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Abstract

Numerous studies have shown that hepatocyte transplantation is a

promising approach for liver diseases, such as liver-based metabolic

diseases and acute liver failure. However, it lacks strong evidence to

support the long-term therapeutic effects of hepatocyte transplantation in

clinical practice. Currently, major hurdles include availability of quality-

assured hepatocytes, efficient engraftment and repopulation, and effective

immunosuppressive regimens. Notably, cell sources have been advanced

recently by expanding primary human hepatocytes by means of dediffer-

entiation in vitro. Moreover, the transplantation efficiency was remarkably

improved by the established preparative hepatic irradiation in combination

with hepatic mitogenic stimuli regimens. Finally, immunosuppression drugs,

including glucocorticoid and inhibitors for co-stimulating signals of T cell

activation, were proposed to prevent innate and adaptive immune rejection

of allografted hepatocytes. Despite remarkable progress, further studies are

required to improve in vitro cell expansion technology, develop clinically

feasible preconditioning regimens, and further optimize immunosuppression

regimens or establish ex vivo gene correction-based autologous hepatocyte

transplantation.

INTRODUCTION

Liver diseases take over 2 million lives annually, which
accounts for 4% of all deaths worldwide[1] and ranks liver
disease as the 11th leading cause of death.[2] OLT has
been proven life-saving and is considered gold standard

for patients with liver-basedmetabolic disorders and end-
stage liver failure.[3] However, there is a huge gap
between the number of patients on the waiting list and the
number of donor liver organs. Alternative therapies other
than liver transplantation have been vigorously explored,
including hepatocyte transplantation (HTx). Compared
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with OLT, the main advantages of HTx are that (1) the
operation of HTx is easier and less invasive; (2) cells
obtained from a single donor liver can be transplanted to
multiple recipients; (3) cells can be cryopreserved and
genetically manipulated ex vivo.

HTx, originally initiated in 1976 as a novel therapeutic
modality for Crigler-Najjar syndrome type 1 and validated
using hyperbilirubinic Gunn rats, has since undergone
significant advances.[4] The inaugural human HTx
procedure was conducted in 1992, employing autolo-
gous cells for patients with cirrhotic liver diseases.[5]

Subsequently, in 1994, allogenic HTx utilizing fetal liver
grafts was employed to manage fulminant hepatic
failure.[6] Over the last 30 years, >150 clinical cases of
HTx have been reported.[7] Based on these studies, HTx
is proposed to be applied for the management of liver-
based metabolic disorders and acute liver failure.

The principle of HTx for liver-based metabolic
disorders is to substitute or supplement the function
of abnormal hepatocytes in patients with dysfunction
of a single hepatic enzyme or secretory protein, for
example, Crigler-Najjar syndrome caused by the lack
of activity of the hepatic enzyme bilirubin UDP-
glucuronosyltransferase, urea cycle disorders result-
ing from abnormalities in urea cycle enzymes, and
alpha-1 antitrypsin deficiency caused by the dysfunc-
tion of A1AT protease. Since the liver has remarkable
excess function, a small fraction of the liver mass is
often sufficient to maintain the function. In a preclinical
study of HTx for the treatment of hyperphenylalanine-
mia, liver repopulation over 5% resulted in a significant
decrease in serum phenylalanine levels.[8] In addition
to liver metabolic diseases, HTx could provide hepatic
function for patients with acute liver failure to support
the injured liver to recover or to bridge to liver
transplantation. Previous studies showed that 10%-
15% of the liver mass is probably required for the
treatment of acute liver failure.[9]

