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Abstract

The liver plays a fundamental role in maintaining homeostasis thanks to the numerous func-
tions performed by this organ. Non-inherited metabolic liver diseases, inherited metabolic
liver diseases, and liver cancers are pathological conditions affecting liver function and that
can lead to its failure. To date, for end-stage liver diseases—where the remaining hepatic
tissue is no longer capable of regenerating sufficiently rapidly—or for metabolic diseases
involving the liver, liver transplantation remains the standard and ideal therapeutic ap-
proach. However, this is limited by donor availability, surgical costs, and the tangible risk
of autoimmune rejection, which may occur at varying intervals post-surgery. Furthermore,
for the duration of their lives, transplant recipients must undergo systemic immunosup-
pressive treatment to prevent rejection; this is associated with high costs and severe side
effects, including infections and secondary malignancies. In this review, we discuss these
pathologies and how recent cell-based therapies and/or gene therapy approaches have
emerged as promising alternatives that can provide either temporary restoration of hepatic
function or long-term benefits, potentially reducing the global burden of liver disorders.

Keywords: liver diseases; cell therapy; gene therapy; inherited and non-inherited metabolic
diseases; liver fibrosis; hepatocellular carcinoma

1. Introduction

The liver is a central organ in the human body that is able to maintain systemic
homeostasis, holding the highest regenerative capacity and self-healing potential, while
playing a pivotal role in host defense against pathogens and participating as a regulator
of immune tolerance, thanks also to its anatomical structure and resident cell populations.
Parenchymal cells (hepatocytes) and non-parenchymal cells—among them Kupffer cells
(KCs), liver sinusoidal endothelial cells (LSECs), biliary epithelial cells (BECs), and other in-
trahepatic immune cells—coordinate to form a frontline against systemic inflammation and
pathogen clearance [1]. Hepatocytes contribute indirectly to immune defense by producing
acute-phase proteins and antimicrobial peptides; KCs, liver-resident macrophages, act as
phagocytes, efficiently capturing and eliminating circulating bacteria through phagocytosis,
cytokine secretion and antigen presentation. LSECs function as immunological gatekeepers,
facilitating immune cell trafficking and sensing microbial components through pattern
recognition receptors. Cholangiocytes provide the first line of defense within the biliary
tract [2]. With these functions, it is easy to notice that the failure of a dedicated cell type
leads to different pathological conditions that are now recognized in the extended field of
chronic liver diseases, which include inherited metabolic diseases (caused by defects in
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genes expressed in liver cells); non-inherited metabolic diseases, such as alcohol-associated
liver disease (ALD) and the newly named metabolic-dysfunction-associated steatotic liver
disease (MASLD); and viral hepatitis and cirrhosis [3].

Inherited metabolic liver diseases (IMLDs) account for up to one third of acute liver
failure in childhood. They are a group of more than 400 different genetic disorders specifi-
cally involving the liver with mutations reducing or preventing the organ from processing
nutrients (fats, proteins, carbohydrates) or causing toxic buildup, and often lead to liver
dysfunction, structural abnormalities, cirrhosis, or acute failure, requiring lifelong, spe-
cialized care, and in severe cases, a liver transplant (OLT) [4]. This includes the cases of
Crigler-Najjar Syndrome (CNS), alpha-1 antitrypsin deficiency (A1ATD), glycogen storage
disease type 1 (GSD-1), Wilson’s disease (WD), primary hyperoxaluria (PH) or familial
hypercholesterolemia (FH).

CNS is a very rare autosomic recessive genetic disorder caused by complete ab-
sence/inactivity (type 1, the more severe form) or partial inactivity (type 2) of the hepatic
enzyme UDP-glucuronosyltransferase 1A1 (UGT1A1l), resulting in impaired bilirubin con-
jugation and severe unconjugated hyperbilirubinemia that causes intense, permanent
jaundice starting shortly after birth and with a high risk of bilirubin encephalopathy [5].

A1ATD is a genetic disorder caused by mutations in the SERPINA1 gene that is
responsible for both the deficiency and presence of abnormal alpha-1 antitrypsin (AAT)
protein, the natural inhibitor of neutrophil elastase, that is produced during infections and
whose high presence causes damage to lung tissue, thus resulting in emphysema/chronic
obstructive pulmonary disease (COPD). The homologous ZZ mutation (Glu342Lys) causes
AAT proteins to polymerize (aggregate) inside liver cells (hepatocytes) instead of being
released into the bloodstream, triggering an injury cascade and leading to liver injury,
fibrosis, cirrhosis, and increased cancer risk [6].

GSD-1 is a rare, autosomal recessive metabolic disorder where the body cannot prop-
erly break down glycogen due to a glucose-6-phosphatase (G6Pase-«, encoded by G6PC1
gene; GSD1a, most common) deficiency or to deficiency in the transport protein glucose-6-
phosphate translocase (G6PT, encoded by SLC37A4 gene; GSD1b). It causes severe fasting
hypoglycemia, lactic acidosis and hyperlipidemia with accumulation of glycogen and fat
in the liver and kidneys with consequent hepatomegaly and nephromegaly, resulting in
the risk of renal failure and liver tumors (hepatocellular adenomas and hepatocellular
carcinoma) in the long term [7].

WD is a rare disorder caused by a mutation in the ATP7B gene, leading to excessive
copper accumulation in the liver, brain, eyes, and other tissues, causing irreversible liver
damage (cirrhosis, failure), permanent neurological issues (tremors, rigidity), psychiatric
disorders (depression, psychosis), and potential death [8].

PH is a rare metabolic disorder where the liver produces excess oxalate, leading
to calcium oxalate crystal accumulation, recurrent kidney stones, nephrocalcinosis, and
often, end-stage renal disease (ESRD). It is caused by genetic defects in liver-specific
enzymes, namely alanine-glyoxylate aminotransferase (AGXT; PH type 1, most com-
mon and severe), glyoxylate and hydroxypyruvate reductase (GRHPR; PH type 2), and
4-hydroxy-2-oxoglutarate aldolase 1 (HOGA1; PH type 3) [9,10].

FH is an autosomal dominant disorder caused primarily by inherited mutations in the
genes encoding for low-density lipoprotein receptor (LDLR; 85-90% of cases), apolipopro-
tein B-100 (APOB; 5-10% of cases), proprotein convertase subtilisin/kexin type 9 (PCSK9;
<5% of cases) or low-density lipoprotein receptor adaptor protein 1 (LDLRAP1; <1% of
cases). These mutations impair the liver’s ability to remove LDL from the blood, and as a
consequence, patients suffer from lifelong high LDL levels, and if untreated, significantly
raises the risk of premature heart disease [11].
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Self-regeneration becomes fundamental when hepatic tissue undergoes damage of
various origins that compromises its structure, and consequently, its function—as seen
in viral infections (such as hepatitis C), chronic conditions like non-alcoholic fatty liver
disease (NAFLD—now recognized as MAFLD, metabolic-dysfunction-associated fatty
liver disease), drug abuse and autoimmune responses [12]. Liver disease accounts for
approximately 2 million deaths per year worldwide, 1 million due to complications of
cirrhosis and 1 million due to viral hepatitis and hepatocellular carcinoma, with differences
arising from countries, geographical areas and depending on the availability of the methods
of assessment.

The persistence of a pathological condition—whether manifesting as acute injury
or evolving into chronic inflammation—combined with abnormal cell regeneration and
persistent tissue damage, inevitably leads to fibrosis. If left untreated, fibrosis progresses to
cirrhosis, and ultimately, liver cancer [13].

Globally, it is established that 4% of deaths are attributed to liver cirrhosis, hepatic
failure, or hepatocellular carcinoma (HCC), all of which originate from initial acute or
chronic hepatic injury that becomes irreversible over time, with the progressive loss of
metabolic capacity [14].

