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The intestine and liver share a unique regenerative property that sets them apart from other 
mammalian visceral organs. The intestinal epithelium exhibits rapid renewal, making it one of the 
fastest renewing tissues in humans. Under physiological conditions, intestinal stem cells within 
each intestinal crypt continuously differentiate into the different types of intestinal epithelial cells 
to maintain intestinal homeostasis. However, when exposed to tissue damage or stressful condi-
tions such as inflammation, intestinal epithelial cells in the gastrointestinal tract exhibit plasticity, 
allowing fully differentiated cells to regain their stem cell properties. Likewise, hepatic epithelial 
cells possess a remarkable regenerative capacity to restore lost liver mass through proliferation-
mediated liver regeneration. When the proliferation-mediated regenerative capacity is impaired, 
hepatocytes and biliary epithelial cells (BECs) can undergo plasticity-mediated regeneration and 
replenish each other. The transition of mammalian liver progenitor cells to hepatocytes/BECs can 
be observed under tightly controlled experimental conditions such as severe hepatocyte injury 
accompanied by the loss of regenerative capacity. In this review, we will discuss the mechanism 
by which cellular plasticity contributes to the regeneration process and the potential therapeutic 
implications of understanding and harnessing cellular plasticity in the gut and liver. (Gut Liver 
2024;18:949-960)
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INTRODUCTION

During embryogenesis, various cell types are sequen-
tially differentiated from parent cells to develop functional 
organs and tissues. However, this cell potency is lost during 
development, leaving only a limited capacity for regenera-
tion through the self-replication of fully differentiated 
parenchymal cells within the respective tissues. However, 
there are anomalies to this custom process, particularly 
within the endoderm-derived gastrointestinal tissues, such 
as the liver, pancreas, and intestine, which possess remark-
able regenerative capacity. This ability is achieved not only 
by self-replication but also by cellular dedifferentiation-to-
differentiation, a manifestation of cellular plasticity.

Intestinal epithelial cells (IECs) have a unique capacity 
for renewal in adult organs, with a rapid turnover rate. It 
is intriguing to note that within each intestinal crypt, stem 
cells exist and keep differentiating into enteroendocrine 

cells, goblet cells, and enterocytes, thus replenishing the 
diverse types of IECs every 4 to 5 days.1 Furthermore, the 
pancreas, which is intricately intertwined with the gastro-
intestinal system, exhibits cellular plasticity within its islets 
to maintain its functionality in different environments, 
particularly in maintaining glucose homeostasis. Notably, 
studies have uncovered cases of β-cell dedifferentiation 
or transdifferentiation from α-cells to β-cells, β-cells to 
α-cells, and δ-cells to β-cells in various animal models 
and human ex vivo models, especially under chronic stress 
conditions.2

Alongside the pancreas, the liver has an extraordinary 
ability to regenerate. For instance, after surgical resection 
of approximately 70% of the liver, the liver can restore total 
lost liver mass. This restoration occurs through the repli-
cation of hepatic epithelial cells, specifically hepatocytes 
(HCs), and biliary epithelial cells (BECs): proliferation-
mediated regeneration. Furthermore, in addition to their 
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primary regenerative potential, HCs and BECs, which are 
derived from a common bipotent lineage known as hepa-
toblasts during development, substitute the other cell type 
through interconverting as required to maintain hepatic 
functions in response to chronic injury: plasticity-mediat-
ed regeneration. Nevertheless, it is crucial to acknowledge 
that this phenomenon is only evident in exceptional situ-
ations, such as the deliberate removal of all proliferative 
cells, serving as a last-ditch effort before complete liver 
failure, thereby signifying the presence of artificial patho-
physiological conditions. In this review, we summarize an 
updated understanding of the pathophysiology and clinical 
significance of cellular plasticity-mediated tissue regenera-
tion in the gut and liver.

CELLULAR PLASTICITY-MEDIATED  
GUT REGENERATION

1. Composition of the intestinal epithelium
The small intestine and colon are major components 

of the digestive system. In particular, the small intestine 
plays a crucial role in nutrient absorption, mucosal barrier 
function, hormone secretion, and the immune system.3-5 
The intestinal epithelium, lamina propria, and muscularis 
mucosa make up the mucosa, the frontline of the gastro-
intestinal tract, which constitutes the physical and chemi-
cal barrier. The intestinal mucosa defends the body from 
environmental stimuli, such as diet and microbiota. The 
gastrointestinal tract is the largest compartment of the im-
mune system and the most highly regenerative organ in 
the body.