Despite its promising potential, HTx faces the follow-
ing obstacles, the availability of quality-assured hepato-
cytes, the efficiency of engraftment and repopulation,
and effective immunosuppressive regimens (Figure 1).
To that end, several exciting progresses have been
achieved. First, in vitro primary human hepatocyte (PHH)
expansion systems have been developed, in which
hepatocytes can be efficiently dedifferentiated into
expandable hepatic progenitor-like cells, providing an
opportunity to generate quality-assured and off-the-shelf
cells for HTx.[10–14] In addition, recently established
regimens of preparative hepatic irradiation (HIR) in
combination with mitogenic stimuli promote liver
repopulation efficiently in nonhuman primates and have
been introduced into clinical trials for the treatment of
liver-based metabolic disorders.[15] After transplantation,
immune rejection would be an important issue for the
graft loss.[15] Remarkably, several immunosuppression
drugs, such as glucocorticoids,[16] have been found to
significantly prevent early innate immune rejection of
transplanted hepatocytes. Additionally, biomarkers, such
as CD40L,[15] have been identified in adaptive immune-
mediated rejection after allotransplantation, making it
possible to monitor the graft loss. Here, we will
summarize the latest findings on orthotopic HTx,
evaluate the status quo of potential techniques, and
forecast the future development of HTx (Table 1).

TECHNICAL CHALLENGES OF HTx

Cell source and quality

The acquisition of transplantable hepatocytes is the
prerequisite for HTx and strongly associated with clinical
outcomes. Due to the shortage of donor organs, PHH used
in clinical HTx are primarily obtained from unused seg-
ments of donor liver tissues,[17] which usually do not meet

F IGURE 1 Critical procedures and barriers for HTx. Cryopreserved primary human hepatocytes (PHH) or the in vitro expanded hepatocytes
are transplanted into the patient liver mainly by means of the portal vein. Due to the sinusoidal endothelium barrier, vascular injury responses and
recipient immune rejection, only a small fraction of transplanted hepatocytes can successfully engraft into the host liver. Transplanted hepatocytes
engraft into the host liver parenchyma, and repopulate the recipient liver in situ. To achieve HTx in clinics, 3 technical challenges should be
addressed, reliable hepatocytes with quality assurance, clinically feasible preconditioning regimens to achieve cell engraftment and repopulation,
and effective immunosuppressive regimens to target allograft rejection.
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the need for OLT. On top of that, cell isolation from liver
tissue includes collagenase perfusion, cell isolation and
purification, and the quality of isolated hepatocytes largely
depends on the quality of donor organs, making the
process difficult to control and causing large variations from
batch to batch.[18] Moreover, cryopreserved hepatocytes
do not recover well after thawing, often accompanying with
low viability and impaired hepatic functions.[19]

Cell engraftment and repopulation

Another technical challenge of HTx is the low efficiency
of cell engraftment and repopulation. Hepatocytes are
mainly transplanted by means of the portal vein or
spleen pulp. Transplanted cells initially move toward the
branches of the portal vein and later translocated into
the hepatic sinusoids, eventually integrating into the

TABLE 1 Hepatocyte transplantation: progresses, challenges, and outlook

Limitations Progress Challenges Future perspectives

Reliable source of
transplantable cells with
quality assurance

Cryopreserved PHH The residual of DMSO
Ice recrystallization
Potential contamination
Large-scale vitrification

Optimization of cryoprotectant
agents to replace or reduce
DMSO

Development of controlled rate
drying warming device

Optimization of the automated
vitrification system

Pluripotent stem cells derived
hepatocyte-like cells

Phenotypic immaturity
Low scalability
Safety issues

Establishment of the GMP-
compliant protocol for the large-
scale expansion of PHH

Validation of the genomic stability
by whole genome sequencing

Optimization the culture system to
expand the adult donor
hepatocytes

In vitro expansion of human
hepatocytes

Safety issues
GMP-compliant protocol
Adult donor hepatocytes

expansion

—

Clinically feasible
preconditioning regimens to
achieve efficient
engraftment and
repopulation

Drug-based and HIR-based
preparative regimens to promote
cell engraftment

Dose control
Species sensitivity
Optimal time window for

transplantation

Refinement of the engraftment
process by genetic and
transcriptomic tools and
advanced live imaging
techniques to promote
engraftment

