hep - Orgs. Despite the relatively low EdU incorporation, proliferative hepatocytes (green
cells) were still detected. In contrast to 2D - cultured hepatocytes, Hep - Orgs remained viable and

exhibited proliferative activity at day 15, highlighting their potential for long - term culture.
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HOECHST EdU MERGE

Figure 4.33. EAU incorporation assay of rat hepatic organoids at day 15 (Hoechst, EQU, Merge). Images were acquired
at 20X magnification using a Leica DFC490 fluorescence microscope.

4.5. 3D Culture from Mouse Primary Adult Hepatocytes

4.5.1. Liver Perfusion and Primary Hepatocytes Isolation

Once the procedure was well established in the rat model, it was then adapted for use in mice.
Preliminary observations suggested that mice possess a greater potential for Hep - Orgs formation
compared to rats. However, the surgical procedure in mice presents considerable challenges due to
the animal’s smaller size. Although the overall surgical approach was similar, several modifications
were implemented to account for the differences in size and anatomy.

The first major adjustment involved cannulation of the inferior vena cava (IVC). Despite its small
diameter, the IVC in mice is comparatively larger and more accessible than the portal vein. In this
adaptation, the PV was clamped to induce hepatic swelling. Given the reduced vessel dimension in
mice, the perfusion flow rate was adjusted, with the pump’s maximum speed set at 4 mL/min.
Additionally, the volumes of both perfusion and digestion solutions were decreased, resulting in a

shorter overall procedure time.

Based on our experience, the critical factors determining the success of the procedure are the
achievement of adequate hepatic swelling, essential for proper liver perfusion and optimal yield, and
the strict adherence to perfusion and digestion timings, which must be precisely followed to obtain

reliable results.

The average hepatocyte yield obtained from the liver of a mouse weighing approximately 25 - 30 g

was in the range of 20 to 58 million cells.
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4.5.2. Mouse Hep - Orgs Culture

Phase - contrast microscopy

Hep - Orgs growth was monitored over time, and organoid dimensions were measured
microscopically. During the initial days of culture, primary hepatocytes exhibited a spherical
morphology with diameters of approximately 40 - 50 um (Figure 4.34, panel A). As culture
progressed, Hep - Orgs typically underwent a morphological transition from a simple spherical form
to a characteristic “grape - like” structure. Notably, by day 21, Hep - Orgs reached diameters of
approximately 125 um, and by day 38, they attained ~ 175 um, displaying the typical “bunch - of -

grapes” morphology. Hep - Orgs were maintained in culture for 63 days.
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Figure 4.34. Phase - contrast images of Hep - Orgs growth over time (images acquired at 20X magnification;
dimension indicated in pm). Hep - Orgs were passaged at 14 - 20 days of culture without complete disaggregation, and
after 28 - 30 days following disaggregation into single hepatocytes.

The first passage was typically performed after 14 - 20 days in culture, without complete
disaggregation of the organoids. By contrast, at the second passage (28 - 30 days), organoids were
enzymatically dissociated into single hepatocytes. This step was essential, as cells located within the
organoid core have reduced exposure to both the culture medium and intercellular interactions,

leading to accumulation of dead cells; dissociation helps to remove these cells and restore optimal
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growth conditions. In addition, it is also important to replace the matrix composing the droplets, as
its instability may contribute to suboptimal organoid growth.
Considering Figure 4.34, it should be noted that the growth analysis represents a general trend, as no

automated system was available to track the growth of individual organoids over time.

Hep - Orgs Passaging

As underlined before, Hep - Orgs passaging is critical because after approximately 14 days, cells
typically reach confluence, and the extracellular matrix may become compromised. It is essential to
maintain Hep - Orgs within an intact matrix droplet, free of cell debris and dead cells, which tend to
accumulate within the droplet, thereby compromising the stability of the droplet itself. Since the
matrix appeared heavily contaminated, displaying abundant dead cells, cellular debris, and aggregates
of residual matrix, to enhance passaging efficiency, it was crucial to disrupt the matrix droplets
immediately after enzyme addition. This was achieved by repeated pipetting, which facilitated
enzyme accessibility and droplet dissociation. In addition, it was clear that shorter centrifugation
times improved cell viability, increased Hep - Orgs recovery, and promoted the removal of debris and
dead cells. Another important factor to consider is the residual presence of Dispase following
passaging, which can induce further matrix degradation. For this reason, it is important to wash in the

correct way the Hep - Orgs during passaging.

4.5.3. Mouse Hep - Orgs Characterization

EdU Proliferation Assay

This assay was conducted to assess the replicative activity of Hep - Orgs after 34 days of culture. This
approach enables the evaluation of the proliferation rate of organoid - forming cells that are actively
engaged in the replicative phase, and it allows also to observe the typical grape - like morphology of

Hep - Orgs.

The obtained results demonstrated that the Hep - Orgs are capable of maintaining both their

morphological characteristics and their proliferative capacity for over one month.

Due to the differential accessibility of organoid - forming cells to the culture medium, cells located
at the periphery of the organoids exhibited higher incorporation of EAU and Hoechst, as shown in
Figure 4.35.
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It is well known that the lumen of organoids predominantly contains dead cells that accumulate and

cannot be cleared, except through mechanical disruption and reseeding of the organoids.

HOECHST EdU MERGE

10X

20X

Figure 4.35. EdU cell proliferation assay at day 34 of Hep-Orgs culture. The first column shows the Hoechst staining,
the second column shows the proliferating cells in green (EdU incorporation), and the last column shows the merged
images. Picture magnification 10X (first row) and 20X (second row). Images acquired using a Leica DFC490
fluorescent microscope. This experimental part of the project was carried out by Dr. Davide Selvestrel of the Advanced
Disease Models Group, led by Professor Giovanni Sorrentino, at the International Centre for Genetic Engineering and
Biotechnology (ICGEB) in Trieste, Italy.

Mouse Albumin ELISA Assay

Among their diverse functions, hepatocytes are specifically responsible for albumin production.
Albumin is a carrier protein involved in the transport of lipophilic molecules, such as bilirubin, fatty
acids, and hormones, into the bloodstream. Hepatocytes secrete albumin into the culture medium,

where it can be detected by immunoassays.

According to literature, Hep - Orgs are able to preserve the mature functional activities of primary
hepatocytes. To evaluate the functional activity of the model, an ELISA albumin assay was
performed. Culture medium was collected on days 15, 30, 45, and 55 of Hep - Orgs growth to quantify

albumin secretion.

As shown in Figure 4.36, the overall trend revealed a progressive increase in albumin production over

time, followed by a plateau phase between days 45 and 55. At day 15, albumin secretion was relatively
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low, but it increased substantially by day 30 and continued to increase until day 45, after which it

stabilized. This albumin production pattern was consistent with the growth dynamics observed in Hep
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Figure 4.36. Albumin concentration (ng/mL) released into the culture medium by Hep - Orgs at different time points of
in vitro growth. Data are presented as mean + SD from at least three independent experiments.

Hepatic markers expression

To characterize Hep - Orgs, immunofluorescence staining was performed for Hepatocyte Nuclear
Factor 4 alpha (HNF4a), a nuclear transcription factor essential for liver development, function, and

metabolism. A subset of nuclei showed positive staining for HNF4a.. Organoids were stained also for

Phalloidin and DAPI (as shown in Figure 4.37).

DAPI Phalloidin HNF4a Merge

Figure 4.37. Staining for DAPI, Phalloidin, and HNF4a on the obtained Hep - Orgs. Magnification 40X. This
experimental part of the project was carried out by Dr. Davide Selvestrel of the Advanced Disease Models Group, led
by Professor Giovanni Sorrentino, at the International Centre for Genetic Engineering and Biotechnology (ICGEB) in

Trieste, Italy. Images were acquired with a ZEISS - LSM - 880 Confocal microscope.
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HNF4a is known as a regulator of the expression of multiple genes, including HNF41a, and plays a
critical role in the development and function of the liver, kidney, and intestine. The expression of this
hepatic marker was also assessed by RT - PCR and compared with its expression in primary

hepatocytes (used as a positive control). A reduced expression level was observed in Hep - Orgs

(Figure 4.38).
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Figure 4.38. Analysis of HNF4a gene by RT - PCR in primary hepatocytes and Hep - Orgs. Data were normalized to 3
- actin and GAPDH (housekeeping genes). Primary hepatocytes are considered as positive control (expression = 1).
Data are reported as average = SD of at least 3 biological samples.

4.5.4. Hep - Orgs as a Model of Drug - induced Cholestasis

4.5.4.1. Effects on Biliary Function and Bile Canaliculi Structure

To assess whether this model was suitable for studying cholestasis, we induced the pathology using
a specific pharmacological agent and subsequently investigated bile acid transport capacity by
evaluating bile canaliculi morphology through the 5 (6) - carboxyfluorescein diacetate (CDFDA)
assay. Intrahepatic cholestasis was induced in Hep - Orgs by treatment with Cyclosporine A (CsA) at
10 uM for 24 hours or 50 uM for 4 hours. Following CsA exposure, biliary excretion was assessed
using CDFDA (0.5 uM for 2 hours), and CDFDA clearance was analyzed with a Nikon A1 MP

microscope (Figure 4.39).
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CTRL (DMSO) CsA (10 zM) CTRL (DMSO) CsA (50 uM)

Figure 4.39. Comparison of CDFDA accumulation was performed between Csa - treated Hep - Orgs (10 uM and 50
puM) and DMSO controls. CDFDA clearance was subsequently assessed using a Nikon A1 MP microscope with the
support of Prof. Gabriele Baj (Department of Life Sciences, University of Trieste, Italy).