Acute liver failure (ALF). ALF originates from initial hepatocyte damage caused by
viral infections, toxins, or drug-induced injury, which triggers both intrinsic and extrin-
sic apoptotic pathways [15]. This primary insult compromises KC tolerance, initiating a
proinflammatory cascade that recruits systemic monocytes and neutrophils. The inter-
play between damage-associated molecular patterns (DAMPs) and pathogen-associated
molecular patterns (PAMPs) exacerbates this response, leading to secondary immune-
mediated necrosis and mitochondrial collapse [16]. As necrotic cells release further DAMPs,
a self-sustaining cycle of inflammation is established through the activation of natural
killer (NK) and natural killer T (NKT) cells and the secretion of cytokines such as tumor
necrosis factor-alpha (TNF-«) and interleukin 1-beta (IL-13). When this persistent immune
activation outweighs the liver’s regenerative capacity and clearance mechanisms, systemic
metabolic and hemodynamic instability ensues, resulting in multiorgan failure and terminal
liver dysfunction [17].

The causes of ALF vary by region: viral infections (HAV, HBV, and HEV) are the
primary drivers in low-income countries, whereas drug-induced liver injury is more preva-
lent in high-income nations [18,19]. Globally, the WHO estimates that one-third of the
population has been infected with HBV or HCV. In highly endemic, low-income regions,
HAV exposure is extremely common, affecting over 90% of children by age 10.

Acute-on-chronic liver failure (ACLF). ACLF is a distinct clinical syndrome characterized
by an abrupt, life-threatening deterioration in patients with underlying chronic liver dis-
ease or cirrhosis. Unlike traditional decompensated cirrhosis—marked by ascites, variceal
hemorrhage, or hepatic encephalopathy—ACLF is defined by the presence of concomitant
extrahepatic organ failures (OFs) and an exceptionally high short-term mortality rate, mir-
roring the severity of acute liver failure [20]. In recent decades, diagnostic criteria have
evolved significantly but still ongoing discussion exists regarding whether the precipitating
insult must be primary hepatic (e.g., viral flare, alcoholic hepatitis) or can include extra-
hepatic triggers (e.g., sepsis) [21]. The transition from compensated or decompensated
cirrhosis to ACLF is driven by an intense systemic inflammatory response. This is sustained
by circulating PAMPs and DAMPs. The subsequent multi-organ failure is attributed to a
synergistic combination of tissue hypoperfusion, mitochondrial dysfunction, and direct
immune-mediated cellular damage [22]. While alcohol and chronic viral hepatitis remain
the most prevalent underlying etiologies, nearly 50% of cases lack an identifiable precipitat-
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ing trigger. Management currently prioritizes supportive care for OF, typically within an
intensive care setting.

For those with end-stage manifestations, OLT remains the only definitive treatment,
offering favorable long-term survival in selected candidates. Emerging therapies, including
bioartificial liver support systems, granulocyte-colony-stimulating factors (G-CSF), and
mesenchymal stem cell (MSC) transplantation, are currently under investigation [23-25].
However, these modalities remain experimental and are not yet integrated into standard
clinical practice. Future research focusing on mechanistic interventions to resolve systemic
inflammation is essential to improve patient prognosis.

Liver fibrosis (LF). LF represents a pivotal pathological transition in the progression
of various chronic liver diseases (CLDs), serving as the precursor to more severe condi-
tions such as decompensated cirrhosis and HCC [1]. Characterized by a persistent and
dysregulated wound-healing response, LF involves the aberrant accumulation of intra-
hepatic fibrous tissue and a profound imbalance in the synthesis and degradation of the
extracellular matrix (ECM) [26].

While initially a dynamic and potentially reversible process, chronic hepatic insult
leads to structural and functional architectural distortion of the liver. This progression
culminates in end-stage liver disease (ESLD), associated with life-threatening complications
including hepatic encephalopathy, gastrointestinal hemorrhage, and hepatorenal syndrome.
Recent epidemiological data indicate a rising global prevalence, with advanced fibrosis
and cirrhosis affecting approximately 3.3% and 1.3% of the population, respectively—a
trend further exacerbated by the increasing incidence of metabolic dysfunction [27]. The
etiology of LF exhibits significant geographic and socioeconomic variation: in develop-
ing nations, chronic HBV infection remains the primary driver of fibrogenesis, while in
Western countries, thanks to the vaccination, MASLD, alcohol misuse and HCV are the
predominant triggers that lead to metabolic-dysfunction-associated steatohepatitis (MASH),
acknowledging that insulin resistance and systemic inflammation are central to fibrotic
progression [28]. LF is still a multi-faceted process driven by three primary interconnected
but not overlapping axes, covering hepatic stellate cell (HSC) activation, immune-mediated
signaling and oxidative stress/inflammatory cascade. HSCs are the principal effectors of
fibrogenesis: upon hepatic injury, quiescent HSCs undergo a phenotypic transformation
into activated, myofibroblast-like cells that hold increased contractility, chemotaxis, and
augmented secretion of ECM components, particularly Type I and III collagens [29]. The
fibrotic microenvironment is regulated by an intricate network of immune cells, including
monocyte-derived macrophages, dendritic cells, and NK cells, which secrete a cocktail
of potent profibrotic cytokines as tumor growth factor-beta (TGF-f3) and platelet-derived
growth factor (PDGEF), which sustain the activated state of HSCs [30]. In addition, apop-
totic hepatocytes release reactive oxygen species (ROSs) and cellular debris, which act as
DAMPs [31]. These signals directly activate KCs, the resident hepatic macrophages, which
in turn release pro-inflammatory mediators such as TNF-«, IL-1§3, and interleukin-6 (IL-6),
creating a self-perpetuating cycle of inflammation and matrix deposition [32].

However, if the damage persists, the liver reaches a “breaking point” called cirrhosis.
At this stage, the liver becomes so compromised that blood can no longer flow through it
properly. This leads to life-threatening complications like internal bleeding, kidney issues,
and hepatic encephalopathy, where the brain becomes clouded by toxins that the liver is
too damaged to filter out.

Liver cancer. Hepatocellular carcinoma (HCC) and intrahepatic cholangiocarcinoma
(iCCA) are the two main primary liver tumors, but they differ significantly in incidence,
etiology, and epidemiological trends. HCC is by far the most common form, accounting
for approximately 75-85% of primary liver tumors. iCCA is less common, accounting
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for approximately 10-15% of cases, although studies report an increased incidence of
iCCA [33,34]. HCC represents a significant global health burden, currently ranked as the
fourth leading cause of cancer-related mortality. Historically, world incidence remained
below 1%; however, recent data indicate a rising trajectory. While global variations in
HCC prevalence are primarily attributed to chronic viral hepatitis (HBV and HCV), regions
with lower viral endemicity are experiencing a demographic shift [35]. Traditionally, ALD
has been the dominant risk factor in low-viral regions. However, there is an increasing
correlation between HCC and metabolic dysfunction. Current longitudinal data suggest
that MAFLD—and its inflammatory progression, MASH—is the fastest-growing etiology
of incident liver cancer, with a 39% increase observed between 2015 and 2024. This trend is
closely linked to the rising prevalence of metabolic syndrome and Type 2 diabetes mellitus
(T2DM) [36]. MAFLD is characterized by hepatic steatosis (lipid accumulation > 5%) in the
absence of secondary causes of liver injury. Its pathophysiology is multifactorial, involving
insulin-resistance-induced oxidative stress, genetic predisposition, gut microbiome dysbio-
sis, and lifestyle factors [37]. HBV and HCV are considered the primary drivers of global
HCC mortality, accounting for 40% and 29% of deaths, respectively.

Intrahepatic cholangiocarcinoma is primarily caused by chronic inflammation of the
bile ducts and liver, often aggravated by cirrhosis, viral hepatitis (B or C), and congen-
ital anomalies such as choledochal cysts and Caroli syndrome. Significant risk factors
include exposure to chemical toxins, smoking, obesity, diabetes, metabolic syndrome, and
liver parasites [38].

Patients affected by liver diseases often look for less invasive and more accessible
treatment options. Although organ transplantation is curative for many, it is limited to a
subset of patients due to donor scarcity and challenges in donor-recipient compatibility.
In this context, cell-based therapies and/or gene therapy approaches have emerged as
promising alternatives that can provide either temporary restoration of hepatic function
or long-term benefits, potentially reducing the global burden of liver disorders. In this
review we discuss both non-inherited and inherited metabolic liver diseases and how
recent cell-based therapies and/or gene therapy approaches have emerged as promising
alternatives that can provide either temporary restoration of hepatic function or long-term
benefits, potentially reducing the global burden of liver disorders (Figure 1).