Preconditioning the liver to damage
the host hepatocytes in
combination with hepatic mitogenic
stimuli regimens to promote donors’
hepatocyte repopulation

Dose of HIR
Portal embolization
Appropriate hepatotoxins
Selection of hepatic

proliferation agents

Establishment of appropriate
animal models that mimic the
human liver response to
irradiation

Validation of clinically approved
hepatotoxic drugs

Validation of clinically approved
drugs that stimulate hepatic
proliferation, such as T3 mimetic
drugs

Effective immune-
suppressive regimens to
allow the long-term survival
of transplanted cells

Adaptive immune-mediated rejection
(rejection biomarker: CD154 and
CD47)

Monitoring of cellular graft
function and rejection

Long-term maintenance of
the graft survival

Optimization of noninvasive 3D
imaging and identification of
sensitive biomarkers to monitor
long-term rejection

Autologous HTx based on ex vivo
gene correction to cure metabolic
liver diseases

Innate immune-mediated rejection
(potential treatment: A1AT and
dexamethasone)

Perfusion/reperfusion injury
and IBIMR during PHH
transplantation

Upregulation of DAIFs
during long-term
expandable PHH

—

Abbreviations: 3D, 3-dimensional; DAIFs, dedifferentiation-associated inflammatory factor; IBMR, instant blood-mediated inflammatory reaction; PHH, primary human
hepatocyte; HIR, hepatic irradiation; HTx, hepatocyte transplantation
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liver parenchyma. Due to the sinusoidal endothelium
barrier and initial vascular responses, only a small
fraction of transplanted hepatocytes can successfully
engraft into the host liver.[20,21] In addition, these
engrafted hepatocytes encounter other difficulties in
long-term retention and repopulation. For example, the
host liver architecture is usually intact in patients with
liver-based metabolic disorders. Also, transplanted
hepatocytes would not survive for a long time in the
host liver unless they possess competitive advantages
of proliferation over host hepatocytes. As a result, only
short-term hepatic support has been achieved after
transplantation.[6,22–29] It is essential to establish clin-
ically feasible preconditioning regimens to promote cell
engraftment and repopulation for successful HTx.

Immune rejection

Immune rejection is another constraint to the therapeu-
tic application of HTx. PHH appear to be highly
immunogenic after transplantation, especially in alloge-
neic transplantation.[30] Transplanted cells are acutely
rejected by adaptive (mainly mediated by T cells)[31,32]

and innate (eg, KC and neutrophils) immune
responses.[33] Transplanted cells are eliminated by
adaptive immune cells, including both CD4+ and CD8+

T cells, in a short period.[32] T cell–mediated rejection
and more specifically CD4+ T cell–mediated rejection is
well known from solid organ transplantation models.[34]

However, recent studies have indicated the dominant
role of CD8+ T cells in hepatocyte rejection due to MHC
class I–specific alloreactivity. In the clinical study of HTx
in a patient with Crigler-Najjar syndrome type I, it was
revealed that graft function was progressively lost due
to intense CD8+ T cell alloreactivity, specifically directed
toward particular HLA class I allogeneic antigens.[31]

In addition to adaptive immune rejection, preclinical
studies have shown that the innate immune response is
activated by several possible mechanisms, such as
exposure of hepatocyte adhesion surface molecules
that are not accessible to macrophages and neutrophils
in intact tissues.[33,35] Moreover, instant blood-mediated
inflammatory reaction (IBMIR)[36] and microcirculation
disturbances caused by cell transplantation, such as
transient ischemia-reperfusion injury,[21] were proposed
to remarkably activate KCs. These innate immune
responses are often accompanied with highly increa-
sed local vasoactive molecules (eg, NO, prostacyclin,
platelet-associated thrombogenic substances, endothe-
lin, and cyclooxygenase), cytokines (eg, TNF α and
IL-6), and chemokines (eg, Cxcl1, Cxcl2, Ccl3, and
Ccl4).[37]

Currently, no consensus has been reached on the
optimal immunosuppressive protocol for clinical HTx.
Most centers adopt the cocktail used for solid
organ transplantation to maintain immunosuppression.