The intestinal epithelium is composed of a single layer 
of IEC. The absorptive epithelium of the small intestine is 
based on the crypt-villus axis, whereas the colonic epithe-
lium contains only crypts without villi.6 The crypts con-
tain stem cells, Paneth cells, and transit-amplifying cells 
(progenitor cells). Intestinal stem cells (ISCs) are located 
at the base of the crypts and are closely related to Paneth 
cells, which secrete defensins. After dividing the ISCs, the 
generated transit-amplifying cells continue to divide, dif-
ferentiate, and migrate towards the villus, where these cells 
are eventually shed into the lumen.7 The villi of the small 
intestine contain enterocytes, goblet cells, and enteroen-
docrine cells. Nutrient-absorbing enterocytes account for 
more than 90% of the epithelial cells in the small intestine. 
Goblet cells secrete mucin to form a mucus layer. Besides, 
hormone-secreting enteroendocrine cells, tuft cells, and 
other cells are present in the intestinal epithelium.8 The 
colon has a flat surface epithelium and comprises absorp-
tive colonocytes and goblet cells.6 Notably, Paneth cells are 

absent in the colon. These diverse cell types interact closely 
to preserve intestinal homeostasis and maintain intestinal 
integrity for host defense.

Recent advancements in technology using single-cell 
RNA sequencing (scRNA-seq) have helped refine the 
characterization of intestinal cells.9-11 By identifying the 
transcripts in individual cells, which characterize the dif-
ferences or similarities in gene expression,12 scRNA-seq al-
lows the assessment of the biological properties of each cell 
population.

2. Intestinal homeostasis and intestinal cellular 
plasticity
The intestinal epithelium is constantly exposed to 

pathogenic environments, such as diet, microbiota, and 
other harmful agents. To maintain intestinal integrity and 
homeostasis, rapid and continuous regeneration through 
the renewal of epithelial cells is essential. The epithelium 
of the small intestine is composed of repetitive crypt-villus 
units that are continuously renewed every 3 to 5 days to 
maintain intestinal homeostasis.7,13

ISCs self-renew by dividing and differentiating into spe-
cialized intestinal cells. Therefore, ISCs are critical for nor-
mal tissue homeostasis and injury-induced tissue regenera-
tion. In addition to epithelial proliferation, programmed 
cell death via apoptosis is tightly regulated to maintain 
intestinal integrity.

There are two distinct ISC populations in the crypt: the 
principal population comprises crypt base columnar cells 
marked with leucine-rich repeat-containing G-protein-
coupled receptor 5-positive (LGR5+) and the second popu-
lation comprises B-cell-specific Moloney murine leukemia 
virus insertion site 1 (Bmi 1) cells, at the +4 position, 
which are quiescent stem cells.14,15 LGR5+ ISCs are long-
lived, multipotent stem cells that are primarily responsible 
for the renewal of epithelial cells.13,16,17 The differentiation 
processes from LGR5+ ISCs to the different kinds of epi-
thelial cells are tightly controlled to maintain intestinal 
homeostasis.

The ISC niche, a stromal microenvironment that sup-
ports stem cells, is a critical component for the regula-
tion of the behavior of ISCs not only during intestinal 
homeostasis but also during tissue repair.18 The intestinal 
niche produces several ligands and soluble cytokines, che-
mokines, and growth factors that are critical for the self-
renewal and proliferation of ISCs.

The intestinal epithelium is easily affected by acute inju-
ries, such as ischemia, infection, and radiation and chronic 
disorders, such as chronic inflammatory bowel disease 
(IBD). In cases of intestinal epithelial damage and loss of 
LGR5+ ISCs, active regenerative responses occur to restore 
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the stem cell compartment, and quiescent ISCs are selec-
tively mobilized to repopulate the crypt.13,14,19 In addition 
to quiescent ISCs, diverse differentiated cells, including Pa-
neth and enteroendocrine cells, are also involved in these 
regeneration processes. Notably, several different cells can 
acquire stem cell peculiarity to restore the epithelial cells 
and can dedifferentiate into LGR5+ ISCs to replenish the 
stem cell proliferation through a niche-induced conver-
sion.20-22 This process of dedifferentiation of IECs to ISCs 
is called as intestinal cellular plasticity (Fig. 1). These stem 
cells exhibit fetal-like properties and contribute to wound 
repair and tissue restoration.22

The mobilization of different cell populations is likely 
to occur in an injury-dependent manner.21 Tissue injury-
induced inflammation may play a key role in the develop-
ment of cellular plasticity. However, it is unclear whether 
intestinal cellular plasticity is a transient process that oc-
curs over a limited time period to compensate for and re-
plenish stem cells, or whether it can persist for a long-term 
period.