* Liver fibrosis

* Primary liver cancer

* Acute liver failure (ALF): HAV, HBV, HCV or alcohol

HBV, HEV or HBV/HCV infection * Metabolic dysfunction-
* Acute-on-chronic liver failure associated steatotic liver disease
(ACLF): Viral infection or alcohol (MASLD)
* Inherited metabolic liver disease
CNS-1, A1IATD, GSD-1, WD, PH, FH
Diseases
Therapy

Cell Therapy

Non-inherited metabolic liver diseases/cirrhosis
* Hepatocyte transplantation (temporary hepatic support)
* Mesenchymal stem cells - MSCs (inactivation of stellate cells)

/ Gene Therapy - g \
Aquired liver diseases ?(\

* Covalently Closed Circular viral DNA cccDNA ?HBVinfect/on)
* LNP with shRNA (HBV infection)

g Silencing ofECSK/(steatosis) Inherited metabolic liver diseases

* Hepatocytes transplantation (CNS-1, A1ATD, GSD-1)
* HiPSCs derived hepatocytes, corrected by gene editing (WD)
* Hepatocyets-like sheets (HB)

Inherited metabolic liver diseases — Gene Replacement
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+ Oncolytic viral therapy: Adenovirus or simplex virus
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Figure 1. Cell and gene therapy strategies for the management of liver diseases.
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2. Cell Therapy

Cell therapy for non-inherited metabolic liver disease. Liver disease can be categorized
into three main groups: non-inherited metabolic liver diseases, inherited metabolic liver
diseases, and liver cancers. Each category presents unique pathophysiology mechanisms,
clinical manifestations, and therapeutic needs. Accordingly, cell-based therapies are being
developed and optimized in a disease-specific manner with distinct cellular sources and
delivery modalities.

Hepatocyte transplantation (HTx) is based on the infusion of functional hepatocytes
to provide temporary hepatic support [39]. In ALE, HTx is designed as a bridge therapy,
offering transitory functional hepatic support until the native liver regenerates or a suitable
donor organ becomes available for transplantation [40].

Given the liver’s intrinsic regenerative capacity, which can be achieved within weeks,
long-term engraftment is not essential in ALF. Nonetheless, the high-inflammatory mi-
croenvironment can directly impair the viability of transplanted cells. For this reason, it is
important to transplant highly functional hepatocytes capable of rapidly performing key
metabolic activities while protecting them from the inflammatory response. One solution
has been the encapsulation of hepatocytes within biocompatible matrices. This approach
was done by encapsulating human hepatocytes in alginate beads, followed by intraperi-
toneal administration in eight pediatric ALF patients awaiting liver transplant, without
requiring immunosuppression due to alginate beads providing sufficient immunoisolation.
In this proof-of-concept study, four patients spontaneously recovered without the need
for a liver transplant, while three were stabilized until the availability of the donor organ,
underlying the safety and feasibility of this cell-based approach as a temporary metabolic
support system [41].

On the other hand, the application of HTx in ACLF remains quite limited and more
challenging than in ALF due to the presence of pre-existing cirrhosis, systemic inflamma-
tion, and multiorgan failure [42]. Clinical studies evaluated intrasplenic HTx in ACLF
patients with a five-year follow-up. Despite transplantation of a large number of allogenic
hepatocytes (4.2 x 10'° to 6 x 10'° cells), the outcome was variable with three patients re-
covering from liver failure, one requiring subsequent liver transplantation, and three dying
within months post-transplantation, making it very difficult to draw definitive conclusions
due to the heterogeneous cell doses and patients characteristics [43]. This pathological
setting restricts liver regeneration capacity, resulting in the inefficient use of short-term
metabolic support and, therefore, requiring different strategies to promote long-term en-
graftment while repairing tissue damage. Accordingly, in chronic conditions like ACLF
and cirrhosis, alternative cell-based therapies, such as those using mesenchymal stromal
cells (MSCs), are being explored [44]. MSCs can be isolated from several tissues, including
bone marrow, adipose tissue, and umbilical cord [45,46]. Their low immunogenicity and
strong immunomodulatory properties make them attractive candidates for modulating
inflammation and promoting tissue repair [47]. Furthermore, the possibility of obtaining
autologous MSCs potentially eliminates the need for immunosuppressants and supports
their clinical use for liver disorders [48-50]. Their therapeutic effect is mediated by their
secretome, which modulates the liver microenvironment through paracrine signals [51-53].
The MSC secretome comprises a complex mixture of soluble factors (e.g., growth factors,
cytokines) and exosomes, which are small extracellular vesicles (EV, 30-150 nanometers in
diameter) generated from the cellular endosomal system [54]. These vesicles act as special-
ized delivery vehicles, transporting microRNAs (miRNAs), messenger RNAs (mRNAs),
and other bioactive molecules regulating target liver cells’ fate [55,56].

New evidence indicates that these cell-free products can exhibit immunomodulatory,
anti-apoptotic, and pro-regenerative effects of MSCs, thereby shifting the therapeutic focus
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from living cells to their derived products and underscoring a significant paradigm shift
toward acellular clinical strategies. This kind of strategy bypasses the risks associated
with live-cell transplantation, such as senescence, microvascular obstruction, or potential
tumorigenicity [57].

In preclinical models of acute and chronic liver injury, MSC-conditioned medium and
MSC-derived EV reduce hepatocyte apoptosis and oxidative stress, inhibit hepatic stellate
cell activation [58] and ECM deposition [59] and promote hepatocyte proliferation and
metabolic recovery, thereby improving liver architecture and function [51].

Despite these advantages, clinical studies have highlighted challenges regarding the
use of MSCs, including the reduced viability, variability in cell preparations, and incomplete
understanding of their mechanisms [60,61]. In addition, uncertainties regarding the optimal
MSC source, cell dosage, or route of administration complicate the standardization of
treatment protocols for reliable MSC-based therapies [62] (Table 1). The transition to
secretome-based products aims to resolve these issues by providing a more consistent and
safer alternative to whole-cell therapy.

This approach is being explored for MASLD, which represents the most common
chronic liver condition that leads to an increased risk of fibrosis, cirrhosis, and HCC [63].
Recently, pre-clinical studies have shown that MSC-derived EV from the umbilical cord
mitigate the inflammatory environment by reducing lipid deposition in hepatocytes by
inhibiting the expression of dynamin-related protein 1 (DRP1), whose high expression
promote excessive fission, mitochondrial dysfunction, and increased ROS [64].

Cell therapy for inherited metabolic liver disease. Inherited metabolic liver diseases en-
compass a diverse group of conditions resulting from genetic defects that impair hepatic
metabolism [65]. Even though OLT is the main approach to restore the missing metabolic
function, the scarcity of donors and the use of lifelong immune suppression limit its ap-
plication. In this context, the main goal of cell-based therapies is to provide a long-term
engraftment and an efficient hepatic repopulation to provide a lasting clinical benefit.