Steroids and calcineurin inhibitors are often applied to
induce an immunosuppressive status, including methyl-
prednisolone, tacrolimus, or cyclosporine. Other mono-
clonal antibodies, such as anti-interleukine-2 receptor
antibodies and antilymphocyte antibodies,[15] have also
been included by some centers. Drugs targeted T cells
were also applied, such as methylprednisolone, tacroli-
mus, mycophenolate mofetil, and prednisone.[15] How-
ever, long-term rejection of PHH after transplantation has
not yet been solved using these immunosuppressive
regimens.

THE UPDATES OF TECHNOLOGY
ADVANCES

Cell source for HTx

Primary human hepatocyte

Until now, PHH isolated by standardized 3-step
collagenase perfusion are the major cell source used
in clinical studies.[38] Only quality-assured cells (sterile
and viability >70%) can be applied for transplantation;
however, cryopreservation of PHH negatively affects
the viability and metabolic function of hepatocytes.[19]

PHH are typically frozen in University of Wisconsin
solution with 10%–15% DMSO and 5% glucose.[19]

Recently, modifications have been reported to improve
the quality of cryopreserved PHH, such as encapsula-
tion of hepatocytes,[39] alternative cryopreservation
media to University of Wisconsin solution,[40] the
addition of membrane stabilizer[41] and antioxidative
chemicals (myricetin),[42] and bulk droplet vitrification.[43]

Despite these improvements, the variability between
different batches of PHH remains a major challenge.

Alternative cell sources

To date, many protocols have been developed to
generate human hepatocytes, based on the under-
standing of the embryonic development of the liver and
modulating the stage-specific cell signaling pathway.[44]

In addition, hepatocytes could be generated directly
from fibroblasts by means of overexpression of liver-
enriched transcription factors.[45–47] Recent studies
focused on 3-dimensional (3D) culture systems to
induce mature hepatocytic functions and to scale up
the culture system, including nonadherent plates,
agarose micromold technology, and spinner flask
system.[48–50] Standardized GMP-compliant protocols
have also been developed to generate iPSC-derived
hepatocytes.[51] Nevertheless, additional efforts are
required to further improve mature hepatic functions
and transplantation efficiency for hepatocytes derived
from both strategies.
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Large-scale production of human hepatocytes
through in vitro expansion

Recent studies using rodent models found that
mature hepatocytes could be reprogrammed into liver
progenitor-like cells in vivo after chronic periportal liver
injury.[52–58] Inspired by these findings, several groups
screened candidate growth factors and bioactive small
molecules to expand primary rodent hepatocytes from
the view of reprogramming.[59,60] The criteria for the
candidate factors were based on their ability to (1)
activate specific cytokine-mediated and growth factor–
mediated pathways involved in regulating liver regen-
eration; (2) mimic Wnt signals which is essential for liver
replenishment and the activation of progenitor-like cells
after liver damage; (3) inhibit TGF-β to promote
proliferation and block apoptosis for the long-term cell
expansion. The expansion system was successfully
established to convert mature rodent hepatocytes
in vitro into progenitor-like cells with a repopulation

capacity using combinations of Wnt agonists, TGF-β
inhibitors, and ROCK inhibitors.[59,60]