The effect of CsA treatment was also assessed by examining morphological alterations in the bile
canalicular structure and the cytoskeleton of Hep - Orgs. Specifically, staining of zonula occludens -
1 (ZO - 1), a tight junction protein that co - localizes with pericanalicular F - actin, was performed on

samples treated with DMSO or 50 uM CsA for two hours (Figure 4.40).

DAPI 70 -1 Merge
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Figure 4.40. Comparison of ZO - 1 staining (in red) between CsA - treated Hep - Orgs (50 uM) and DMSO controls.
The figure shows DAPI staining (in blue, first column), ZO - 1 staining (in red, second column), and the merged images
(third column). Images were acquired with the support of Dr. Martina Conti from CNR - IOM laboratory (Trieste, Italy)

using a Leica Stellaris 5 confocal microscope (magnification 20X).

Figure 4.40 illustrates the differences between the control samples, in which the ZO - 1 signal is

virtually undetectable, and the CsA - treated Hep - Orgs. In the treated organoids, a clear canalicular
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constriction is observed, highlighted by a pronounced ZO - 1 signal (indicated by yellow arrows)

particularly evident at the junctions between adjacent cells within the organoids.

Subsequently, using Hep - Orgs treated under the same conditions, the effect of CsA treatment on the
cytoskeleton was assessed, specifically through F - actin staining. In addition, a further

characterization of the hepatic marker HNF4a was performed on the analyzed samples (Figure 4.41).

DAPI Phalloidin HNF4a Merge
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Figure 4.41. Comparison of F - actin staining was performed between CsA - treated Hep - Orgs (50 uM) and DMSO
controls. The figure shows DAPI staining (in blue, first column), F - actin staining (in green, second column), HNF4a
staining (in red, third column), and the merged images (fourth column). Images were acquired using a ZEISS Apotome

3 Microscope (magnification 20X) with the support of Dr. Davide Selvestrel from the Advanced Disease Models Group,
led by Professor Giovanni Sorrentino, at the International Centre for Genetic Engineering and Biotechnology (ICGEB)
in Trieste, Italy.

These results indicate that CsA treatment leads to a disrupted F - actin distribution, resulting in
canalicular constriction. This effect is evident (Figure 4.41) from the increased green signal observed
in treated samples, which is specifically localized at the cell junctions, compared to the controls.
HNF4a staining facilitates the visualization of cell nuclei and, importantly, helps to distinguish which
organoid samples are composed of multiple hepatocyte - like cells, as opposed to other structures
present within the droplets (e.g. single hepatocytes) that do not exhibit the same level of hepatic

maturation.
Taken together, these findings indicate that CsA treatment of Hep - Orgs induces bile canalicular

constriction (as also demonstrated by the assay evaluating dichlorofluorescein efflux), accompanied

by alterations in ZO - 1 localization and pericanalicular F - actin organization.
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4.5.4.2. Effects on ER and Oxidative Stress

The effect of CsA on endoplasmic reticulum (ER) stress was further assessed by RT - PCR in Hep -
Orgs treated with DMSO (control) and Hep - Orgs exposed to 50 uM CsA. The analysis focused on
the expression of C/EBP Homologous Protein (CHOP) and Glucose - regulated Protein 78 (GRP78S).
The first protein works as a transcription factor and it is activated through the PERK - elF2a - ATF4
pathway, being overexpressed under apoptotic conditions of chronic or unresolved ER stress. The
second protein is a molecular chaperone that acts as a central regulator of the unfolded protein
response (UPR), promoting usually cell survival upon accumulation of misfolded proteins.

This analysis revealed that gene expression levels of both markers were increased in Hep - Orgs
treated with CsA compared to DMSO - treated controls, with CHOP expression elevated by
approximately two - fold (Figure 4.42).
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Figure 4.42. Analysis of CHOP (teal blue) and GRP78 (green) gene expression by RT - PCR in Hep - Orgs treated with
DMSO (control) and Hep - Orgs treated with CsA. Data were normalized to f - actin and GAPDH (housekeeping
genes). Data are reported as average = SD of at least 3 biological samples.

In addition, also the effect of CsA on oxidative stress was assessed by RT - PCR in Hep - Orgs treated
with DMSO (control) and Hep - Orgs exposed to 50 uM CsA. The analysis focused on the expression
of Nuclear Factor Erythroid 2 - Related Factor (NRF2) gene, known as an important player in
maintaining cellular redox balance and protecting against oxidative damage.

Figure 4.43 shows the result of the gene expression analysis, underlying an increase in the expression

of this gene in the 50 uM CsA - treated Hep - Orgs.
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Figure 4.43. Analysis of NRF2 gene expression by RT - PCR in Hep - Orgs treated with DMSO (control) and Hep -
Orgs treated with 50 uM CsA. Data were normalized to f3 - actin and GAPDH (housekeeping genes). Data are reported
as average + SD of at least 3 biological samples.
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S. DISCUSSION

The aim of this thesis was to establish and characterize two complementary models for the
investigation of liver diseases: a 2D human - derived system and a 3D murine - derived system. The
rationale behind this dual approach is to provide, on one hand, a patient - specific platform (2D model)
tailored to the genetic background of the original donor, and on the other hand, a standardized
comparative tool (3D model) capable of elucidating the molecular mechanisms underlying different

pathologies.

The discussion will follow the same thematic order as the results section, maintaining a

correspondence between the respective subchapters.

5.1. PTEC Isolation and Culture from Urine: Protocol Improvements

(Step 1)

With regard to the 2D model, the starting point was Step 1 of the protocol developed in this work.
The primary objective was to achieve efficient isolation of urinary proximal tubular epithelial cells
(PTEC) from samples obtained from healthy donors, followed by their successful plating.

During the development of this protocol, several challenges were encountered in the isolation of
PTEC from both female and male donor samples, primarily attributable to gender - and donor -
specificity as well as to the timing of sample processing after collection. As described in the Methods
section and further illustrated in the Results, starting from the protocol established by Zhou (40) and

introducing specific modifications, we achieved a final yield of 40% £ 20%.

The first major issue encountered during sample preservation and subsequent plating was the frequent
occurrence of bacterial and fungal contamination. To address this problem, antibiotics (Penicillin -
Streptomycin and Gentamicin) and antifungal (Amphotericin B) agents were added to the urine
samples, thereby limiting microbial proliferation during the storage period.

Given the evidence from literature (77) that the use of antibiotics in cell culture can induce genomic
alterations in gene expression and regulation, particular caution was exercised during the culture of

PTEC. Since these cells were intended for experiments involving dedifferentiation into iPSC and
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reprogramming into hepatocytes, we sought to minimize antibiotic exposure by either avoiding their
use altogether or, when deemed indispensable, applying them only at low concentrations (P/S 1%,

Gentamicin 0,5%).

The initial decision to preserve samples for 24 hours prior to plating was driven by practical
constraints commonly associated with patient - derived specimens, which are typically collected in
clinical settings and require transport over long distances. Conversely, for healthy donors located near
the laboratory, as in the present study, such logistical barriers are absent, making processing within 4
hours of collection both feasible and preferable. Notably, prolonged (24 hours) preservation markedly
reduces cell viability and adhesion efficiency, ultimately lowering culture yields.

Indeed, from the earliest attempts to establish this protocol, it became evident that plating within 4
hours of collection substantially improved yield compared to a 24 - hour preservation period.
Specifically, 4 hours preservation followed by plating resulted in a total yield of 53%, compared with
the 21% of the 24 hours preservation. Nonetheless, the relatively high standard deviation (48%)
highlighted considerable variability across samples, suggesting that while shorter preservation
improves overall efficiency, additional biological and technical factors likely contribute to the
heterogeneity of outcomes. This observation underscored the need for further optimization of pre -
analytical conditions to enhance reproducibility and robustness.

According to the EFLM European Urinalysis Guidelines (78), urine specimens can be categorized
into random urine (a portion of single voided urine without specification of volume, time of day, or
patient preparation), first morning urine (the specimen collected immediately after overnight bed rest
and before breakfast or other activities), and second morning urine (a specimen collected 2 - 4 hours
after the first morning void). Both the quantity and quality of urine samples are highly variable and
strongly influence the success rate of PTEC culture establishment. Notably, urine specimens collected
within the first 4 hours after waking up, thus corresponding to the third category described above,

tended to yield the most successful PTEC establishment (79).

As previously outlined, two major issues emerged during this initial phase. The first was donor -
specific variability, reflected in differences in the adhesion efficiency of PTEC across individuals.
The second was related to gender - associated differences, with male - derived samples exhibiting

higher adhesion efficiency compared to those obtained from female donors.
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To investigate donor - related specificity, strip test analysis was performed on the samples at the time
of collection. Among the parameters evaluated, we observed that samples with a pH > 7 displayed a
higher percentage of cell adhesion.

It was noticed that samples with a neutral to mildly basic pH were exhibiting greater urinary cell
adhesion after sample storage at 4°C. However, this effect was observed in male samples but not in
female ones, suggesting the involvement of additional variables for this gender.

To counteract the physiologically acidic nature of urine during 24 - hour storage, phosphate buftfer
was added immediately after collection, thereby reducing the detrimental effects of low pH on urinary

cell survival.