HTx represents a promising and less invasive alternative that aims to restore defi-
cient or absent enzymatic activity. It is estimated that partial repopulation of the liver
with functional hepatocytes, corresponding to approximately 5-10% of total liver mass,
may be sufficient to achieve meaningful metabolic correction [40]. For instance, HTx has
been investigated as a therapeutic option for several inherited metabolic liver diseases,
including Crigler-Najjar Syndrome (CNS) type 1, alpha-1 antitrypsin deficiency (A1ATD),
glycogen storage disease type 1 (GSD-1), providing transient or partial metabolic correc-
tion, improving biochemical parameters, reducing the need for supportive therapies, and
delaying liver transplantation [66]. However, the clinical application of HTx faces several
challenges. High-quality and viable primary human hepatocytes is often limited by the
scarcity of suitable donor organs, which is also limited by the isolation and cryopreser-
vation method that results in batch-to-batch variability and reduced functionality upon
thawing, making large-scale expansion very difficult [67,68]. Furthermore, this could also
result in low engraftment efficiency [39] (Table 1). To overcome the limited availability of
primary human hepatocytes and their rapid loss of activity in vitro [69], researchers are fo-
cused on developing alternative strategies to enhance cellular engraftment. To address this
challenge, induced pluripotent stem cell (iPSC) technology has emerged as an alternative
and innovative tool. Human iPSCs (hiPSCs) generated by reprogramming patient-specific
somatic cells using Yamanaka factors (Oct4, Sox2, Klf4, and c-Myc) offer the possibility
to differentiate into multiple clinical-grade cell types, enabling personalized therapeutic
strategies tailored to each patient’s specific needs [70,71]. Preclinical studies in Wilson’s
disease (WD), an autosomal recessive disorder that leads to excess copper deposition in
the liver and brain, demonstrated that the use of patient-specific iPSC-derived hepatocytes
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carrying the correction of the mutated gene using CRISPR/Cas9 technology was able to
restore copper metabolism in the WD mouse model, improving hepatic functions [72].

Beyond WD, recent studies in hemophilia B (HB), an X-linked bleeding disorder
characterized by impaired clotting factor IX (FIX) activity, have explored the potential of a
hiPSC-based strategy for cell therapy. In a 2025 preclinical study, researchers were able to
generate FIX-hiPSCs using the Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR)/Cas9 system to differentiate into functional hepatocyte-like cell sheets. When
transplanted in NOD/SCID mice, these sheets were capable of engrafting and secreting
active FIX, further demonstrating the potential of engineered hiPSC-derived cells for liver-
associated disorders [73]. Furthermore, pluripotent stem-cell-derived hepatocyte-like cells
have demonstrated successful engraftment and metabolic support in preclinical models of
urea cycle defects [74] (Table 1).

In addition to their two-dimensional (2D) differentiation potential, iPSCs have been
exploited to generate three-dimensional (3D) liver organoids to recapitulate the complexity
of in vivo microenvironment, representing a promising model for strategy for the devel-
opment of new therapies [75]. This approach is supported by the fact that iPSCs can
be directed toward both parenchymal and non-parenchymal liver lineage, which self-
organize into organoids maintaining the transcriptomic and metabolic profiles of the native
tissue [76]. Moreover, it was shown that iPSCs exhibit pleiotropic hormonal sensitivity. As
a matter of fact, recent work has shown that multiple iPSC lines constitutively express the
progesterone receptor (PR), while its expression is absent in the corresponding somatic
cell, indicating that PR upregulation is acquired during the reprogramming process [77].
This hormonal sensitivity is particularly relevant for modeling liver diseases influenced
by the endocrine milieu and further supports the physiological reactivity of iPSC-derived
liver organoids.

However, the potential application of hiPSC-derived hepatocyte-like cells remains
limited due to their partial phenotypic immaturity and tumorigenic potential [78]. More-
over, current differentiation protocols employ reagents that are not good manufacturing
practice (GMP)-compliant, such as serum supplements, extracellular matrices, or growth
factors [79], limiting their translation to clinical studies.

Table 1. Comparison of major cellular sources for liver cell therapy.

Cell Source

Advantages Disadvantages Development Stage

Primary hepatocytes

e  Immediate therapeutic

functionality after Limited availability

Poor in vitro proliferation

transplantation ..
. i Limited long-term Phase I/11
¢ No need for differentiation engraftment efficiency (e.g., ALF trials) [80]
protocols

Requirement of

. Proven ability to engraft and . .
immunosuppression

restore metabolic function

Mesenchymal stem
cells (MSCs)

e  Easily accessible from .
multiple tissues
High proliferative capacity .
Immunomodulatory /anti-
inflammatory properties .
e  Low immunogenicity

Reduced viability and cell
preparation variability
Incomplete mechanisms
understanding

No standardization

of protocols

Phase II/1I1
(e.g., cirrhosis) [81]

Induced pluripotent stem
cells (iPSCs)

Unlimited self-renewal

o Ability to generate
patient-specific cells with
precise editing

Risk of tumorigenicity
Complex and time-consuming

. L Preclinical
differentiation protocols reclinical/

early trials [82]

(e.g., CRISPR/Cas9) e Regulatory and manufactory
. Generation of different challenges
cell types
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Cell therapy for liver cancer. Primary liver cancers include a heterogeneous group
of malignancies derived from different hepatic cell populations, with HCC representing
the most prevalent and lethal form [83]. Despite improvements in the frontline treatments,
including tumor resection, liver transplantation, and systemic therapies, liver cancer re-
mains associated with high recurrence rates and poor long-term survival, particularly
in advanced stages, due to the high genetic heterogeneity and complexity of the tumor
environment [84,85]. In this context, cell-based therapeutic strategies have emerged as a
promising approach for personalized therapy, primarily directing the immune system to
target tumor cells.

Chimeric antigen receptor (CAR) T-cell therapy showed great potential for hemato-
logic malignancies [86], and it involves the use of genetically engineered T cells to recognize
specific tumor cell antigens. However, translating this success to solid tumors, such as
HCC, is challenged by distinct biological and microenvironmental characteristics. Nev-
ertheless, several studies have focused on targeting tumor-associated antigens, including
glypican-3 (GPC3), a cell-surface protein highly expressed in HCC tissues but minimally
or not expressed in healthy liver [87]. Consequently, GPC3 has emerged as one of the
most promising targets for CAR-T immunotherapy in HCC, enabling a precision-targeted
therapeutic strategy. Preclinical studies of GPC3-targeted CAR-T cells have demonstrated
the capability to inhibit tumor growth in xenograft models, while early clinical trials have
confirmed the efficacy and safety of this approach in patients with advanced HCC [88,89].
Even though GPC3-target therapeutics are in continuous exploration [90], alternative tar-
gets observable in HCC tumors have been investigated, such as alpha-fetoprotein (AFP),
which operates as an intracellular and secreted antigen. Thus, it requires the use of the T-cell
receptor (TCR)-engineered T cells to recognize the processed peptide antigen presented
via the major histocompatibility complex class I (MHC-I), expanding the range of targets
beyond surface antigens recognized by CAR-T cells [91].

To overcome HCC heterogeneity, another promising strategy is the development of
bi-specific CAR-T capable of targeting two antigens at once, enhancing tumor inhibition.
An example of this approach is the bispecific c-Met/programmed death-ligand 1 (PD-L1)
CAR-T cells, which have demonstrated strong anti-tumor activity both in vivo and in vitro
by simultaneously targeting the tumor antigen c-Met and blocking the PD-L1 immune
checkpoint on HCC cells [92].

In addition to T-cell-based strategies, other cellular therapies are being explored for
HCC, including engineered NK cells. These cells offer several advantages over CAR-
T therapies, including an increased safety profile, a lower frequency of cytokine release
syndrome, and the feasibility of using allogeneic cell sources without the risk of graft-versus-
host disease [93]. However, the efficacy of NK cells in HCC is hampered by the tumor
microenvironment, which promotes NK cell exhaustion due to programmed death-1 (PD-1)
upregulation and functional impairment due to downregulation of the NK group 2 member
D (NKG2D) receptor on their cell surface [94]. In fact, preclinical studies have engineered
CAR-NK cells to express the NKG2D receptor, thereby enhancing NK cytotoxicity by
recognizing NKG2D ligands that are frequently upregulated on cancer cells [93].

While in HCC the common target is GPC3, in iCCA-specific targets are being studied
for CAR-T-cell therapies, such as the use of EGFR- and CD133-specific CAR-T sequential
treatments [95]; the Tn antigen (GalNAcx-Ser/Thr) on mucin-1 (Tn-MUC1), a tumor-
specific, truncated O-glycan found in many adenocarcinomas and recognized by the 5E5
antibody; mesotelin, expressed by ovarian cancer, cholangiocarcinoma or mesothelioma
(NCT05568680); and integrin acv36, which is significantly overexpressed in tissues from
CCA patients [96].
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In summary, cellular therapies represent a promising approach in the treatment of
hepatic pathologies, offering personalized solutions from supporting temporary liver
metabolism to permanent genetic correction. Nowadays, the gold standard for liver
diseases is mainly organ transplantation, but thanks to technological progress, it is not
the only possible solution available. The use of MSCs to modulate the inflammatory
environment, the generation and genetic engineering of iPSCs to restore hepatic functions,
and the development of CAR-T and NK cell-based technologies are all redefining new
therapeutic approaches. Altogether, these approaches address the intrinsic complexity
of liver diseases, underlying the need for tailored therapeutic strategies rather than a
universal solution.