Importantly, several groups independently developed
culture systems to dedifferentiate PHH into progenitor-
like cells in vitro,[10–14] and these cells could be expanded
for multiple passages in large quantities. Among these
studies, Zhang et al[10] defined a culture medium
containing Wnt3a to induce human hepatocytes to enter
a bi-phenotypic state and named these cells proliferating
human hepatocytes (ProliHHs). ProliHHs could be
passaged for more than 1 month with a 10,000-fold
increase in number. Importantly, ProliHHs at early
passages showed repopulation capacity and therapeutic
efficacy comparable to those of PHHswhen Fah-deficient
mice were used as transplantation recipients.[10] Zhang
and colleagues and others found that these expandable
hepatocytes only maintained mature hepatic function
within certain passages in vitro.[10–14] To address the
decreased hepatic function on passaging, Zhang and
colleagues and others defined a 3D organoids culture

F IGURE 2 Preconditioning regimens for successful HTx. Preclinical research in preconditioning regimens for successful HTx focuses on
improving the initial engraftment and long-term repopulation. In terms of enhancing engraftment, the current strategies mainly involve the use of
anti-inflammatory drugs (eg, thalidomide and etanercept), to reduce ischemia-reperfusion injury-mediated inflammatory response and toxicity, as
well as the utilization of drugs (eg, cyclophosphamide, phenytoin, and rifampicin) or low-dose HIR to directly disrupt the integrity of liver sinusoidal
endothelium. In addition, several vasodilators (eg, nitroglycerin, prostacyclin, bosentan, and darusentan), which promote liver sinusoidal dilatation
and permit transplanted cells to move through, remarkably increase the number of engrafted cells. Regarding the promotion of repopulation, the
current primary concept is to block the cell cycle of host hepatocytes while maintaining a mitogenic condition in donor cells. In terms of blocking the
cell cycle, it mainly involves the use of certain hepatotoxic drugs (eg, cyclophosphamide, phenytoin, and rifampicin) or high-dose HIR to induce
hepatocytes senescence. To stimulate donor cell proliferation, surgical procedures (eg, partial hepatectomy and portal vein occlusion) and small
molecules (eg, HGF and GC-1) can currently be used to promote hepatocytes proliferation. Under these conditions, transplanted hepatocytes gain
a proliferative advantage and gradually replace the host hepatocytes.
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system to facilitate the expandable hepatocytes regain
mature features.[10–12] In addition, Xiang et al[61] reported
that 2-dimensional hepatocytes maintain mature hepatic
function in vitro by modulating cell signaling pathways
with a combination of the adenylate cyclase activator
(forskolin), TGF-β inhibitor (SB431542), Notch inhibitor
(DAPT), Wnt inhibitor (IWP2), and BMP inhibitor
(LDN193189). Regarding to the gradually decreased
repopulation capacity of expandable hepatocytes,[14,16]

Wang et al[16] recently found that ProliHHs cultured in 3D
organoids showed increased transplantation efficiency
in vivo, likely due to the reduced expression of
dedifferentiation-associated inflammatory factors. The
development and application of these expandable
hepatocytes could partially resolve the PHH shortage.
Markedly, expandable hepatocytes can be quality-
assured during the expansion to meet the requirements
of off-the-shelf products, and these cells provide the
opportunity to develop ex vivo gene corrections for
autologous HTx.

Preconditioning regimens for successful
HTx

Drug- and HIR-based preparative regimens to
promote cell engraftment in animals

After the transplanted hepatocytes are infused into the
recipient liver, they enter the sinusoids and pass into
the liver parenchyma. During these steps, 70%–80% of
the initially transplanted cells are acutely cleaned due to
IBMIR and inflammatory response toxicity, which results
in poor engraftment efficiency.[20,21,37] Pretreatment with
anti-inflammatory drugs, such as thalidomide and
etanercept (TNFα antagonist), [62] has been applied
prior to cell transplantation (Figure 2), which greatly
ameliorated inflammation and improved hepatocyte
engraftment in rats.