3. Cellular plasticity regulation
Several signaling pathways are involved in the main-

tenance of ISCs, including the wingless-related integra-
tion site (Wnt), Notch, bone morphogenetic protein, and 
epidermal growth factor (EGF), which are produced by 
the ISC niche.18 These signaling pathways are tightly net-
worked to maintain the self-renewal of ISCs and differen-
tiation during various conditions, such as homeostasis and 
repair processes. In particular, the Wnt signaling pathway is 

the main driving force and essential to maintain epithelial 
homeostasis through the effects on ISCs.23-25 Wnt signaling 
is closely related with the accumulation and transcription 
of β-catenin (Wnt/β-catenin). This pathway is a key regu-
lator of the proliferation of ISCs and mucosal renewal. Wnt 
ligands are expressed by Paneth cells and other mesenchy-
mal cells, such as fibroblasts. Inhibition of Wnt signaling 
results in crypt loss.23 Usually, the Wnt signaling pathway 
is mediated by the Wnt target gene Sox9.26,27 The Notch 
pathway also regulates the differentiation of ISCs, Paneth 
cell plasticity, and promotes the absorptive cell fate.28,29 The 
bone morphogenetic protein pathway is important in the 
promotion of differentiation of epithelial cells.30 On the 
contrary, Lrig1 secreted from ISCs negatively regulates the 
growth of ISCs to maintain the homeostasis.31

Therefore, the balance between stemness and differen-
tiation is well regulated by ISC niche to maintain intestinal 
homeostasis.

4. Intestinal injury and regeneration
Although continuous efforts are being made to main-

tain intestinal homeostasis, the intestinal epithelium faces 
harsh luminal environments, such as dysbiosis, radiation, 
and acute or chronic inflammation. Under physiological 
conditions, the intestinal epithelium engages in well-regu-
lated self-renewal and regenerative processes to maintain 
the integrity of the epithelial barrier. However, breakdown 
of the integrity of the epithelial barrier may occur due to 
intestinal dysbiosis, ischemia, or chronic inflammation.32,33 
When acute injury occurs in the intestinal epithelium, 
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Fig. 1.Fig. 1. Cellular plasticity of the intestinal epithelium in response to various injuries. (A) The intestinal epithelium can be exposed to many types of 
intestinal injury, including inflammation, dysbiosis, ischemia, radiation and toxins, resulting in the loss of intestinal stem cells. (B) Different cells can 
acquire stem cell capacity (dedifferentiation) through several pathways to repair injured tissue. Wnt, wingless-related integration site; SOX9, SRY 
(sex-determining region Y protein)-box transcription factor 9; BMP, bone morphogenetic protein; EGF, epidermal growth factor; YAP, yes-associated 
protein; TAZ, transcriptional coactivator with PDZ-binding motif. The figure was created using BioRender.com.



Gut and Liver, Vol. 18, No. 6, November 2024

952  www.gutnliver.org

upregulation of Wnt/β-catenin signaling increases LGR5+ 
stem cell activity and promotes the tissue regeneration 
process to repair the injury and disintegrity of the epithe-
lial barrier.34 Nevertheless, sustained and severe injury may 
result in the loss of several portions of ISCs.