Although the literature has not extensively highlighted substantial differences between female and
male samples (40), in our experience the higher proportion of squamous cells in female urine, which
compete with PTEC for adhesion, rendered the PTEC culture particularly challenging compared with
male samples. The use of 20 um strainers proved effective in isolating urinary cells, as these were
able to pass through the filters while squamous cells and other impurities were retained. Most notably,
the use of the strainer enabled the isolation of PTEC from samples that, without it, failed to show any

cell adhesion or growth.

The combined use of these two approaches led to a modest improvement in the overall process yield,
which increased from 21% to 25%. Notably, a pronounced effect was observed in female samples,
where urinary cell adhesion rose from 6% to 26%. In contrast, male samples exhibited a reduction,
with adhesion decreasing from 37% to 25%. These findings are supported by the lower standard
deviation observed, indicating reduced variability and more heterogeneous data. Despite these gender

- related differences, the final yield was comparable between groups.

After recognizing the importance of gender and donor - specific influences, the protocol
modifications were applied to samples plated within 4 hours of collection.

Since the use of 20 pum filters were found to reduce yield in male samples, their application was
restricted to female samples, whereas the use of buffer was extended to all samples.

These protocol modifications ultimately enabled the establishment of a standardized procedure,
comprising 4 - hour preservation at 4°C in the presence of antibiotics and antifungals, buffer
supplementation to stabilize sample pH during storage, and the selective use of 20 um cell filters for
female samples, which together resulted in an overall yield of 40% =+ 20%. While this yield remains

relatively modest, the most critical outcome is that PTEC were successfully obtained from all donors
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included in the study. This finding indicates that, despite inherent variability and some limitations in
efficiency, the finalized procedure achieved a sufficient level of robustness to ensure reproducibility

across diverse donor backgrounds.

The rationale underlying our decision to analyse specific parameters using the strips, and
consequently to employ phosphate buffer to achieve pH values that enhance cell adhesion, was to
identify one or more factors that could be modulated in a non - invasive manner and rapidly controlled
prior to cell plating. Indeed, additional elements — such as inter - donor variability in the expression
of adhesion molecules (e.g. fig — h3 (80) and cadherins (81)) or differences in hormonal status (82)
(83) between male and female patients — may substantially contribute to variability in PTEC isolation
efficiency. However, in our opinion, these factors cannot be readily assessed or modified in a non -
invasive way before plating. Therefore, our approach focused on experimentally controllable
parameters that could partially mitigate inter - experimental variability despite the inherent limitations
in biological replication.

The most relevant outcome was the successful isolation of PTEC from all healthy donors included in

the study, which supports and underscores the validity of the modified isolation protocol employed.

Once PTEC colonies were obtained, they were characterized in terms of epithelial and renal marker
expression. The results presented in this thesis are consistent with those reported by Zhou et al. (84),
in which the epithelial markers Claudin - 1 and E - cadherin, the renal markers NR3C2 and LICAM,
and the fibroblast marker SLUG were assessed. Similarly to that study, multiple urine - derived cell
samples were analyzed here to obtain a broader overview and an averaged expression profile of
epithelial and renal markers. Although the levels of renal marker expression were lower than those
reported by Zhou, particularly for LICAM, the molecular analysis of PTECs confirmed their
epithelial - renal identity.

In addition to the molecular characterization, the results of the immunofluorescence experiments
provided a deeper understanding of the cellular architecture of PTEC. Specifically, F - actin staining
highlighted the morphology of individual cells (Field 1, Figure 4.11) and colonies (Field 2, Figure
4.11), corroborating previously reported findings (84). In contrast, ZO - 1 staining in isolated PTEC
exhibited a weaker signal compared to that described in the literature, a result most likely attributable

to technical factors, particularly the specific antibody employed.
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5.2. iPSC Generation from PTEC and Their Subsequent Culture (Step
2)

The literature indicates that induced - pluripotent stem cells have been generated from patient through
the reprogramming of fibroblasts, peripheral blood mononuclear cells and other sources (79) (85).

It is well established that iPSC derived from distinct somatic sources exhibit variable differentiation
propensities, largely attributable to the residual epigenetic memory retained from the donor cells (84)
(86). Importantly, urine - derived cells constitute an attractive somatic source for iPSC generation
owing a good reprogramming efficiency (39). In this context, urine sample collection provided a non
- invasive source of somatic cells from both healthy controls and affected individuals. For this project,
a lentiviral system was employed to generate iPSC from PTEC, following the protocol described by

Zhou et al. and by Overeem et al. (40) (68) with the modification of using alternative plasmids.

The generation of iPSC colonies requires extensive genetic and epigenetic remodelling, a process that
is both prolonged and variable. Such variability can markedly influence reprogramming efficiency
and may explain, at least in part, the differences in the yields that can be observed across different
experiments. In particular, based on our experience (data not shown), the ratio between urinary cell
number and viral load represents a critical determinant of reprogramming success. A low number of
plated PTEC used for transduction resulted in suboptimal outcomes, underscoring the importance of
carefully optimizing cell density and viral dosage to maximize reprogramming efficiency and
minimize cellular stress during iPSC generation. When evaluating the transduction efficiency
obtained in this study (around 45%) and comparing it with the value reported by Zhou et al. (40)
(100% GFP - positive cells 72 h post - transduction), it can be inferred that the efficiency of
transduction is strongly influenced by the specific plasmids employed and by the procedural
approach, as the present protocol utilized plasmids different from those used by Zhou. Moreover,
differences in cell types as well as donor - dependent variability must be considered. The latter
appeared particularly relevant in our experiments since iPSC were not obtained from all the donors
(data not shown), indicating that intrinsic donor - dependent factors play a crucial role in determining
reprogramming outcomes. The variability observed is unlikely to be explained by differences in viral
membrane permeability, but rather by distinct reprogramming competence across donor cells. Several
intrinsic barriers, such as the epigenetic configuration of the somatic cell, are known to restrict

reprogramming efficiency and the generation of high - quality iPSC (87).
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Moreover, technical variables, including the quality of plasmids used for the HEK293T transfection,
may further contribute to inconsistencies in reprogramming efficiency (7).

It has also to be considered that PTEC can be cryopreserved in liquid nitrogen for extended periods;
however, post - thaw variability is not always optimal, as a fraction of the recovered cells fail to
maintain a fully healthy state. This condition appears to directly influence iPSC generation efficiency,
since successfully reprogramming was observed only when morphologically healthy PTEC were
employed. Comparable limitations were also detected with freshly established PTEC colonies, as not

all colonies exhibited optimal viability.

After the appearance and subsequent expansion of iPSC clones, their validation was addressed
through a molecular assessment of pluripotency markers by PCR. These markers were employed as
a reference parameter for the comparison of the four protocols under evaluation and the results will

be discussed in detail in subchapter 5.3.

Given the results obtained in this specific step of the protocol, in line with recent studies on iPSC
derived from PTEC (79) and with the recommendations provided by STEMCELL Technologies (88),
the need for a more comprehensive characterization of both the generated PTEC populations and the
final hPSC clones became evident. Such extended characterization is expected to provide a more
robust evaluation of the derived cell lines and will be pursued in the forthcoming stages of the study.
Robust and standardized procedures, as recommended by International Stem Cell Banking Initiative
(ISCBI) and International Society for Stem Cell Research (ISSCR) (89), are crucial to mitigate
variability and quality concerns in hPSC research. Such practices enable rigorous quality control,
reducing risks of contamination, genetic drift, and functional inconsistencies, thereby enhancing data

reliability, experimental reproducibility, and translational potential of stem cell - based applications.

As a future step of this protocol, the project will establish a structured cell banking system to ensure
the quality, consistency, and reproducibility of hPSC research. The creation of a cell bank represents
a critical step in this process, as it provides a stable, quality — controlled source of cells that enhances
experimental rigor and supports reproducibility across studies. Two distinct cell banks will be
developed: one for PTEC and one for iPSC. An [nitial PTEC cell bank will be created and
progressively expanded to generate a Reference bank, which will undergo comprehensive
characterization (including karyotyping, STR profiling, RNA sequencing, markers analysis, and
mycoplasma testing). These characterized PTEC will serve as the source material for iPSC

generation. Subsequently, a Master cell bank of iPSC will be established, thoroughly characterized
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for genomic stability, pluripotency, and differentiation potential. From the Master cell bank, a
Working cell bank will be derived to provide standardized, well - characterized cell stocks for future

experimental applications.

In addition to the importance of PTEC and iPSC characterization, during validation of iPSC derived
via lentiviral methods, particularly using a reprogramming plasmid that includes a tdTomato reporter,
a significant concern has been observed: the persistence of Yamanaka - factors gene expression in
these iPSC (See Results, subchapter 4.2.1.). This residual expression raises issues, because such
factors, if not fully silenced or removed, may hamper the capacity of iPSC to commit to hepatic
lineages with the fidelity and efficiency required for downstream differentiation.

A parallel can be drawn to the work of Kuehle et al. (90), who addressed a similar problem in murine
iPSC systems. In their study, a lentiviral vector carrying the reprogramming cassette (including
tdTomato linked to Yamanaka factors) was engineered with Flp recognition target (FRT) sites within
the long terminal repeats (LTRs). After reprogramming, they used Flp recombinase to excise the
reprogramming cassette, thereby generating “factor - free” iPSC. Importantly, these authors observed
that following excision, the residual LTR element allowed for lineage tracing, while reduction of
transgene copy number and decreased transgene expression improved the epigenetic and functional
profile of the iPSC lines.