In addition, chemical drugs have been developed to
damage the endothelial integrity to improve the entrance
of transplanted hepatocytes, including cyclophospha-
mide, phenytoin, and rifampicin[63,64] (Figure 2). At the
appropriate dose, these chemicals only damage liver
sinusoidal endothelial cells without hepatocellular
toxicity. The application of these drugs has been
demonstrated to greatly improve the efficiency of
hepatocyte engraftment in rodent models. In addition,
several vasodilators, including nitroglycerin, prostacyclin,
bosentan, and darusentan,[64–66] which promote liver
sinusoidal dilation and permit transplanted cells to move
through, remarkably increase the number of engrafted
cells (Figure 2).

Furthermore, a preparative regimen of HIR was
developed to improve engraftment efficiency by destroying
hepatic sinusoidal endothelium integrity (Figure 2).
Notably, low-dose HIR treatment in defined liver lobes

was proven safe in clinical applications,[15] and the injury
induced by HIR was reversible.[67] The engraftment
efficiency was HIR dose-dependent within a specified
range. Remarkably, HIR-enhanced engraftment was
validated in cynomolgus monkeys, showing that a single
10 Gy dose of HIR was sufficient to enhance engraftment
of donor porcine hepatocytes.[67] In summary, current
drug-based or HIR-based preconditioning regimens have
shown promising effects in improving cell engraftment.
Importantly, preclinical animal studies have demonstrated
the safety and feasibility of these regimens.

Preparative HIR in combination with hepatic
mitogenic stimuli regimens to promote cell
repopulation in animals

The impressive liver repopulation achieved under genetic
selection conditions, such as the urokinase plasminogen
activator transgenic mice or Fah-deficient mice, provides
clues for the optimization of the preconditioning regimen
to improve donor cell repopulation, that is, blocking the
cell cycle of host hepatocytes while maintaining the
mitogenic condition in donor cells (Figure 2). Previously,
retrosine, a pyrrolizidine alkaloid, was administered to
inhibit the regeneration of host hepatocytes in rats. Thus,
only the donor cells gained the advantage of proliferation
in response to a mitotic stimulus induced by partial
hepatectomy.[68] However, retrosine is not suitable for
clinical use because of the genotoxicity and tumorigenic
risk. Later, Guha et al[69–71] found that the combination of
HIR and hepatotropic growth stimuli successfully
enabled high repopulation efficiency in animals with
inherited metabolic liver diseases. Notably, HIR can be
accurately delivered into the specific lobe of the host liver
in a spatially confined manner, leaving the remaining liver
unperturbed.[72]

In addition to HIR, other preconditioning protocols
have been developed to identify regimens that induce
controllable damage to hepatocytes. Loss of Cypor
would abrogate Cyp-mediated metabolism, which pre-
vents the conversion of acetaminophen to hepatotoxic
NAPQI. Vonada et al[73] reported that hepatocytes
lacking Cypor would be protected from acetamin-
ophen-induced toxicity. They also showed that with
the transient treatment of moderately hepatotoxic
acetaminophen, hepatocytes lacking Cypor were selec-
tively enriched in vivo. By linking therapeutic transgenes
in cis with a CRISPR-Cas9 guide RNA or a short hairpin
RNA targeting Cypor, hepatocytes with reduced Cypor
expression could be efficiently repopulated with APAP
treatment, replacing up to 50% of the liver mass in the
preclinical animal studies. It is thus possible to expand
hepatocytes harboring a disease-curing transgene to
therapeutic levels after transplantation.[73]

Another challenge for preconditioning regimens is to
promote the proliferation of transplanted cells. To this end,