Regeneration is a reversible, active, and dynamic process 
that requires cellular adaptation between the remaining 
and newly induced cells. Non-proliferative cells rapidly mi-
grate towards injury sites to seal the damaged epithelium, 
which is followed by cell proliferation and differentiation. 
The regeneration of the intestinal epithelium is closely 
linked with the Hippo signaling pathway, which controls 
cell proliferation, migration, and cell fate determination.35

The Hippo pathway ends with the phosphorylation of 
the transcriptional effector yes-associated protein (YAP) 
and a transcriptional coactivator with PDZ-binding motif 
(TAZ). YAP is localized in the nucleus of Lgr5+ISCs and 
plays an important role in intestinal self-renewal. Regener-
ating crypts showed increased YAP/TAZ levels, and YAP/
TAZ inactivation is related with impaired intestinal regen-
eration. The injured epithelium is reprogrammed into the 
highly proliferative and primitive epithelium.36 In a dextran 
sodium sulfate (DSS) murine colitis model, the activation 
of YAP/TAZ signaling induced a fetal signature in regen-
erative colonic crypts.37 Increased YAP activity suppresses 
Wnt signaling and excessive Paneth cell differentiation, 
leading to the reprogramming of pluripotent fetal-like 
ISCs, with the restoration of tissue injury.22,38

5. Intestinal regeneration process in IBD
IBD is a chronic idiopathic and progressive inflamma-

tory disorder of the gastrointestinal tract, composed of two 
distinct diseases: ulcerative colitis and Crohn’s disease.33 
The incidence and prevalence of IBD are increasing global-
ly.39,40 Several conditions are involved in the pathogenesis of 
IBD, including genetic susceptibility, dysregulated immune 
response, impaired intestinal mucosal barrier system, and 
environmental factors, such as diet and the microbiota.41-44 
With the advancement of novel treatment modalities, such 
as biologics and small molecules, clinical improvement 
and remission are achieved in several patients with IBD.45-

47 However, persistent ulceration or mucosal lesions due to 
impaired mucosal integrity are unique clinical features of 
IBD. Furthermore, “mucosal healing,” a concept of com-
plete restoration of the mucosal structure and function, is 
recently introduced in the clinical field; nowadays, it is tar-
geted to achieve favorable long-term outcomes in patients 
with IBD.48

An impaired intestinal mucosal barrier plays a pivotal 
role in the initiation and aggravation of intestinal inflam-
mation, causing an increase in intestinal permeability and 

a subsequent increase in bacterial translocation. The in-
testinal mucosal barrier system is composed of IECs, tight 
junctions, and adherens junctions (AJ), such as E-cad-
herin. Epithelial cell damage combined with dysregulation 
of the intestinal tight junction barrier perturbs the mucosal 
immune system and induces inflammation, characteristic 
features of IBD.49,50 Injury and inflammation trigger regen-
eration of the intestinal epithelial barrier. However, crypt 
epithelial cells proliferate more slowly in a mouse model 
after exposure to lipopolysaccharide.51 Moreover, the loss 
of ISCs resulting from severe and continuous inflamma-
tion in patients with IBD may disturb the regeneration of 
the damaged intestinal epithelium.52 A recent study dem-
onstrated that the transplantation of LGR5+ ISCs attenuates 
intestinal mucosal injury in murine DSS colitis. Therefore, 
stem cell therapy has gained attention for improving the 
healing of the injured epithelium.

6. Cell therapy in IBD
Several studies have demonstrated that hematopoi-

etic stem cells and mesenchymal stem cells (MSCs) may 
have some beneficial effect on a particular population in 
patients with Crohn’s disease.53-57 Especially, allogeneic 
bone-marrow-derived MSC therapy for perianal fistula 
in Crohn’s disease patients has been proven to be a safe 
and effective modality.58 MSCs are pluripotent stem cells 
possessing self-renewal ability, and the therapeutic effects 
of MSCs are mainly carried out through angiogenesis, tis-
sue repair, and immunomodulation.59,60 In the DSS-colitis 
model, endoscopic injections of MSCs and MSC spheroids 
into the inflamed colon area attenuate the inflammation 
and increase the levels of interferon-gamma, indoleamine 
2,3-dioxygenase, and interleukin-10.60 However, the effect 
of a single MSC treatment is transient, and further studies 
are needed to optimize MSCs therapy.