In line with the approach described by Kuehle et al. (90), a potential solution to the issue observed in
the iPSC generated at this stage of the protocol could involve the use of Flp recombinase to target the
FRT sites integrated within these cells. This strategy would allow the excision of both the tdTomato
reporter and the Yamanaka factor, thereby reducing residual transgene expression and potentially
enhancing the efficiency of hepatic differentiation. Furthermore, excision of the reprogramming
cassette may facilitate restoration of normal epigenetic regulation, reducing the risk of aberrant gene
silencing in differentiated progeny.

In summary, we think that residual expression of Yamanaka factors represents a significant limitation
for hepatic differentiation of iPSC; however, the strategy involving FRT - mediated cassette excision
via Flp recombinase offers a feasible route to generate factor - free iPSC with enhanced safety and

differentiation potential.

This limitation associated with the use of lentiviral vectors simultaneously raises the broader question
of adopting alternative reprogramming strategies. In particular, as highlighted in studies reporting the
generation of iPSC from PTEC (79), one promising approach to consider is the use of Sendai virus -

based systems.
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The Sendai virus represents a powerful tool for iPSC generation, as it avoids genomic integration due
to the absence of a DNA phase. It ensures efficient delivery of Yamanaka factors, with Fusaki et al.
(91) reporting nearly 100% transduction efficiency in fibroblasts even at low Multiplicity of Infection
(MOI). Its broad tropism, mediate by binding to sialic acid on cell - surface glycoproteins, and the
sustained expression of reprogramming factors achieved through viral RNA polymerase following a

single transduction, further underscore its advantages over integrative systems (92).

Looking ahead, alongside the through characterization of the generated iPSC and the establishment
of a PTEC and iPSC biobank, the use of Sendai virus is proposed as an alternative strategy for
reprogramming PTEC. While this method offers clear advantages in terms of safety and efficiency,
its significantly higher cost compared to lentiviral approaches remains an important factor to weigh

when considering its broader implementation.

5.3. iPSC Differentiation into Hepatocytes - Protocol Comparison (Step
3)

Over the last ten years, numerous strategies have been devised to promote the differentiation of
human induced pluripotent stem cells into hepatocyte - like cells in vitro. These include the ectopic
expression of key hepatic transcription factors via viral vectors (27), supplementation with growth
factors (93), exposure to small molecules (94), as well as protocols that combine both approaches to
mimic the major signalling cascades governing embryonic liver development (95). The establishment
of in vitro liver disease models using human iPSC - derived HLCs has proven successful, enabling a
deeper understanding of disease pathophysiology and facilitating the development of novel
therapeutic strategies (13).

Despite these advances, generating fully functional hepatocytes through directed differentiation
remains a substantial challenge (32). Although hepatocyte - like cells (HLCs) can be obtained with
these methods, the overall efficiency, reproducibility, and robustness of differentiation remain
suboptimal. Furthermore, the differentiated cell populations often display considerable heterogeneity,
with cells representing varying maturation states and, at times, off - target phenotypes. This variability
raises important concerns regarding their reliability and utility in downstream biomedical applications
(13).

Thus, the establishment of a differentiation platform that yields hepatocytes with high efficiency,
uniformity, reproducibility and mature hepatic features is of critical importance for the advancement

of this field.
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In this project, four approaches to hepatocytes differentiation, derived from established strategies,
were developed, and the resulting hepatocytes - like cells (HLCs) were evaluated both phenotypically
and functionally at four distinct stages of the differentiation process (iPSC, Definitive Endoderm,
Hepatic Progenitors, and Hepatocyte - like cells). The HLCs were characterized in terms of cellular
morphology, hepatic gene expression assessed at the molecular level and by immunofluorescence, as
well as functional activity through measurement of albumin secretion. Of note, one of these protocols,
provided by STEMCELL Technologies (72), is commercially available and, to date, has been
validated exclusively through data reported in a poster presentation
(https://cdn.stemcell.com/media/files/scientificposter/SP00283 Efficient Generation of Functiona
lly Relevant hPSC Derived Hepatocytes and Liver Organoids for Hepatotoxicity and Liver

Biology Modeling.pdf ), an aspect that makes the comparative analysis carried out in this thesis

particularly noteworthy.

As previously noted, it is important to consider that the persistent expression of Yamanaka factors in
the iPSC used for differentiation may have compromised their ability to undergo efficient induction
into hepatocytes, with potential consequences on cellular morphology, hepatic maturation, and

functional performance.

When considering a general comparison among the protocols, based on protocol duration, the culture
medium employed, the coating applied, and the initial number of cells, different observations can be
made.

Coating constitutes a critical factor for iPSC culture, as it ensures proper cell adhesion and provides
essential extracellular cues for the maintenance of pluripotency. In hepatocyte differentiation
protocols, the choice of coating significantly affects the efficiency of the process by modulating both
cell survival and functional maturation.

With regard to the first two protocols, both developed by the same research group, the Overeem
protocol involves an initial coating with vitronectin, which does not present practical challenges (68).
In contrast, the Matakovic, Mallanna, STEMCELL protocols, and the Overeem protocol in the second
part, employ hESC - qualified Matrigel as a coating, which requires greater technical care.
Specifically, based on our experience, it is crucial to adhere to the timing necessary for the coating
stabilization, to carefully control the temperature at which the plates are maintained, and to perform

visual inspection to ensure a homogeneous distribution.
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An additional variable that proved decisive in differentiating the outcomes of the tested protocols was
the initial cell seeding strategy. The Mallanna and STEMCELL protocols, which rely on initiating
induction from a confluent monolayer, facilitated robust expansion but simultaneously introduced a
confounding factor: the excessive proliferation resulted in a substantial proportion of cell death during
subsequent differentiation stages. This dynamic raises the possibility that part of the reduced
efficiency observed in these protocols may stem not only from intrinsic features of the induction steps
but also from the stress associated with overconfluence and cell turnover.

Conversely, the Overeem and Matakovic protocols, which begin with single - cell iPSC plating,
confronted the opposite challenge. The technical difficulty of achieving sufficient numbers to
establish a stable monolayer likely compromised reproducibility and efficiency. In this respect, the
requirement for single - cell seeding, while theoretically advantageous for uniform induction, appears
to expose the system to greater variability and technical fragility, particularly when scaling up or
attempting repeated trials.

Equally, significant was the role of the culture support. The markedly improved cell growth observed
in larger well formats (e.g. 2 - well ibidi® chambers) compared to smaller - well supports suggests
that physical parameter such as available surface area and meniscus effects are not merely practical
considerations but may actively influence cell behaviour. This highlights how methodological details,
often considered secondary, can critically shape experimental outcomes and potentially confound the
interpretation of protocol efficiency.

Taken together, these observations suggest that differences in initial cell number, seeding strategy,
and culture support may account for at least part of the variability between protocols. Thus, the
relative success or failure of a given differentiation method cannot be attributed solely to the defined
biochemical cues but must also be understood considering the underlying technical framework within

which these cues are applied.

Based on the comparative analysis of the four protocols, the most evident differences concern both
the duration of individual differentiation steps and the specific media formulations and supplementary
factors employed. A closer comparison reveals that the majority of the key signalling molecules
employed, such as Activin A, BMP4, FGF2, HGF, B27, and Oncostatin M, are largely conserved
across methods. While the variations in timing and composition clearly shape the trajectory of
differentiation, they also underscore a broader point: protocols that rely on investigator - prepared
media (such as those of Overeem, Matakovic, and Mallanna) are inherently more susceptible to
operator - dependent variability. Small inconsistencies in the preparation or handling of growth

factors and supplements can have a measurable impact on reproducibility and final outcomes. By
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contrast, the STEMCELL protocol, although less transparent in terms of composition, mitigates this
limitation by relying entirely on standardized commercial media. This characteristic reduces the
potential for technical variability between experiments and operators, thereby ensuring higher
reproducibility at the expense of reduced flexibility, and mechanistic insight into the role of individual
components.

Another important difference among the protocols concerns the approaches used to promote
hepatocyte polarization. In the Overeem, Matakovic, and Mallanna protocols, Oncostatin M (OSM)
is incorporated into the final maturation medium. OSM, a member of the interleukin - 6 family of
cytokines, has been widely reported to play a key role in hepatocyte maturation, particularly in the
induction of functional polarization, bile canalicular formation, and the establishment of apical -
basolateral domains through gp130 - mediated signalling pathways (96). By contrast, the composition
of the commercial STEMCELL medium remains undisclosed, making it impossible to ascertain
whether OSM is present.

Beyond cytokine supplementation, further methodological differences are evident. Both the Overeem
and Matakovic protocols include a Matrigel overlay during the final days of differentiation, a step
intended to mimic extracellular matrix cues and thereby reinforce cytoskeletal organization and tight
junction assembly. The combination of suitable factors such as OSM with structural support provided
by Matrigel has been shown to synergistically enhance the acquisition of hepatocyte polarity and
functional competence (30) (97).

Collectively, in our opinion, these observations suggest that protocol performance is governed less
by “which factors” are used than by how and when they are applied, the degree of standardization in
media formulation, and whether the culture system supplies the biophysical context required for

stable hepatocyte polarity.