However, the success of these new strategies relies on overcoming critical aspects
such as the standardization of GMP protocols, the optimization of cell maturation and
engraftment and better comprehension of the complexity of the tumor environment. Re-
gardless of these challenges, continuous advances in preclinical models are accelerating
the clinical translation of cell-based therapies. Current findings confirm that cell therapy
is no longer just a hypothetical hope, but it is becoming more of a concrete alternative
therapeutic solution able to change the global burden of liver disorders.

3. Gene Therapy

The liver as an ideal platform for gene therapy. The liver stands out anatomically not only
as an organ with a central role in various types of metabolism, but also as an exception-
ally receptive and functional target for gene therapy strategies, thanks to its anatomical
and physiological characteristics [97]. First, its extensive blood supply facilitates systemic
delivery of various therapeutic vectors, both viral and non-viral, used for in vivo gene
transfer [98]. Furthermore, the liver hosts a large population of cells, including hepatocytes,
long-lived cells that, once transduced, ensure both transient and stable and long-term
therapeutic transgene expression [99-103]. Finally, and perhaps most crucially, its function
as a “factory” for protein processing and secretion makes it an ideal site for correcting
enzyme/protein deficiencies that underlie many genetic diseases. Often, genetic correc-
tion of even a relatively modest fraction of hepatocytes is sufficient to reach the desired
therapeutic threshold [104].

Currently, liver gene therapy is divided into two main strategic pathways. The first,
and the most obvious and direct, is gene replacement therapy, primarily used for the treat-
ment of hereditary diseases, which aims to insert a functional copy of a mutated /missing
gene [105]. On the other hand, functional gene therapy or therapeutic gene modulation
emerged later and is under active study to treat/cure acquired diseases—whether viral,
metabolic, or oncological—with the aim of modulating gene expression, for example, by
silencing genes whose uncontrolled expression results in disease or by expressing proteins
with toxic or immunomodulatory activity [106]. This growing success has been made
possible by progressive developments and improvements in viral vector engineering, par-
ticularly adeno-associated viral vectors (AAV), which have transformed the liver into a
true “pioneer organ” in the field of gene therapy [104].

There are two approaches to gene delivery to the liver: ex vivo and in vivo. Ex
vivo gene therapy is performed in combination with autologous cell transplantation, an
approach limited by a small and short-term engraftment, and above all by the need to
remove tissue (which may present variable degrees of damage depending on the pathology)
each time it is necessary to isolate cells for treatment and the viability of these cells following
culture and in vitro gene manipulation [104].

Due to these limitations, in vivo gene therapy has become the primary choice for the
treatment of genetic liver diseases. The key to any successful gene therapy lies in a vector’s
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ability to efficiently and safely deliver the therapeutic genetic material (DNA or RNA) into
target cells, meaning hepatocytes and/or other hepatic cells in the case of liver-directed
gene therapy.

Liver-directed gene therapy for metabolic diseases. For gene transfer, the use of non-viral
vectors to deliver naked genetic material into the liver has seen increasing development.
However, systems such as hydrodynamic injection, electroporation, and ultrasound are
limited to preclinical animal models [98,107-110], as their clinical use is currently impracti-
cal. For this reason, researchers have developed virus-derived vectors, or viral vectors, in
parallel for more efficient and long-lasting gene transfer. Various viral vectors are used for
gene therapy, and these viral vectors have specific characteristics that make them suitable
for different applications.

Adenovirus (Ad)-derived vectors were the first to be successfully used to correct a
urea cycle defect in a mouse model deficient in ornithine transcarbamylase (OTC) [111].
However, Ad-induced toxicity caused the death of an 18-year-old boy during a clinical
trial for the treatment of OTC in the late 1990s [112]. This fatal event, combined with the
growing interest in AAVs, significantly limited the development of adenoviral vectors for
liver gene therapy.

AAVs are the most established delivery platform, representing the focus of most clini-
cal trials for genetic liver diseases, especially considering the approval between 2022 and
2023 by the FDA and EMA of Roctavian (Valoctocogene roxaparvovec) and Hemgenix
(Etranacogene dezaparvovec), two hepatocyte-directed AAV5-based therapies for the treat-
ment of hemophilia A (Rocatavian) and B (Hemgenix) [113]. These vectors offer significant
advantages for in vivo gene therapy since they are nonpathogenic, induce a relatively mild
immune response compared to other viruses, and, crucially, can be maintained in episomal
form (they do not stably integrate into host DNA), allowing gene expression for years
following gene transfer into long-lived/quiescent cells such as hepatocytes, minimizing
the risk of insertional mutagenesis [114].

A key advance has been the engineering of existing/known serotypes and the
search for/discovery of new ones with lower seroprevalence in the global human
population [115,116]. Serotypes such as AAVS and other engineered capsids, including
AAV-NP59 and AAV-LK03, have demonstrated particularly high affinity (tropism) for hu-
man hepatocytes following intravenous administration [117,118]. In particular, AAV-LK03
was the first engineered capsid used in clinical studies, leading to therapeutic levels of
FVIII in 16 out of 18 treated patients [119].

In addition to hemophilia, approaches involving the use of AAV are under investi-
gation and are being used to treat or cure several other genetic metabolic diseases [114].
The most attractive genetic diseases for gene therapy are those that require novel therapeu-
tic approaches and that allow a therapeutic advantage to be achieved even with a small
percentage of transduced cells.

Despite the limited cargo capacity of these viral vectors (~4.7 kb), many inherited liver
metabolic diseases are caused by mutations in genes that can be inserted into AAVs [104],
such as OTC deficiency, acute intermittent porphyria (AIP), mucopolysaccharidosis type
VI (MPS VI), CNS, Gaucher disease, and Fabry disease [101].

OTC deficiency is the most common urea cycle defect caused by the absence of the
OTC enzyme and leads to the accumulation of ammonia, which can cause coma, brain
damage and death. Despite the tragic death of Jesse Gelsinger following treatment with
an adenoviral vector containing the OTC gene [112], gene therapy for this urea cycle
disease has developed an approach based on AAVS containing the OTC gene under the
transcriptional control of a liver-specific promoter [120], leading to a phase I/1I clinical trial
(NTC02991144) with 7 out of 11 patients demonstrating a therapeutic benefit, and for which
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a phase III study is currently underway (NTC05345171). A similar approach is used by
another phase I/1I clinical study that is currently recruiting (NTC05092685), which involves
the use of the AAV-LKO03 capsid, a liver-specific serotype with a lower seroprevalence [121].

CNS can cause irreversible neurologic damage, and eventually death, due to severe
unconjugated hyperbilirubinemia caused by deficiency of the enzyme uridine diphospho-
glucuronate glucuronosytransferase 1A1 (UGT1A1). In a multicenter phase I/1I clinical
study, researchers tested a liver-specific gene therapy based on AAVS8 containing the
UGT1AL1 gene, showing the therapy was generally well tolerated, and that patients who
received the effective dose were able to completely discontinue daily phototherapy for
more than 18 months [122], dramatically improving their quality of life. However, in this
approach, complete normalization of bilirubin levels has not yet been achieved, as the
values remain stable but above the normal range of healthy subjects [123].

Additionally, in phase I and I/II clinical studies for gene therapy of AIP, MPS VI,
Gaucher disease and Fabry disease, AAV gene therapy has demonstrated safety and
tolerability, with some significant clinical improvements [101].

However, the use of AAVs is not without challenges. The main one is immunogenicity:
a significant number of individuals possess pre-existing neutralizing antibodies against
common AAV serotypes (in some cases, up to 70-75%) [114,124], which can render gene
therapy treatment ineffective. In this regard, several approaches are under investigation,
such as the concomitant administration of nanoparticles containing rapamycin [125], the
use of IgG-cleaving endopeptidase imlifidase (IdeS) [126], and the use of plasmapheresis to
lower anti-AAV antibodies [127].