With the advancement of technology for the growth 
of IEC lines, the concept of transplantation of ex vivo 
cultured ISCs, that is “organoids,” can be possible.61-63 Usu-
ally, LGR5+ ISCs are used to make the intestinal organoid, 
and single LGR5+ ISCs can build the intestinal crypt-villus 
units.64 Organoids may help in the promotion of the regen-
erative process of the damaged intestinal epithelium. In a 
DSS colitis model, organoids transplanted into the rectal 
ulcer were shown to integrate into the surrounding tis-
sues and constitute a single-layered epithelium. Therefore, 
transplanted organoids can form self-renewing crypts with 
normal function.65

These findings suggest that organoid engraftment was 
successful and contributed to the regeneration of the dam-
aged intestinal epithelium. Therefore, organoids are possi-
ble candidates for the treatment of severe ulcerative lesions 
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in patients with IBD.66

The establishment of intestinal organoids depends on 
the successful reconstitution of the stem cell niche, which 
possesses several growth factors, including Wnt, noggin, 
and EGF.67

Recently, the success of patient-derived organoids has 
also been reported.68 ISCs can be collected from the intact 
area of patients with IBD through endoscopic biopsy and 
then expanded in vitro to make patient-derived organoids. 
These patient-derived organoids can be transplanted into 
a damaged site through an endoscopic delivery system or a 
sheet-type device.69

CELLULAR PLASTICITY-MEDIATED  
LIVER REGENERATION

1. BEC/LPC-drived HC repopulation
The liver possesses an extraordinary regenerative capac-

ity that is largely based on the self-replication/proliferation 
of two parenchymal cells, HCs and BECs. This prolifer-
ation-mediated liver regeneration has been extensively 
investigated in both acute and chronic injury settings using 
various experimental animal models. In the case of acute 
injury, either a 2/3 partial hepatectomy or the administra-
tion of acute toxic drugs triggers a robust proliferative re-
sponse in HCs, aiming to replenish the depleted HC popu-
lation. However, the fidelity of liver regeneration has come 
under scrutiny, as the exceptional proliferative capacity of 
HCs may be compromised under certain circumstances. 

The first experimental evidence of BEC/liver progeni-
tor cell (LPC)-to-HC conversion was reported in the rat 
model. To impede the proliferation of HCs during acute 
liver injury situations, 2-acetylaminofluorene (2-AAF) was 
administered to rats with 2/3 partial hepatectomy. Con-
sequently, the liver manifested the emergence of a ductu-
lar response, the expansion of BECs in peri-portal areas 
(zone1), with the expression of not only KRT8 and KRT19 
but also vimentin and alpha-fetoprotein in these BECs, 
termed “oval cells.” Subsequently, these cells transitioned 
from their LPC phenotype and simultaneously expressed 
the mature HC marker albumin, indicating conversion to 
the HC fate.70,71

In mice, the Kaestner group demonstrated the differen-
tiation of hepatic stem cells into HCs within the context of 
hepatic injury models, such as those induced by bile bile 
duct ligation (BDL) surgery, 3,5-diethoxycarbonyl-1,4-
dihydrocollidine (DDC) diet, or choline-deficient, ethi-
onine-supplemented (CDE) diet models (Fig. 2A). This 
groundbreaking revelation was achieved by hepatic stem 
cell lineage tracing using the Foxl1-Cre reporter strains.72-74 
Notably, Foxl1, which is predominantly found in a specific 
population of subepithelial fibroblasts inhabiting the ISC 
niche,75 exhibited a remarkable surge in expression levels 
proximal to or within the portal region amidst the injury 
setting.

After their experimental evidence, there have been ef-
forts to authenticate the viability of LPCs as a potential 
source for HCs in diseased livers using diverse Cre-report-
er lines. This has been achieved through the utilization 
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of BEC-specific inducible Cre systems, such as Sox9-Cre-
ERT2, OPN-CreERT2, CK19-CreERT2, and others. The 
labeling efficiency in BECs by these BEC-specific Sox9-, 
OPN-, and CK19-CreERT2 shows 32%, 99.9%, and 97%, 
respectively, after tamoxifen injection.76,77 In the absence 
of tamoxifen, 2% and 13% of BECs were labeled by OPN- 
and CK19-CreERT2, respectively. However, the efficacy 
of these inducible systems for incidental labeling of LPCs 
remains controversial due to the lack of validated LPC-spe-
cific markers/strains and an overlap with BEC markers. It 
is worth noting that the majority of biliary-specific mark-
ers are falsely activated in HCs upon injury, which has led 
to conflicting results and ongoing discussions regarding 
the technical aspects of these studies. For instance, under 
CCl4 and CDE injuries, 1.5% to 5.6%, 46.5% to 75.9%, and 
1.6% to 2.0% of HCs were labeled by OPN-, Sox9-, and 
CK19-CreERT2, respectively.78 In light of the numerous 
publications demonstrating the leakiness and random-
ness of the labeling efficiency of the respective Cre systems 
through meticulous examination by multiple research 
groups, caution must be exercised when estimating the fate 
of LPCs through lineage tracing studies. Furthermore, the 
recent development of sophisticated dual labeling systems 
to combine concomitant tracing of HC and BEC lineage 
thereby providing positive and negative tracing, espe-
cially by exploiting the nearly 100% tropism of the adeno-
associated virus serotype 8 (AAV8) system to HC will be 
required to appropriately estimate the real contribution of 
BEC/LPC population in HC repopulations.