Indeed, despite the use of a matrix such as Matrigel for overlay formation and the supplementation
of the culture media with Oncostatin M, the HLCs generated through the experimental protocols
under analysis lack key in vivo characteristics, including cellular polarity, as further confirmed by z -

stack analyses of HLCs performed with confocal microscopy by our collaborators (data not shown).

Protocol - dependent morphological differences emerged despite shared differentiation cues. The
primary divergence arises at seeding: Overeem and Matakovic begin from single iPSC, whereas
Mallanna and STEMCELL start from confluent monolayers, the latter showing more cell death during
differentiation. At definitive endoderm, all protocols yield polygonal cells; Overeem shows adhesion

differences consistent with vitronectin versus Matrigel coating. At the hepatic - progenitor stage,
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Matakovic displays a more pronounced nuclear - to - cytoplasmic ratio, while monolayer - derived
protocols show signs of over proliferation but otherwise comparable morphology. By the final stage,
Mallanna and STEMCELL converge on a polygonal monolayer, Matakovic presents larger cytoplasm
with binucleation (hepatocyte hallmark), and Overeem shows focal multilayering. Collectively, these
features indicate that initial seeding strategy and substrate choice shape downstream morphological

outcomes despite shared factor regimens.

Importantly, because cross - protocol comparison cannot rest only on cellular morphology, which
offers an incomplete and potentially misleading readout, gene - expression profiling was undertaken

to enable a more rigorous assessment.

The aim of analyzing the pluripotency - associated genes SOX2, OCT3/4, and NANOG was to
confirm that, starting from the initial stage of differentiation and progressing toward the HLC stage,
their expression would progressively decline and ultimately be absent at the terminal stages. The
obtained results demonstrate that, with the exception of the persistent SOX2 expression observed in
the Matakovic protocol, all three pluripotency markers exhibited a consistent downregulation pattern
across the different differentiation strategies. In addition, the expression of OCT3/4 was further
investigated through immunofluorescence assays, which confirmed its absence at the HLC stage.

The persistence of SOX2 for one specific protocol may therefore reflect a protocol - specific
limitation, possibly related to suboptimal signalling cues or insufficient epigenetic remodelling
required for full expression of the pluripotency network. At the same time, previous studies have
shown that SOX2 can persist or be regulated differently compared to OCT3/4 and NANOG, which
may account for its divergent expression pattern in this specific protocol relative to the others (98).
Nevertheless, it is important to consider the broader issue of residual expression of Yamanaka factors

in these iPSC, which may in turn influence their differentiation potential.

When examining the expression of hepatic genes, particularly ASGR2, SERPINA1, ALBUMIN, and
APOF, marked differences emerged among the protocols. The absence of ASGR2, SERPINAI, and
ALBUMIN expression in the Overeem and Matakovic protocols strongly suggests that these
strategies do not support the acquisition of mature hepatic features, given the central role of these
genes in hepatocyte identity and function. Interestingly, APOF expression was detectable in both
protocols, at levels lower than HepG2 but higher than the UpCyte control, indicating that partial
activation of lipid metabolism - related pathways can occur even in the absence of broader hepatic

maturation. In contrast, the Mallanna and STEMCELL protocols generated HLCs with robust
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expression of all four genes, underscoring their superior capacity to drive functional hepatocyte - like
phenotypes. The divergence between protocols highlights how critical gene networks may remain
silenced or insufficiently activated depending on the differentiation strategy employed. This not only
points to protocol - specific limitations, but also raises concerns regarding the functional competence
of HLCs lacking key markers such as albumin, which is widely regarded as a benchmark of
hepatocyte maturity (99). Regarding the expression of APOF in qualitative PCR, the absence of
detectable amplification across all analyzed protocols, despite its expression being observed in
quantitative PCR, suggests a potential issue related to the primer used in the qualitative assay.

When assessing albumin secretion into the culture medium by HPs and HLCs, the overall data
indicate a general concordance between transcriptional and functional readouts. Specifically, the
Overeem and Matakovic protocols showed both low ALB transcript levels and reduced albumin
secretion, whereas the Mallanna and STEMCEL protocols displayed higher expression levels
accompanied by increased secretion. Among the protocols tested, Mallanna and STEMCELL
demonstrated the most robust functionality in terms of albumin production, further supporting their

superiority in promoting hepatocyte - like phenotypes.

When evaluating the expression of the second group of hepatic genes (TTR, HNF4a, and AFP),
heterogeneous trends were again observed across protocols. In the case of the Overeem protocol, the
final HLC exhibited low levels of TTR expression, although still higher than the positive control,
together with an absence of HNF4a expression and progressively decreasing trend of AFP. Since
TTR encodes one of the three pre - albumins, its reduced expression in HLC compared to the HP
stage may reflect differential regulation of pre - albumin synthesis at distinct stages of hepatic
differentiation. The lack of HNF4a expression is particularly critical, as this transcription factor is
hepatocyte - specific and plays a central role in establishing and maintaining hepatic identity; its
absence at the HLC stage therefore indicates incomplete maturation within this protocol (100). A
more detailed consideration regarding AFP expression will be addressed later in this section.

A comparable gene expression trend was also observed for the Matakovic protocol.

In contrast, the Mallanna and STEMCELL protocols exhibited a distinct profile, characterized by
markedly higher expression levels of both TTR and HNF4 relative to the other two protocols. This
pattern strongly suggests that these protocols support a more advanced degree of hepatic maturation
at the HLC stage. Of particular importance is the induction of HNF4, which was clearly detectable at
both the HP and HLC stages and progressively increased compared to the preceding DE stage.

In our opinion, these divergent outcomes among protocols may be attributable to differences in the

molecular cues and culture conditions employed. For instance, variations in growth factor
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supplementation, signalling pathway modulation, or timing of differentiation steps could
differentially influence the activation of hepatic transcriptional networks Such protocol - dependent
disparities underscore the critical importance of optimizing differentiation strategies to achieve

functionally competent HLC.

With respect to AFP expression, all the analyzed protocols exhibited detectable levels, particularly in
the HP and HLC stages. This expression, which was especially pronounced in the Mallanna and
STEMCELL protocols, was further examined in the context of existing literature to determine
whether it should be interpreted as a negative indicator of hepatocyte immaturity or as a positive
marker of active cellular regeneration. While AFP is typically expressed during early human fetal
development, several studies have also highlighted its relevance in stem cell research and regenerative
medicine. In fact, following birth, the regulatory mechanisms controlling AFP expression undergo a
developmental shift, with AFP enhancers, active during fetal stage, becoming repressed and
redirected toward sustaining albumin transcription throughout adulthood. Notably, AFP
overexpression has been reported in models of partial hepatectomy, where it was transiently induced
for several days in proliferating hepatocytes, as well as in hepatocytes undergoing mitosis following
chemically induced liver injury (101) (102) (103). The observation that the Mallanna and
STEMCELL protocols, which also proved superior in terms of global gene expression profiles,
display high AFP levels could therefore be interpreted positively, reflecting the regenerative potential

of this protein rather than merely an indication of incomplete maturation.

Overall, for this group of genes as well, the Mallanna and STEMCELL protocols appear to
outperform the Overeem and Matakovic approaches, further supporting their superiority in promoting

hepatic maturation.

5.3.1. Limitations and Future Perspectives of the iPSC - derived HLC Model

Our findings are consistent with recent studies focusing on HLC research. As highlighted in the
literature, the identification of morphological, phenotypic, and functional characteristics is essential
for the reliable generation of functionally mature HLCs from iPSC. Although numerous studies have
investigated protocols for HLC differentiation, there is currently no standardized method for their
evaluation (104). Despite the challenges associated with their culture, including technical complexity,

limited maintenance over time, and the need for invasive isolation procedures, primary human
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hepatocytes (PHHs) remain the reference standard. For this reason, commercially available cell lines
such as UpCyte® cells may represent a valid alternative for use as controls.

Among the key parameters used to assess HLC validity, morphological features are particularly
relevant. As previously discussed, differentiated HLCs typically display polygonal shapes and an
increased nucleus - to - cytoplasm ratio, reflecting their progression toward a hepatocyte - like
phenotype. In addition, the expression of hepatocyte - specific genes and proteins is routinely
examined, as we did, through immunofluorescence staining and quantitative real - time PCR.
Notably, iPSC - derived HLCs currently resemble fetal hepatocytes, likely corresponding to a
developmental stage between the late first trimester and adulthood. This developmental immaturity
is reflected in their functional profile: HLC express fetal markers such as AFP (assessed in our
protocols) and CYP3A7, whereas the expression levels of adult - specific CYP enzymes, including
CYP3A4, remain significantly lower compared to primary hepatocytes (105). In addition, HLCs are
currently insufficiently mature to be employed in transplantation contexts, either as an intermediate
or permanent alternative to orthotopic liver transplantation, due to their limited functional capacity
and lack of cellular homogeneity (104). These observations collectively highlight the current
limitations in achieving fully mature and functional HLCs in vitro, as further confirmed by our
protocol comparison, which did not identify HLCs displaying characteristics fully consistent with
those of primary hepatocytes.

To date, most disease models have focused on either acquired metabolic disorders, such as MAFLD
and MASH, or inherited metabolic diseases, including al - antitrypsin deficiency and Wilson’s
diseases. Some models have also been extended to infectious diseases, such as malaria and hepatitis.
In general, inherited disorders that primarily affect a single cell type are easier to model, as HLCs
alone are sufficient to reproduce key pathological features and to evaluate candidate drugs for their
ability to reverse or mitigate the disease phenotype. Nevertheless, although they have demonstrated
expected responses to known drugs and toxins, their current level of functional maturity and
consistency is insufficient to support the reliable screening of novel compounds without additional

independent validation (104).