Furthermore, the need to administer high doses to achieve sufficient therapeutic
transduction can sometimes trigger transaminitis, a T-cell-mediated and innate immunity
(via TLRO receptors)-mediated liver inflammation characterized by elevated plasma levels
of liver enzymes (ALT/GPT and AST/GOT), which can compromise the duration of therapy
and which is usually managed pharmacologically with corticosteroids [128-130].

A further limitation of this therapy is the limited loading capacity of AAVs, which pre-
cludes its use for very large genes or genes larger than 4 kb, for which split approaches are
under investigation in preclinical studies, as in the case of carbamoyl phosphate synthase
(CPS1) deficiency [131], or shortened versions of the therapeutic gene are used, such as the
miniATP7B gene used in ongoing clinical trials (NTC04537377 and NTC04884815) for WD.

The main reason why AAVs are chosen for in vivo liver gene therapy (i.e., their
non-integrating nature) also represents one of the main limitations for their use, mainly
during liver regeneration, but especially in the case of pediatric patients, where hepatocytes
proliferation causes dilution, and eventual loss of the therapeutic transgene [114,132].

Alongside AAVs, lentiviral vectors (LVs), derived from HIV, are being studied for their
superior loading capacity, which allows them to accommodate expression cassettes up to
9 kb, and their ability to stably integrate into the host cell genome [101]. Although they
are most often used for ex vivo therapies, such as CAR-T generation [133], as well as in
hematopoietic stem cells in cell and gene therapy approaches for the treatment of immune
deficiencies [134] and hemophilia A (HA) [135,136], LVs have proven effective for in vivo
gene therapy in several preclinical models, such as mice, dogs and non-human primates
(NHPs), especially for the treatment of HA and HB with transgene expression in liver
cells, i.e., hepatocytes, LSECs and KCs, by exploiting transcriptional (promoters) and post-
transcriptional (miRT) control sequences, thus allowing stable and long-term expression of
therapeutic levels of the transgene [137-142], and by adding molecules capable of inhibiting
phagocytosis (i.e., CD47) on the LV surface, which showed improved in vivo liver gene
transfer in NHPs [142].
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However, LV-integrating capacity currently limits their use in clinics for in vivo gene
therapy since it represents a potential risk of insertional mutagenesis [143].

The emergence of lipid nanoparticles (LNPs), the nonviral technology popularized
by mRNA vaccines [144,145], offers a promising alternative. LNPs encapsulate nucleic
acid (DNA; mRNA; or small interfering RNA, siRNA) and are efficiently internalized
by hepatocytes [146,147]. Their advantages include safety (no viral immunogenicity or
minimal/virtually zero risk of integration), the possibility of repeated administration, and
increased loading capacity [148-150]. They are particularly effective in delivering siRNA
for gene silencing, finding application in the treatment not only of genetic disorders, such
as hypercholesterolemia and hemophilia [151-154], but also of liver diseases with different
etiologies, such as hepatitis B [155].

The efficacy of LNP technology was confirmed in 2018 by the approval of Patisiran
(Onpattro), the first siRNA-based drug formulated in LNPs for the treatment of hereditary
transthyretin (hATTR)-mediated amyloidosis. This demonstrated that LNPs can stabilize
nucleic acids in the systemic circulation, ensuring effective gene silencing in the liver [156].
At the same time, LNPs have become the platform of choice for mnRNA replacement therapy
(enzyme replacement therapy) for inherited metabolic diseases and for in vivo genome
editing using CRISPR/Cas9 systems [157,158]. Recently, preclinical studies on diseases
such as familial hypercholesterolemia have demonstrated that systemic administration
of mRNA-encoding genome base editors [159] or programmable editors equipped with
transcriptional repressors to achieve permanent epigenetic silencing [160], delivered by
LNPs, can induce permanent and therapeutic changes in the liver, overcoming the loading
capacity limitations typical of viral vectors.

Additional molecular approaches have been developed and approved in recent years,
as in the case of the treatment of PH1, which has evolved over a century from a purely symp-
tomatic approach to targeted genetic therapies. Since its first description in 1925, treatment
has evolved from hyperhydration and pyridoxine to combined liver-kidney transplanta-
tion, until the 2020 approval of lumasiran (Oxlumo), a drug based on double-stranded RNAi
conjugated with N-acetylgalactosamine (GalNAc) for liver targeting that degrades HAO1
mRNA, reducing oxalate production in the liver [161]. Nedosiran (Rivfloza), approved
at the end of 2023 for the treatment of primary hyperoxaluria type 1 (PH1) in patients
aged 9 years and older, is a small interfering RNA (siRNA) that inhibits the enzyme lactate
dehydrogenase (LDH) in the liver to reduce the production of oxalate [162].

4. Gene Therapy for Acquired Diseases: Infections and Steatosis

The scope of gene therapy extends well beyond genetic diseases, offering new hope
for acquired chronic liver diseases with different etiologies.

Targeting Chronic Hepatitis B (HBV). Chronic HBV infection poses a significant challenge
due to the formation of a stable reservoir of covalently closed circular viral DNA (cccDNA)
in the nucleus of hepatocytes. The dominant approach for treating this disease is gene
silencing, typically with siRNA or short hairpin RNA (shRNA) delivered, often with LNPs,
to degrade viral mRNA and inhibit the replication and production of viral proteins, such as
HBsAg [163,164]. Clinical trials using this approach aim to achieve a “functional cure” by
reducing HBsAg levels demonstrating that drastically lowering HBsAg is possible and safe,
laying the foundation for more powerful combination therapies and highlighting how the
reduction of HBsAg levels is the fundamental requirement to allow a combination therapy
(e.g., interferon) and/or the patient’s immune system to definitively eliminate the infected
cells [165,166].

Steatohepatitis and Liver Injury. Numerous drugs exist for conditions such as MASLD,
MASH, hepatitis, fibrosis, and cirrhosis. However, to develop an effective therapy for liver
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disease, it must be considered that the pathogenesis of any chronic disease is regulated by
numerous factors [167,168]. Therefore, a single pharmacological agent is not very effective
in these conditions. The development of new gene therapy strategies for the treatment of
liver diseases aims to reduce the side effects of the pathogenesis of each disease.

MASLD and MASH are the leading causes of chronic liver disease worldwide [169,170].
Given their multifactorial background, gene therapy focuses on modulating specific
metabolic or inflammatory pathways to reduce, and, if possible, reverse liver damage. Ex-
amples include hepatic silencing of proprotein convertase subtilisin/kexin type 9 (PCSK9)
via siRNA to improve lipid homeostasis and steatosis [171], or to enable targeting key
enzymes in lipogenesis [172].

For example, in a recent study, a chimeric AAV8 vector (AAV8.P) carrying a specific
shRNA was developed to silence the PCSK9 gene to silence this protein and reduce the
progression of atherosclerotic plaques [171]. In mice genetically predisposed to atheroscle-
rosis (ApoE-/-), PCSKO9 silencing led to a reduction in plaque area and increased plaque
stability. Furthermore, PCSK9 silencing not only affected fat, but also reduced inflammation
by reducing infiltration of inflammatory macrophages into vessel walls and decreasing
systemic inflammatory markers.

A recent study has presented a new therapeutic strategy to combat MASLD [172].
Researchers found that inhibiting only ATP-citrate lyase (ACLY, a key enzyme in de novo
lipogenesis in the liver) in mice fed a high-fat, high-fructose diet (HFHFD) not only failed
to improve the disease, but in some cases worsened inflammation and liver damage. In
fact, ACLY inhibition leads to an accumulation of polyunsaturated fatty acids (PUFAs),
which damages mitochondria and increases the production of ROSs. Oxidative stress
drives the liver to produce acetate internally, which activates another enzyme, acetyl-CoA
synthetase 2 (ACSS2). ACSS2 thus provides an alternative route to produce acetyl-CoA,
once again fueling fat synthesis and creating a vicious cycle that worsens the disease.
The study demonstrates that the dual inhibition of ACLY and ACSS2 dramatically re-
duces fat production, improves mitochondrial function and reduces inflammation, and
therefore represents a much more effective synergistic therapeutic strategy to reverse the
progression of MASLD /MASH, acting both on fat reduction and on the enhancement of
mitochondprial health.