Based on the current understanding, the transition of 
mammalian BEC/LPCs into HCs can be observed under 
tightly controlled experimental conditions: (1) intense 
injury to HCs combined with the genetic silencing of the 
entire HC proliferative capacity; (2) intense injury to HCs 
combined with the pan-HC induced by forced oncogene 
expression; or (3) extremely long exposure to liver injury 
until pan-HC loses its regenerative capacity. These ex-
perimental scenarios can be likened to patients with end-
stage decompensated liver failure who are awaiting liver 
transplantation. Notably, murine LPC/BEC-to-HC conver-
sion models exhibit high mortality, reflecting these clinical 
conditions. Using these models, several molecular regu-
lators have been identified that facilitate or suppress the 
conversion of LPCs to HCs have been identified. However, 
the critical molecular switch that initiates this conversion 
remains elusive, and its discovery may hold substantial 
clinical significance.

As a regenerative medicine, turning on and/or boosting 
this alternative regenerative process has been deemed the 
optimal approach for patients suffering from decompen-
sated organ failure. However, a safe and effective treatment 

regimen for this purpose remains elusive, primarily due 
to our limited understanding of the intricate molecular 
mechanisms involved in this process. Furthermore, cel-
lular plasticity has been implicated in the development and 
progression of cancer, where abnormal cellular reprogram-
ming and transdifferentiation can contribute to malignant 
growth. Gaining insight into the underlying mechanisms 
of cellular plasticity is crucial for unraveling the complexi-
ties of developmental processes and to develop innovative 
therapeutic strategies for diseases such as cancer.

2. HC-drived BEC repopulation
In contrast to the BEC-to-HC transition, the HC-to-

BEC transition occurs under much more permissive ex-
perimental conditions.79-82 Upon administration of CCl4, 
DDC, damage-associated molecular pattern molecules, or 
BDL surgery, either transplanted or intrinsic HCs labeled 
by the HC-specific Cre system undergo transdifferentia-
tion into BECs (Fig. 2B).78,83,84 Mechanistic investigations 
have revealed the essential role of biliary-specific tran-
scriptional regulators, including Notch, Sox9, and the 
Hippo-YAP1 cascade. Notably, the overexpression of the 
active form of YAP1 in HCs triggers their dedifferentiation 
to a ductal fate.85 In this process, the Notch-Sox9 axis has 
been identified as functional downstream of the YAP1/
TEAD complex, implying the essential roles and crosstalk 
of biliary-specific transcription factors in the commitment 
of hepatic cell fate in the diseased liver. In contrast to the 
prevailing view that Notch signaling is indispensable for 
HC to BEC transdifferentiation, the Willenbring group 
has identified an alternative pathway in this cellular fate 
conversion.86 Using the Alagille syndrome mouse model, 
where the intrahepatic peripheral bile ducts development 
failure was induced with Alb-Cre;Rbpj(f/f);Hnf6(f/f), they 
revealed that transforming growth factor β (TGFβ) signal-
ing drives Notch-independent de novo bile duct forma-
tion. This finding has clinical impact on Alagille syndrome 
patients, especially those with genetic JAG1 (ligand of 
Notch receptor) deficiency. Furthermore, the HC-derived 
BECs were further confirmed by a comprehensive scRNA-
seq comparing HCs, HC-derived BECs, and native BECs, 
which revealed a significant enrichment of Notch and 
TGFβ signaling exclusively in HC-derived BECs.