Considering our work, future directions for this 2D differentiation approach will include repeating all
protocols starting from the same urine - derived iPSC colonies treated with flippase to address the
issues related to persistent Yamanaka factor and tdTomato expression; implementing additional
functional assays, such as cytochrome activity and bile acid metabolism, to obtain a clearer

assessment of which strategy most effectively yields mature induced hepatocytes; and further
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optimizing the Mallanna and STEMCELL protocols, for instance by introducing a Matrigel overlay

to enhance cellular polarization.

Starting from the premise that the primary objective of this study was not to establish a novel
differentiation protocol for generating HLCs, but rather to compare existing protocols in order to
identify the most effective one, it is evident that several refinements could be introduced based on
recent advances in the field. In particular, the use of Laminin521 as a coating substrate should be
considered in future protocols, given its demonstrated ability to better support the formation of biliary
tubular structures. This approach is also incorporated in commercial differentiation kits, such as those
from STEMCELL Technologies, alongside Matrigel. Similarly, the implementation of transwell
systems could enhance both basal and apical molecular uptake and secretion, thereby enabling HLC
metabolic activity to more closely mimic physiological conditions.

Another important aspect to consider is the establishment of co - culture systems with other relevant
cell types, potentially in combination with 3D culture platforms. Such approaches may facilitate the
development of more complex in vitro liver models capable of more accurately recapitulating the
hepatic microenvironment, thereby improving their applicability for disease modelling and
therapeutic testing (105) (104).

Furthermore, recent efforts by various research groups have led to the development of online tools.
Such as HLCompR (106), which enable the comparison of specific pathways and provide a deeper
understanding of different HLC models and differentiation protocols. HLCompR allows researchers
to examine the expression of individual genes or entire gene sets of interest to select the most suitable

HLC model.

Within the framework of personalized medicine, particularly for genetically defined forms of PFIC
as well as for cases of unknown cholestasis (where pathogenic mechanisms require further
elucidation), and drug - induced cholestasis, non - invasively derived HLC models from urine
represent a promising and highly adaptable tool. Notably, this approach could be applied to PFIC6 to
investigate the localization of the bile salt export pump (BSEP) and its relationship with MYOS5B
mutations. For PFIC6 specifically, five reported case studies have examined this link between
MYOS5B variants and BSEP trafficking: three describe disrupted apical BSEP localization associated
with MYOS5B defects (107) (108) (109), whereas two report preserved BSEP positioning despite
pathogenic mutations (110) (111). These discrepancies highlight the need for reliable in vitro systems
capable of recapitulating hepatocyte architecture, apical - basal polarity, and bile canalicular function,

while remaining feasible for repeated derivation from patients. In this context, HLC generated from
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PTEC offer a powerful platform for mechanistic studies and therapeutic testing. Their suitability for
functional assays, including the assessment of bile acid transporter expression and activity, make
them particularly advantageous. Overall, such non - invasive patient - specific models have the
potential to advance precision diagnostics and unravel pathogenic pathways in both genetically

characterized and yet - undefined cholestatic diseases.

Nevertheless, given the intrinsic limitations of conventional two - dimensional systems, the study of
hepatic diseases requires reliable three - dimensional models that more accurately recapitulate liver
architecture and function. Such organotypic models, including Hep - Orgs, represent a frontier for
personalized medicine and enable long - term hepatocyte culture. The success of this technique relies
on the availability of viable primary hepatocytes, which in turn depends on efficient liver perfusion
and isolation procedures. Although technically demanding and prone to pitfalls such as
contamination, suboptimal digestion, or reduced cell viability, when properly performed, these
standardized protocols ensure high - quality hepatocytes with preserved integrity and functionality,

which are essential for downstream applications (76).

5.4. 2D and 3D Cultures from Rat Primary Adult Hepatocytes

The present study focused on the generation of Hep - Orgs from adult hepatocytes, following the
methodology described by Peng and colleagues (63).

For the development of Hep - Orgs cultures, primary hepatocytes (PHs) were obtained through the
establishment of a liver perfusion procedure in rats. During the planning phase, the PREPARE
guidelines (112) (Topic A1) checklist was carefully considered. Particular attention was devoted to
reviewing relevant literature, comparing previous protocols, and establishing contact with some of
the original authors. The use of Hep - Orgs itself represent a refinement strategy, as they can be kept
in culture for up to seven months, thus contributing to the reduction of animal numbers (112) (Topic
A3). An experienced technician was selected to perform the procedure, minimizing the use of surplus

animals (112) (Topic BS).

Among the most recent publications describing rat liver perfusion are those of Ng (113) and Shen
(73). However, the present protocol addresses aspects not covered in those works, particularly the use
of commercial solutions and the optimization of precise cannulation to ensure efficient in situ liver
perfusion and digestion. Unlike the mentioned protocols, which employed home - prepared solutions,

the present protocol relies on commercial perfusion and digestion buffers, reducing the variability in
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buffer preparation, increasing reproducibility, and avoiding the use of excessive digestive enzymes
that can compromise hepatocyte viability and quality. Furthermore, whereas the protocol of Ng (113)
requires removal of the liver prior to digestion, the current method performs perfusion and digestion

with the liver in situ.

Complete drying of tubing after ethanol treatment, followed by washing with medium, was essential,
since even minimal ethanol injection into the liver results in immediate hepatocyte death. The
temperature of the perfusion and digestion solutions was also critical. The perfusion buffer was pre -
warmed to 42°C prior to surgery, whereas the digestion buffer was placed in the warming bath only
during the perfusion step, in order to preserve collagenase activity. The addition of a bubble trap

upstream of the catheter prevented air bubbles from entering the liver during perfusion (113).

Appropriate buffer composition, perfusion pressure, and flow rate are essential (113).

Since hepatocyte adhesion is calcium - dependent (73), the perfusion buffer consisted of a calcium -
free solution containing EDTA to disrupt calcium bridges between cells, thereby facilitating blood
clearance. Perfusion for 8 - 15 minutes at 10 mL/min was necessary to achieve effective EDTA

penetration; inadequate perfusion resulted in incomplete digestion.

The digestion buffer contained calcium, as collagenase activity is calcium - dependent. For the
commercial digestion buffer employed, perfusion was maintained for 15 minutes at a minimum flow
rate of 20 mL/min, corresponding to 300 mL in total. Incomplete digestion resulted in persistent cell
- cell junctions, causing mechanical stress and reduced viability during subsequent dissociation.
Gradual increase of the flow rate minimized cellular stress. Transient clamping of the inferior vena
cava, which induced liver swelling, significantly enhanced digestion efficiency and cell yield. At the
end of the process, the liver acquired a soft, light - brown appearance. Subsequent washing of the
isolated liver in PBS supplemented with 3% penicillin/streptomycin reduced microbial load and

minimized the risk of contamination during downstream procedures.

During hepatocyte isolation under sterile conditions, the use of 25 mL serological pipettes preserved
cell viability compared to smaller pipettes. An additional step was introduced to increase primary
hepatocytes yield: after the release of cells from the digested liver and subsequent filtration, William’s
complete medium was poured over the remaining tissue to repeat the scraping step under the hood.
This facilitated further recovery of cells from the liver capsule. However, the application of excessive

pressure during filtration was found to negatively affect cell viability (114).
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This surgical and liver perfusion procedure was initially established in the rat model rather than in
the mouse, as the larger size of the animal facilitated the technical steps. The protocol enabled the
isolation of primary hepatocytes, which were subsequently plated into two - dimensional culture;
however, these cells exhibited a progressive loss of morphology, function, and expression of hepatic
markers (Results subchapter 4.4.2.). For this reason, the culture of Hep - Orgs was pursued. Hep -
Orgs were maintained in culture for nearly 15 days, although no evident growth was observed beyond

day 5, as confirmed also by the EAU assay performed on day 15 (Results subchapter 4.4.3.).

For these reasons, the study was extended to the mouse model, which appears to exhibit a greater

potential for Hep - Orgs formation compared with the rat.

5.5. 3D Culture from Mouse Primary Adult Hepatocytes

The surgical procedure in mice proved technically challenging due to the small size of the animals.
Following methodological refinements, we achieved a high yield of viable primary hepatocytes,
which enabled the establishment of three - dimensional Hep - Orgs cultures. /n vitro culture of Hep -
Orgs was successfully developed, displaying robust proliferation from the earliest stages and adopting
a grape - like morphology, consistent with the observations reported by Peng et al. (63).

The Hep - Orgs demonstrated sustained growth and long - term expansion, remaining viable in culture
for over two months. At 14 days of culture, RT - qPCR analysis confirmed the expression of hepatic
marker genes. Hep - Orgs maintained their morphological integrity and exhibited a high proliferative
capacity for more than one month, as evidenced by EdU incorporation assay. Luce et al. confirm that
one of the key functional features to be assessed in order to establish the validity of the organoid
model is the ability of the organoids themselves to produce albumin (49). The Hep - Orgs under
investigation secreted high levels of albumin into the culture medium, indicating preserved functional
activity. Albumin release increased progressively between day 14 and day 30, and remained stable

thereafter, correlating with Hep - Orgs growth dynamics.