An emerging area of research is the use of gene therapy to selectively express anti-
fibrotic factors or silence pro-inflammatory molecules in hepatic stellate cells, which
are crucial mediators of LF [173,174]. Similar strategies are being explored for alcohol-
related liver injury (ALD), focusing on protection from oxidative stress and reducing
inflammation [175,176].

Gene therapy for liver cancer. HCC, often complicated by pre-existing cirrhosis, and
iCCA can be treated with gene-therapy-based oncology strategies that offer new approaches
to attack the tumor.

Oncolytic virotherapy (OVs) uses genetically modified viruses (typically adenovirus
or herpes simplex virus) with the ability to selectively replicate in tumor cells and induce
their lysis following proliferation, which occurs via a lytic cycle [177]. For this therapy,
OVs are modified to replicate only in the presence of activated tumor pathways common
in HCC, ensuring selectivity for tumor cells and avoiding damage/elimination of healthy
cells [178,179].

A study addresses one of the major challenges in oncolytic virus therapy: the difficulty
of the virus penetrating deep, hypoxic core areas of solid tumors, such as HCC [180].
Hypoxia normally inhibits virus replication and limits its spread from the injection site
to the tumor periphery. Furthermore, the dense ECM acts as a physical barrier. The
researchers in this study engineered an oncolytic adenovirus with the AFP promoter
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and hypoxia response elements (HREs), which enhance virus replication precisely when
exposed to low oxygen. This virus was able to spread effectively throughout the entire
tumor mass, reaching both the hypoxic center and the peripheral regions and in animal
models used it showed a superior ability to reduce the tumor mass.

In addition to the direct action of lysis, oncolytic action causes the release of tumor
antigens and cytokines, promoting a potent local immune response. These vectors are
often administered locally (intratumorally or transarterially) and are in advanced stages of
clinical development [181,182].

Another strategy is suicide gene therapy, which involves the delivery of a gene, such as
the herpes simplex virus thymidine kinase (HSV-TK), that converts a prodrug administered
after gene therapy into a cytotoxic agent within transduced tumor cells only. This approach
often uses adenoviral vectors that selectively target tumor cells [183,184].

It is noteworthy that most iCCAs have a non-inflamed TME, with an absence of effector
T cells, thus making immune checkpoint inhibitors (ICIs) therapy ineffective. However,
these “non-inflamed” iCCAs often exhibit alterations/mutations in genes such as the
fibroblast growth factor receptor (FGFR2) and isocitrate dehydrogenases (IDH1/IDH2),
making these genes possible candidates as gene therapy targets. For example, a recent study
showed that polybromo-1 protein (PBRM1) deficiency is a key factor in iCCA progression.
When PBRM1 levels are low, tumor cells are able to avoid “senescence” (a sort of natural
cell growth block) and continue to proliferate. In this study, polymeric polyamidoamine
(PAMAM) nanoparticles were used to deliver plasmid DNA containing the PBMR1 gene.
Increased PBRM1 inhibits the ERK1/2 signaling pathway and reactivates tumor suppressor
genes (such as p16 and p53/p21), forcing tumor cells into a state of senescence, thus
halting their growth and division. In vivo tests on animal models have shown that this
approach can significantly reduce tumor mass and is effective in “reprogramming” tumor
cells, reversing the processes that promote malignancy caused by the original lack of
PBRM1 [185].

In parallel, gene immunomodulation is being developed. Gene therapy can be used
to express agents that block immune checkpoints (such as anti-PD-1) or cytokines that
enhance the immune response directly in the tumor microenvironment, transforming
immunologically “cold” tumors (capable of evading the immune system) into “hot” targets,
recognized and infiltrated by the host immune system [186-188]. To this end, mRNA
vaccines can be used as an immunotherapy strategy, aiming to “train” the immune system
to recognize and attack tumor cells by exploiting tumor-associated antigens. For example,
in the case of iCCA, three specific antigens—CD247, FCGR1A, and TRAP—have been
identified as novel targets for mRNA vaccines, which are associated with a better prognosis
and increased immune cell infiltration. These are considered ideal candidates for the
development of future mRNA vaccines against CCA [189].

Cell therapy or gene therapy? While gene therapy is the solution of choice for inherited
metabolic disorders, where the repair of a single gene is sufficient to correct the clinical
phenotype, cell therapy maintains an irreplaceable role in chronic, non-hereditary disorders.
In these, the fibrotic microenvironment and loss of functional mass require exogenous
cellular input to promote tissue regeneration, a task that gene manipulation alone cannot
accomplish (Table 2).
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Table 2. Cell therapy and gene therapy: comparison of therapeutic approaches.

Feature Gene Therapy Cell Therapy
. Monogenic diseases with a structurally ~ Cirrhosis, liver failure, or chronic diseases
Ideal Patient . . . Ca1 .
intact liver architecture. with diffuse tissue damage.
. . Restoration of a specific protein or Replacement of functional cellular mass
Mechanism of Action . - L .
enzymatic function at the molecular level. and paracrine immune modulation.

High precision; potential for a definitive Ability to promote tissue regeneration and

Main Advantage “ome-shot” cure. provide metab(?hc support to a
compromised organ.
Major Challenge Efficient delivery to target cells and host ~ Scarcity of donor cells (hepatocytes) and

immune response to the vector. low long-term engraftment rates.

5. Challenges and Future Prospects

The era of genome editing. Despite its successes, hepatic gene therapy still faces sig-
nificant challenges. Immunogenicity remains the primary challenge, especially for AAVs.
Additionally, transient liver toxicity requires the co-administration of immunosuppressants,
and the preexisting presence of neutralizing antibodies precludes this option for many pa-
tients. Research is actively working on engineering AAV capsids or new “stealth” serotypes
capable of evading immune surveillance, as well as techniques for removing neutralizing
antibodies. Moreover, the use of non-integrating systems is limited by conditions where
liver cells are actively proliferating, as in liver regeneration, or in an actively growing liver,
as in pediatric patients [190-193].

A further uncertainty concerns the duration of transgene expression, especially in
chronically damaged livers, such as liver cirrhosis or MASH, where gene transfer may be
less efficient due to cellular transformation and/or chronic inflammation [194,195], and
cellular replication may lead to dilution and potential loss of AAV episomes over time.

Looking to the future, the greatest promise lies in genome editing technologies, partic-
ularly CRISPR/Cas9 due to its great adaptability [196]. These methods go beyond simply
adding a gene: they offer the possibility of permanently correcting the genetic mutation
directly in the hepatocyte DNA or specifically inactivating HBV cccDNA, a strategy still
in the advanced preclinical phase [197-199], and for which a recent phase I clinical trial is
under recruitment (NCT06680232).

CRISPR technology offers the possibility of intervening at the level of HCC through
non-homologous end-joining (NHE]) or homology-directed repair (HDR) approaches,
to target mutated /involved genes in HCC: NHE] for the introduction of insertions and
deletions (indels) with the aim of eliminating the function of a gene, while HDR for the cor-
rection/reinsertion of the function of a gene. Furthermore, the use of catalytically inactive
(dead) Cas9 (dCas9) fused to transcriptional activators or repressors allows modulating
gene expression in HCC without DNA alteration [184].

Gene editing promises a true “cure-all” for many monogenic diseases, and the crucial
challenge of this decade is perfecting the safe and efficient delivery of editing complexes,
often using a combination of AAV and LNPs.

iECURE recently presented data from their Phase I/II OTC-HOPE clinical trial
(NCT06255782) for the treatment of OTC in newborns. The therapy is based on two
AAVs, one carrying the ARCUS nuclease, programmed to cut DNA at the PCSK9 gene
locus, and one carrying a functional copy of the OTC gene. Initial data are encouraging,
with the first patient showing a complete clinical response, normal ammonia levels, and a
reduced need for post-treatment medications, suggesting partial restoration of the OTC
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enzyme. Although generally well tolerated, temporary liver inflammation (transaminitis)
occurred, which resolved with immunosuppression [200].