The chromatin accessibility analysis revealed an open 
chromatin state at the binding sites of HC-specific factors, 
such as HNF4α, CEBP, and FOXA in HCs. Conversely, 
the chromatin accessibility in HC-derived BECs mimicked 
the chromatin state of BECs, thereby exhibiting an open 
chromatin state at the binding sites of BEC-specific factors, 
including TEAD and HNF1β. Moreover, these cells exhib-
ited a closed heterochromatin state for HC-specific factors, 
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indicating extensive chromatin remodeling by various 
epigenetic regulators during this cellular transformation.87 
Furthermore, the association between chromatin acces-
sibility and the process of HC to BEC transdifferentiation 
is consistent with recent discoveries pertaining to the 
development of HCs-derived intrahepatic cholangiocarci-
noma (iCCA) from HCs.88,89 Recent evidence indicates that 
the induction of BEC-specific transcription factors and 
epigenetic regulators plays a crucial role in the transforma-
tion of HCs into malignant iCCA. This implies that HCs 
expressing these factors, which are frequently detected in 
the livers of patients with cholestasis have the potential to 
act as a source of a specific subset of clinical iCCA and/
or to play a role in the development of newly formed bile 
ducts. The extent of this contribution depends largely on 
the pathological condition of the liver, which contains hid-
den factors that determine the pathophysiological fate of 
this population.90,91

Additionally, it is worth mentioning that the HC-
specific labeling systems currently in use, such as the 
AAV8, exhibit a particularly high level of reliability and 
accuracy, with minimal leakage. As a result, the process of 
HC to BEC transdifferentiation is less controversial and 
is being studied extensively to elucidate the fundamental 
mechanisms involved. This research is aimed at identify-
ing pivotal factors that have potential for translation in the 
context of cholestasis patients who experience severe bili-
ary damage and require the regeneration of new bile ducts 
and are at risk of developing iCCA.

3. Cell therapy in liver disease
Orthotopic liver transplantation (OLT) is currently the 

definitive treatment for various end-stage liver diseases. 
However, due to a significant shortage of healthy donor liv-
ers, there is a significant mismatch between the number of 
organs available and the number of patients on the waiting 
list, resulting in high mortality rates among those waiting 
OLT. As a result, cell therapy has emerged as a potential 
alternative treatment for these patients. The advantages 
of cell therapy include the potential to use cells from a 
single donor liver for multiple recipients, the simplicity of 
cell administration through intravascular catheters rather 
than complex surgery, and the ability to use cryopreserved 
cells to schedule treatments in non-emergency situations. 
In addition, cell therapy allows for repeated OLT and is 
considered “reversible” as the native liver remains intact, 
potentially reducing costs significantly compared to whole-
organ OLT.92

However, this approach faces several challenges, in-
cluding the limited availability of suitable donor livers, 
difficulties in isolating high-quality cells from these livers, 

challenges in cryopreserving human liver cells without 
compromising their viability, low engraftment and prolif-
eration rates of transplanted cells, and the risk of long-term 
allograft rejection. Moreover, the disparity between animal 
models and human clinical outcomes is significant, as ani-
mal models often do not accurately replicate the prolonged 
and severe liver injury seen in humans. The primary meth-
ods of cell delivery include infusion through the portal 
vein or hepatic artery, and less commonly, ectopic implan-
tation into the spleen or peritoneum. It is crucial that the 
transplanted cells reach the liver parenchyma within 24 
hours to avoid macrophage clearance.93,94

To alleviate this bottleneck, initial challenges involve 
providing functional mature HCs that maximize their self-
replication ability into liver diseases. Many clinical and 
preclinical studies have focused on cell therapy to repopu-
late HCs, including transplantation of mature HC. How-
ever, maintaining the functionality of mature HCs in vitro 
is extremely difficult, and the mammalian liver has a strict 
metabolic zonation with distinct molecular signatures.95 
With the rapid advances in stem cell research for organ 
regeneration, alternative challenges include numerous 
trials that have aimed to provide functional HCs derived 
from various stem cell progenitors.96-99 These efforts have 
expanded to include different types of stem cells, such as 
whole bone marrow cells, hematopoietic stem cells, and 
MSCs.98,96,100-103 The beneficial effects following stem cell 
injection are still self-replication of HCs rather than due 
to cellular plasticity or transdifferentiation. Instead, they 
result from the paracrine effect of cytokines released by the 
injected cells, which improve the cellular niche and pro-
mote regeneration.99,104

The concept of regenerating HCs by reprogramming 
has been experimentally validated.105 HCs from human cir-
rhotic livers, which are typically non-proliferative and dys-
functional, were successfully reprogrammed into hepatic 
progenitor cells in vitro. These progenitor cells were then 
differentiated back into mature HCs, which not only ex-
hibited functional HC markers, but also demonstrated the 
ability to proliferate. When transplanted into severe com-
bined immunodeficiency (SCID) mice, these regenerated 
HCs retained their mature markers and showed no signs of 
tumor formation. This demonstrates that even end-stage 
liver HCs can be rejuvenated and restored to functionality.