According to Luce et al. (49), HNF4a represents one of the most relevant hepatic transcription factors
being essential for the establishment of hepatocyte identity and functional maturation. In this study,
immunofluorescence analysis revealed that HNF4o expression in Hep - Orgs was mainly restricted
to the nuclei of peripheral cells within the organoid (Figure 4.37). This spatially confined pattern,

also described in literature, suggests that only a subset of cells acquires a more defined hepatic
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identity, while the inner cell populations may remain in a less differentiated state. In addition, it is
well known that cells located in the inner region of non - vascularized hepatic organoids undergo
necrotic degeneration once a critical size threshold is exceeded, primarily due to limited access to
oxygen and essential nutrients (115). At the molecular level, although HNF4a gene expression was
found to be more than twofold lower compared to primary hepatocytes, it is important to note that
primary hepatocytes, while representing the gold standard for modelling liver physiology and disease,
can typically be maintained in culture for no longer than approximately five days. This limited
viability constitutes a major constraint when compared with the long - term stability and functional
persistence exhibited by Hep - Orgs. Importantly, the Hep - Orgs generated in this study exhibited a
robust secretion of albumin into the culture medium, which represents a key functional feature of

hepatocytes.

Taken together, these findings underscore the need for further optimization of differentiation
protocols, potentially through the incorporation of supportive cell types (e.g., stellate cells, Kupffer
cells, endothelial cells), microfluidic systems, or biochemical cues that better mimic the native liver
niche. Addressing these limitations will be essential to enhance the physiological relevance of hepatic

organoids for disease modelling, drug testing, and regenerative applications (53).

5.5.1. Hep - Orgs as a Model of Drug - induced Cholestasis

To assess whether this model could be suitable for the study of cholestatic liver diseases, the
previously described 3D system was complemented with functional assays, specifically focusing on
the study of biliary function. Cyclosporine A (CsA) has been reported to act as a competitive inhibitor
of substrate transport mediated by the bile salt export pump (BSEP), multidrug resistance protein 2
(MRP2), and P - glycoprotein (P - gp) at the canalicular membrane (116) (117). Dichlorofluorescein
(CDFDA) is commonly employed to visualize biliary canaliculi, taking advantage of the fact that,
once internalized by the cells, intracellular esterases deacetylate the compound, leading to the
formation of the oxidized product DCF, which exhibits strong fluorescence (118).

Regarding this part of the project, a dichlorofluorescein assay was employed, combined with the
administration of CsA to evaluate potential differences between control organoids (treated with
DMSO), and drug - treated organoids. For this specific assay, previously described established
protocols for hepatic organoid models (118), which employed other compounds (most notably,
troglitazone), were taken in consideration to induce bile flow impairment. The accumulation of

fluorescent marker reported in these literature models, in particular in the biliary cysts, was likewise

155



Discussion

observed in the Hep - Orgs under investigation, thereby supporting the potential of this model for the

study of diseases characterized by alteration in bile flow (subchapter 4.5.3.1).

In Hep - Orgs treated with 50 uM CsA, we observed clear structural alterations of the bile canaliculi,
characterized predominantly by canalicular constriction and accompanied by marked changes in
cytoskeletal organization. These effects were particularly evident from the redistribution of ZO - 1
and the remodelling of pericanalicular F - actin, as revealed by phalloidin staining. HNF4q. staining
was used exclusively as an indicator of hepatic identity, and positive expression was confirmed in the
Hep - Orgs. These findings are consistent with the results previously reported by Sharanek and
colleagues (119) (120), who investigated the effects of various cholestatic drugs on bile canaliculi. In
their studies, CsA induced a progressive constriction of the canalicular lumen, whereas other
compounds such as Fasudil, o - Naphthylisothiocyanate (ANIT), deoxycholic acid (DCA), and
Bosetan caused a pronounced dilation of bile canaliculi. Sharanek et al. further demonstrated that
these structural modifications correlated with pericanalicular F - actin remodelling and junctional
disorganization, highlighting cytoskeletal and junctional perturbations as early events in drug -

induced cholestatic injury.

In addition to visualizing the accumulation of the fluorescent probe within the biliary cysts and to
observe the modifications correlated with F - actin and ZO - 1, the perturbations induced by drug
administration were further confirmed by assessing the expression levels of the ER stress markers
CHOP and GRP78, as well as the oxidative stress marker NRF2 (Results subchapter 4.5.4.2.). These
findings are consistent with those reported by Sharanek, further supporting a mechanistic link
between CsA treatment and the induction of both oxidative and ER stress. In particular, while
Sharanek observed a rapid upregulation of ROS - related markers, including NRF2, and ER - stress
genes, including CHOP and GRP78, following CsA exposure, our data similarly demonstrate the
overexpression of NRF2 alongside CHOP and GRP78. These results, obtained in a 3D model rather
than in the 2D systems previously reported in the literature, reinforce the notion that CsA promotes

hepatocellular injury through converging oxidative and ER stress pathways (119).

It should be noted that, considering the treatment with CsA, the use of 3D hepatic organoids
introduces differences in the visualization of markers such as ZO - 1 and in the assessment of
morphological changes in F - actin, when compared to the studies by Sharanek et al., which employed
2D models (HepaRG cell line). However, the Hep - Orgs model developed in this study enables the

visualization of clear differences between treated and control samples, which will require further
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investigation through additional assays. From a practical perspective, isolating exclusively
multicellular Hep - Orgs proved challenging, as single hepatocytes and cellular debris frequently
remained present even after the washing steps included in the immunofluorescence protocol. At the
same time, the use of hepatic markers such as HNF4a enabled the specific identification of cell
aggregates that effectively corresponded to Hep - Orgs. Overall, the use of immunofluorescence in
suspension proved to be much more effective than conventional 2D immunofluorescence. In the
future, this approach will also enable the evaluation of hepatic markers and cytoskeletal components
through the analysis of organoid sections obtained by resin embedding, after appropriate protocol

optimization.

Perspectives and Applications of the Hep - Orgs Model

Peng and colleagues (63) underlined that the majority of hepatocytes exhibit limited proliferative
activity in the healthy liver, which likely contributes to the difficulty of establishing long - term
cultures from hepatocytes and other primary cell types that are inherently challenging to expand.
Their data show that the inflammatory cytokine TNFa, in combination with specific growth factor
and small molecules, enables the long - term culture of primary hepatocytes, cells that have
historically been difficult to maintain and expand in vitro, while preserving their functional
properties.

Importantly, the findings reported by literature (63) (121) strongly support the potential of this model
to recapitulate key aspects of hepatic physiology and regeneration. Indeed, in vitro expanded Hep -
Orgs maintained a broad range of liver - specific functions after long - term expansion and subsequent
induction. Notably, in our work we investigated hepatic markers expression, hepatocytes
proliferation, albumin secretion and dye excretion into bile canaliculi. Collectively, the results
presented by Peng and validated also in our Hep - Orgs model underscore the suitability of this
approach for faithfully reproducing liver - specific functional and regenerative processes in vitro,
which is crucial for the validation and application of the model in hepatic research. Notably, Kim et
al. (121) provide a further validation of this organoid model derived from primary mouse hepatocytes
as a platform for investigating diverse metabolic pathways. Primary mouse hepatocytes were isolated
by two - step collagenase and embedded in Matrigel to generate Hep - Orgs, which maintained or
increased the expression of different hepatic markers, supporting stability and maturation of hepatic
functions in 3D. In particular, they confirmed that Hep - Orgs exhibit long - term culture stability,

maintenance of hepatocyte identity, and stimulus - responsive metabolic gene expression across
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glucose, cholesterol, and ethanol conditions, supporting their validity as an in vitro surrogate for

mouse hepatocyte function, thereby paving the way for additional applications of this model.

An important aspect to highlight is that only a limited number of protocols successfully generate Hep
- Orgs from primary hepatocytes, particularly from human sources. While organoid culture systems
enable the propagation of functional adult mouse hepatocytes and human fetal hepatoblasts, their
applicability to human adult hepatocytes remains restricted. Consequently, there is a lack of strategies
that can simultaneously support the long - term expansion and preservation of adult primary
hepatocytes (PHH) functionalities. This limitation represents a significant barrier to the advancement
of human hepatocyte - based applications in regenerative medicine, drug discovery, and toxicology.
However, recent work by Igarashi et al. has led to significant improvements in the culture of hepatic
organoids (Hep - Orgs) derived from human hepatocytes. The authors optimized organoid culture
conditions that enable both the long — term expansion and the proper differentiation of primary human
hepatocytes (PHHs). The resulting hepatocyte organoids exhibit metabolic functions closely
resembling those of native PHHs. This accurate in vitro recapitulation of hepatocyte metabolism
marks a pivotal advancement in the field of functional organoid medicine. Notably, the researchers
developed a novel culture medium that promotes the efficient formation of small cystic organoids
characterized by a thick monolayer expressing hepatocyte markers such as albumin and HNF4a.
Their findings also highlight the crucial role of Oncostatin M, previously discussed in this thesis in
relation to Step 3 (2D model), in enhancing hepatocyte maturation (122). These advances not only
facilitate more human - relevant models for studying liver diseases and exploring therapeutic
strategies but also provide valuable insights and methodological cues that may be applied to Hep -
Orgs derived from mouse hepatocytes, as investigated in the present work.