Using similar approaches, based on genome editing platforms and AAV and/or
LNP delivery systems, several genetic liver diseases are actively being researched, such
as AIP (https:/ /ir.crisprtx.com/news-releases/news-release-details / crispr-therapeutics-
highlights-asgct-oral-presentation-and/; accessed on 2 March 2026), HA and HB [201],
WD [202], and MPS VI [203], and these are currently at an advanced preclinical stage.

A recently published article describes a pioneering clinical study on a newborn with
a severe form of CPS1 deficiency. Researchers employed base editing (BE) technology,
using LNPs as a delivery system and directly correcting the single mutated genetic “letter”
in the patient’s DNA without a double-strand break [204]. This study demonstrates the
technical feasibility of creating personalized gene editing therapies very quickly (within
months). Although long-term follow-up is needed to confirm the safety and durability of
the effect, this study represents a milestone for precision medicine and the treatment of rare
genetic diseases.

Although NHE] is useful and efficient for the “knockout” of genes responsible for a
pathological condition or that promote tumor (e.g., oncogenes in cholangiocarcinoma), it is
also a system prone to errors (indels). A critical challenge for liver-targeted gene editing
is the quiescent state of adult hepatocytes, which limits the efficacy of HDR. To overcome
this, BE and prime editing (PE) have emerged as high-precision tools that operate without
inducing double-strand breaks (DSBs), thereby significantly reducing the risk of large-scale
genomic rearrangements or chromothripsis. To ensure clinical safety, rigorous off-target
detection via GUIDE-seq or CIRCLE-seq is mandatory to assess genomic stability. For
instance, while BE is highly efficient for C-to-T conversions in metabolic defects, PE offers
unparalleled versatility for correcting diverse mutations, although its delivery via viral
vectors remains a challenge due to the large size of the prime editor machinery [205-208].

In short, liver gene therapy is rapidly evolving, with the potential to transform the
management of a wide range of diseases, from rare metabolic disorders to the most
common cancers.

High costs of advanced therapies. The global applicability of these innovations is currently
limited by profound systemic asymmetries. While regenerative medicine holds promise for
treating chronic liver diseases, access in low- and middle-income countries is hampered
by alack of regulatory infrastructure and adequate economic evaluations [209]. Without
reforming reimbursement models and inclusive global governance [210], these therapies
risk remaining a privilege for a select few, exacerbating health disparities in regions where
viral hepatitis and liver cancer are most endemic. The promise of alleviating the global bur-
den of liver disease will remain unfulfilled if advanced therapies do not reach low-income
regions, where the prevalence of viral hepatitis and HCC is highest. Future efforts must
focus on point-of-care, decentralized manufacturing—utilizing closed-circuit automated
systems—and innovative reimbursement mechanisms to bridge the gap between molecular
innovation and global clinical equity.

6. Conclusions

The integration of new cell and gene therapies into the clinic offers patients with liver
disease not only symptomatic management, but a real prospect of cure or long-term stabi-
lization. The main advantages of these approaches are i) definitive correction of genetic and

metabolic defects, as for patients with rare diseases (e.g., Wilson, Crigler-Najjar), gene ther-

apy allows us to restore the enzyme function at the source, eliminating the need for restric-
tive diets or chronic replacement therapies [98,101,104,122,211]; ii) regeneration and support
in acute liver failure (ALF/ACLF) with cell therapies (MSCs or hepatocytes) act as a life-
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saving “bridge”, modulating the cytokine storm and stimulating the regeneration of resid-
ual tissue, drastically reducing short-term mortality while waiting for a donor organ
or promoting spontaneous recovery [212,213]; iii) reversion of fibrosis in MASLD/MASH

through the use of engineered macrophages or MSCs, which offers the possibility
of reversing the fibrotic process, acting directly on hepatic stellate cells and the in-
flammatory microenvironment, thus preventing progression to cirrhosis [214,215]; and
iv) precision oncology for HCC: cellular immunotherapy (CAR-T) and oncolytic vectors

allow us to selectively target tumor cells, overcoming the limitations of chemo-resistance
and reducing the systemic toxicity typical of conventional treatments [184,216,217].

Both approaches, cell therapy and gene therapy, aim to reduce the burden on organ
transplant waiting lists (OLT) by transforming once-terminal conditions into manageable
or curable conditions through minimally invasive procedures.

In conclusion, although challenges remain related to vector safety and standardization
of cellular protocols, the results of recent studies and clinical trials indicate that these
technologies are no longer a future prospect, but an imminent clinical reality. The liver,
thanks to its natural regenerative capacity and vascular accessibility, remains the ideal
target organ to lead this revolution in precision medicine.
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KCs Kupffer cells

LSECs Liver sinusoidal endothelial cells
BECs Biliary epithelial cells

ALD Alcohol-associated liver disease

MASLD  Metabolic-dysfunction-associated steatotic liver disease
NAFLD  Non-alcoholic fatty liver disease
MAFLD  Metabolic-dysfunction-associated fatty liver disease

HCC Hepatocellular carcinoma

ALF Acute liver failure

DAMPs  Damage-associated molecular patterns
PAMPs Pathogen-associated molecular patterns
TNF-« Tumor necrosis factor-alpha

IL-13 Interleukin-1 beta

NK Natural killer cells

NKT Natural killer T cells

HBV Hepatitis B virus

HCV Hepatitis C virus

HAV Hepatitis A virus

ACLF Acute-on-chronic liver failure

OF Organ failure

OLT Orthotopic liver transplantation
G-CSF Granulocyte-colony-stimulating factor

MSCs Mesenchymal stem cells
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LF
CLDs
ECM
ESLD
MASH
HSCs
TGF-B
PDGF
ROS
IL-6
NASH
T2DM
HTx
DRP1
CNS
A1ATD
GSD-1
iPSCs
hiPSCs
WD
HB

FIX
GMP
CAR
GPC3
AFP
TCR
MHC-I
PD-L1
PD-1
NKG2D
AAV
Ad
OTC
AIP
MPS VI
UGT1A1
IdeS
CPS1
LVs
HA
NHP
LNPs
siRNA
cccDNA
shRNA
PCSK9
ACLY
HFHFD
PUFAs
ACSS2
OVs
HREs
HSV-TK

Liver fibrosis
Chronic liver diseases
Extracellular matrix

End-stage liver disease

Metabolic-dysfunction-associated steatohepatitis

Hepatic stellate cells

Tumor growth factor-beta
Platelet-derived growth factor
Reactive oxygen species
Interleukin-6

Non-alcoholic steatohepatitis
Type 2 diabetes mellitus
Hepatocyte transplantation
Dynamin-related protein 1
Crigler-Najjar Syndrome
Alpha-1 antitrypsin deficiency
Glycogen storage disease type 1
Induced pluripotent stem cells
Human-induced pluripotent stem cells
Wilson’s disease

Hemophilia B

Factor IX

Good manufacturing practice
Chimeric antigen receptor
Glypican-3

Alpha-fetoprotein

T-cell receptor

Major histocompatibility complex class I
Programmed death-ligand 1
Programmed death-1

NK group 2 member D
Adeno-associated viral vector
Adenovirus

Ornithine transcarbamylase
Acute intermittent porphyria
Mucopolysaccharidosis type VI

Diphosphoglucuronate glucuronosytransferase 1A1

IgG-cleaving endopeptidase imlifidase
Carbamoyl phosphate synthase
Lentiviral vectors

Hemophilia A

Non-human primate

Lipid nanoparticles

Small interfering RNA

Closed circular viral DNA

Short hairpin RNA

Proprotein convertase subtilisin/kexin type 9
ATP-citrate lyase

High-fat, high-fructose diet
Polyunsaturated fatty acids
Acetyl-CoA synthetase 2

Oncolytic virotherapy

Hypoxia response elements

Herpes simplex virus thymidine kinase
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NHE] Non-homologous end-joining
HDR Homology-directed repair
dCas9 Dead Cas9
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