In addition to the experimental evidence, it has been 
proposed that progenitor-derived HCs repopulate the pa-
renchymal extinction region in cirrhotic livers.106 To bridge 
the gap between preclinical models and clinical trials, stud-
ies have been conducted to assess the clinical potential of 
this cell therapy. Intriguingly, preclinical models showed 
that transplanted hepatic progenitor cells contributed to 
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the restoration of liver parenchymal cells.107,108 Further-
more, transplantation of human fetal bile duct stem cells 
improved two patients with advanced liver cirrhosis with-
out any adverse effects.109 Additionally, HC-like cells de-
rived from human induced pluripotent stem cells showed 
functionality, suggesting their potential for cell therapy.110

Building on this, recent advances in cell therapy have 
shown promising results in human liver applications. In 
one notable study,111 primary human BECs were isolated 
from various regions of the biliary system, including the 
intrahepatic bile ducts, common bile duct, and gallbladder. 
scRNA-seq revealed distinct transcriptomic profiles for 
BECs from different regions, despite their common mark-
ers. These BECs were cultivated into organoids and then 
transplanted into deceased human donor livers using ex 
vivo normothermic perfusion, a technique that helps pre-
serve organs and reduce ischemic damage.

Despite the biliary tree's susceptibility to ischemia, 
which can cause ductal damage, the transplanted BECs or-
ganoids successfully engrafted within the intrahepatic bili-
ary tree. Impressively, 40% to 85% of the bile duct cells in 
these livers were derived from the transplanted organoids. 
Functional assessments showed that these organoids not 
only repaired the damaged intrahepatic bile ducts, but also 
improved bile properties, without differentiating into other 
hepatic lineages. These findings highlight the potential 
of using BECs organoids for therapeutic interventions in 
human livers, particularly under conditions facilitated by 
normothermic perfusion.

This series of studies not only highlights the regenera-
tive capabilities of reprogrammed HCs, but also illustrates 
the innovative applications of cell therapy in liver diseases, 
providing a viable alternative to traditional liver OLT.

CONCLUSION

The liver and gastrointestinal tract are unique in their 
ability to regenerate, which is achieved not only by self-
replication but also by cellular plasticity. Although, the 
intestinal epithelium is constantly exposed to pathogenic 
environments, such as diet, microbiota, and other harmful 
agents, intestinal integrity and homeostasis can be main-
tained by rapid and continuous regeneration of epithelial 
cells. However, when severe injury results in the loss of 
ISCs, the process of dedifferentiation of IECs into ISCs 
occurs, which have fetal-like properties and contribute to 
wound repair and tissue restoration. Advance in under-
standing of intestinal cellular plasticity, new therapeutic 
modalities, including stem cell therapy, may aid in the 
treatment of patients with IBD. In addition, organoids are 

being introduced as a therapeutic tool that can help in the 
promotion of the regenerative process of the damaged in-
testinal epithelium.

Despite the remarkable regenerative capacity of the liver, 
liver failure due to chronic liver disease is the 9th leading 
cause of death in the United States. The waiting list for liver 
OLT, the only reliable cure for end-stage liver disease, has 
been steadily increasing for decades, despite many research 
advances, such as stem cell therapy.112 Patients with end-
stage liver disease are in desperate need of functional HCs 
and/or BECs. However, the lack of intact cells forces them 
to enter the cell cycle. Theoretically, the concept of borrow-
ing stem-like cells from each other based on their specific 
needs, could be an ideal and less aggressive approach to 
obtaining cells with functional capabilities and alleviating 
their condition. Recent studies suggest the possibility of 
innovative applications of cell therapy in advanced liver 
disease, providing a viable alternative to traditional liver 
OLT. Further research in this area will undoubtedly reveal 
additional factors and mechanisms, thereby paving the way 
for more effective therapeutic interventions in the future.
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