From the perspective of developing donor - specific models to enable personalized studies of liver
pathologies, the use of human - derived hepatocytes to generate human hepatic organoids remains an
attractive possibility. Such an approach would allow the establishment of individualized in vitro
systems that faithfully recapitulate patient - specific liver physiology and disease mechanism.
However, the inherently invasive nature of obtaining primary human hepatocytes, typically through
liver biopsy, renders this strategy less feasible in the near term and limits its broader applicability. In
contrast, the use of animal - derived models currently represents a more practical and accessible

alternative for refining hepatic organoid systems and for preclinical translational research.

Ramli et al. (118) established human iPSC - derived hepatic organoids that preserve 3D tissue

architecture and, critically, a contiguous bile - canaliculi network, addressing the current scarcity of

158



Discussion

in vitro models capable of capturing multicellular liver organization and disease development.
Beyond this conceptual advance, their work provides a practical framework of validation assays for
hepatocyte - centric pathology, particularly cholestasis. Specifically, they implemented a
dichlorofluorescein canalicular transport assay to quantify bile flow and demonstrated troglitazone -
induced acute disruption of canalicular function. This assay is directly transferable to our platform
and informs our evaluation of whether Cyclosporine A can recapitulate canalicular dysfunction
consistent with cholestasis. In this context, the model also serves as a robust platform for determining
which pharmacologic agents most faithfully recapitulate drug - induced cholestasis within the
organoid setting. To achieve a more comprehensive validation, the assay repertoire should be
expanded to include analyses of cellular composition and structural remodelling, quantitative
measurements of cytochromes activities, and deeper molecular profiling (e.g. transcriptomic and
proteomic characterization).

The liver comprises two broad cellular compartments: parenchymal and non - parenchymal.
Parenchymal cells consist predominantly of hepatocytes (~80%) and biliary epithelial cells (bile duct
epithelial cells; BECs/cholangiocytes, (~20%), whereas the non - parenchymal compartment includes
Kupffer cells (resident macrophages), hepatic stellate cells, and liver sinusoidal endothelial cells
(LSECs). BECs mediate the collection and transport of bile acids through the biliary tree, while
hepatocytes execute nutrient and energy metabolism, xenobiotic biotransformation and
detoxification, and the synthesis of circulating proteins. In line with this, our Hep — Orgs are optimally
suited for investigating hepatocyte - centric pathologies; conversely, the interrogation of complex
multicellular disease processes is more appropriately undertaken using multicellular liver organoid
models that incorporate also non - parenchymal lineages (121).

Given the need for multiple interacting hepatic lineages to dissect molecular mechanisms and
intercellular communication in complex disorders such as fibrosis, researchers increasingly employ
iPSC - based systems. The reprogramming and directed differentiation capacity of iPSC enables the
generation of multicellular liver organoids that capture key epithelial and non - epithelial components
and their crosstalk. For example, Ramli and colleagues established hepatobiliary organoids composed
of hepatocyte - and cholangiocyte - like cells, showing preservation of physiological features,
including functional, contiguous bile ducts that were acutely disrupted by troglitazone, and
documented functional readouts (albumin, apolipoprotein B, y - glutamyl transferase, alkaline
phosphatase) alongside modelling of free - fatty - acid - induced steatosis; while lacking hepatic
stellate cells and thus not fully recapitulating fibrogenesis, this platform is well suited to interrogate

lipid accumulation and MASLD as upstream drivers of fibrosis (118).
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Ouchi et al generated multicellular human liver organoids that, following stepwise specification from
iPSC, reproduce steatosis and its downstream inflammatory and fibrotic sequences; organoids
exhibited dose - dependent lipid deposition and ballooning, Kupffer - like cell activation with TNFa
and IL - 8 upregulation, and fibrosis marked by increased a - SMA, vimentin, P3NP, collagen
deposition, and tissue stiffening (123).

Takebe and colleagues further recapitulated zonal liver architecture in vitro by modulating culture
conditions, mapping hepatoblast trajectories by RNA - seq and demonstrating functional benefit after
transplantation into rats (124).

Guan et al. used CRISPR - engineered iPSC - derived hepatic organoids to model ARPKD -
associated cholangiopathy and congenital hepatic fibrosis, revealing a multicellular composition
(hepatocyte - like cells, ductal - like cells, and bi-potential progenitor cells, as well as endothelial and
stellate - like cells) by scRNA - seq (125).

Collectively, iPSC - based multicellular organoids offer a versatile, mechanistically informative
platform to study intercellular signalling, disease initiation, and progression beyond the reach of

hepatocyte - based systems (126).
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6. CONCLUSIONS

In this study, a comprehensive workflow was developed and optimized for the generation of donor -

specific hepatocyte - like cells (HLCs) from urinary - derived proximal tubular epithelial cells (PTEC)

through induced - pluripotent stem cells (iPSC). In addition to this 2D - model, a 3D model was

developed obtaining Hep - Orgs from mouse primary hepatocytes. The main conclusions and future

research perspectives are summarized below.

Overall, regarding the 2D - model, the following conclusions can be drawn:

o Optimization of PTEC isolation:

A standardized protocol for PTEC isolation was successfully established, achieving an
overall yield of 40%

The main determinants of variability were identified as gender - specific and donor -
specific effects

The introduction of phosphate buffer (0.05 M) for pH stabilization, together with 20 um
strainers (applied selectively to female samples) markedly improved sample quality and
cell adhesion while reducing microbial contamination

Short - term processing (within 4 hours of collection) significantly enhanced viability
compared to 24 - hour storage, confirming the critical influence of pre - analytical
conditions

These optimizations enabled the isolation of PTEC from all donors, demonstrating the

robustness and reproducibility of the final workflow.

o Generation of induced - pluripotent stem cells (iPSC):

PTEC were successfully reprogrammed into iPSC using a lentiviral vector system,
yielding colonies expressing pluripotency markers

Reprogramming efficiency was influenced by cell confluence, viral load, and donor
variability, underscoring the importance of balanced cell density and viral dosage

The persistence of Yamanaka - factor expression represents a critical limitation,
potentially affecting downstream hepatic differentiation; future work will address this

through FRT - mediated excision or Sendai virus - based non - integrative reprogramming
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The establishment of dual cell banks (PTEC and iPSC), in accordance with ISSCR and
ISCBI standards, will ensure quality control, traceability, and reproducibility in

subsequent applications.

Differentiation into Hepatocyte - Like Cells (HLCs)

Four differentiation protocols (Overeem, Matakovic, Mallanna and STEMCELL) were
systematically compared in terms of duration, culture medium, coating, and initial cell
seeding strategy

Mallanna’s and STEMCELL protocols showed the most consistent outcomes, with up -
regulation of hepatic genes (ALB, ASGR2, SERPINA1, APOF, TTR, HNF4a) and higher
albumin secretion, indicating superior hepatic maturation

In contrast, Overeem’s and Matakovic’s protocols yielded less mature phenotypes with
incomplete expression of key hepatic markers

Persistent SOX2 expression and lack of cellular polarity (as confirmed by confocal
analyses) highlight ongoing challenges in achieving full hepatocyte functionality
Morphological and molecular data together emphasize that protocol performance depends
not only on biochemical cues, but also on technical parameters such as seeding density,

substrate, and well format.

Overall implications, future perspectives, and limitations

The study established a non - invasive, donor - derived cell source of iPSC generation,
offering translational potential for personalized liver disease modelling

Remaining limitations, such as incomplete hepatic polarization and residual pluripotency,
will be addressed through enhanced reprogramming fidelity, matrix optimization, and
extended maturation strategies

Collectively, the results provide a validated and scalable 2D human cell platform, forming

the basis for future 3D - modelling and patient - specific therapeutic studies.

In parallel with the establishment of the 2D human cell - based platform, a 3D murine organoid model
was developed and characterized to investigate the molecular and functional mechanisms underlying
hepatic disorders within a controlled, reproducible system. The integration of both models was
designed to enable translational comparison between individual genetic backgrounds and conserved

pathophysiological pathways. The following conclusions can be drawn:
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o Establishment and optimization of the 3D culture system

The murine 3D liver organoid system was successfully generated from primary
hepatocytes

Morphologically, organoids displayed the expected cystic and budded architecture.
Albumin secretion assay revealed functional maturation

These optimized conditions provided a robust foundation for subsequent studies.

o Assessment of the model’s suitability for studying drug - induced cholestasis

The results after CsA treatment demonstrate that the established 3D model is capable of
reproducing drug - induced hepatotoxic phenotypes, supporting its suitability for
mechanistic toxicology and preclinical drug testing.

The 3D organoid model exhibited enhanced tissue organization, polarization, and
metabolic functionality, reflecting a physiologically faithful microenvironment

However, due to its murine origin, the model is primarily suited for mechanistic and proof
- of - concept studies, serving as a complementary tool to validate and refine hypotheses

generated in the human platform.

Given the overall validity of our Hep - Orgs platform, extending its applicability to multifactorial

diseases and to conditions involving additional hepatic lineages will require the development and

optimization of multicellular organoid systems. A practical and broadly implementable approach is

the derivation of patient - specific iPSC from urine - derived cells, a non-invasive source that

facilitates repeated sampling and longitudinal study designs. Used alongside our Hep - Orgs as a

functional reference, these multicellular organoids would allow systematic study of physiological and

pathological mechanisms in both 2D hepatocyte monolayers and 3D organoids, improving

mechanistic insight and translational relevance.
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