6 | HEPATOLOGY COMMUNICATIONS



surgical procedures and chemicals have been inves-
tigated as potential mitotic stimuli (Figure 2). Although
partial hepatectomy and portal vein occlusion are routine
clinical operations, the regenerative stimuli induced by
these manipulations are short-acting. Several chemicals
have been validated as hepatic mitogens that promote
hepatocyte regeneration, including HGF,[67,72,74,75] the
thyroid hormone, triiodothyronine (T3),[68,76] and GC-1
(a T3 mimetic drug)[72] (Figure 2). However, recombinant
HGF is unstable in blood with a half-life of 3–5
minutes,[77–80] while virus-mediated expression of HGF
raises safety issue.[81,82] Additional safety concerns for
HGF include negative effects on cardiac function and
off-target effect as multiple tissues express HGF
receptor.[83,84] Regarding T3, the effective dose of T3
induces severe cardiotoxicity because T3 can directly
bind to the receptor TRα in cardiac tissues. Although the
T3 mimetic GC-1 is nontoxic to cardiomyocytes and
efficient in promoting hepatocyte regeneration, it has not
yet been approved by the Food and Drug Administration
(FDA). Another T3 mimetic, resmetirom (MGL-3196),
which received breakthrough therapy designation from
FDA,[85] could be additionally evaluated to promote
hepatocyte proliferation at a safe dosage.

In general, preparative protocols based on HIR in
combination with hepatic mitogenic agents may be
applied in clinical trials in the future. Nevertheless,
additional efforts are expected to improve clinically
compatible preconditioning regimens, especially the
optimization of HIR and selection of hepatotoxins and
hepatic proliferation agents.

Clinical HTx studies under HIR-based
preparative regimens

Recently, Soltys et al[15] performed the clinical trial to
implement preparative HIR protocols in 3 patients with
inherited metabolic liver diseases. Two young infants
with urea cycle defects received preparative HIR with a
single dose of 5 and 7.5 Gy, respectively, targeting
30%–37% of the total liver volume prior to HTx.
Unfortunately, they experienced early graft loss after
HTx, and a retrospective analysis attributed this to
inadequate immunosuppression. In another case, a
female adult with phenylketonuria received a single
fraction of preparative HIR at 10 Gy. Approximately 3%
donor cells in the recipient liver biopsies were detected
3–6 months after HTx. Furthermore, the serum phenyl-
alanine level was ~36% lower than before HTx.[15] The
initial results from these 3 patients demonstrated the
safety of low-dose preparative HIR preconditioning of
the liver. However, the efficacy of HTx in patients differs
significantly from preclinical data.[15] It is essential to
further investigate various aspects, such as irradiation
dose and volume, the quality and dose of transplanted
cells, and immunosuppression protocol.

Progress in preventing immune rejection of
HTx

Recent studies have shown that the immune response
to HTx is different from that to OLT.[86] Allograft
complications are regularly monitored during organ
transplantation, and standard clinical and laboratory
measures have been developed to identify organ
rejection, including cell-mediated and antibody-medi-
ated rejection and manipulation tolerance, all of which
contribute to the management of immunosuppression in
transplant recipients.[87] At present, the clinical immu-
nosuppressive regimens for HTx are derived from
protocols applied in OLT, even though hepatocytes
are highly immunogenic compared with liver trans-
plants. These immunosuppressive protocols mainly
suppress the adaptive immune response by inhibiting
the activity of T cells.[15] In contrast to OLT, it is currently
difficult to monitor the fate, location, and number of
transplanted cells in the recipient liver, necessitating the
evaluation of a potential rejection marker during HTx.

Previously, mice were treated with either anti-CD40L
(also known as CD154) antibody or anti-CTLA4 anti-
body to block CD40L/CD40 or CD28/B7 signaling,
respectively. Anti-CD40L antibody caused significant
enhanced survival of allografted hepatocytes, whereas
the application of CTLA4 antibody showed no obvious
effects.[88] Further, it was identified that treatment of
CD8-knockout or CD4-knockout mice with anti-CD40L
antibody led to significantly prolonged survival of
transplanted hepatocytes, indicating that CD40L/CD40
interaction was also critical in both CD4+ and CD8+ T
cell–mediated rejection. Importantly, a recent clinical
HTx study found that donor-specific alloreactivity could
be monitored by detecting allograft-specific CD40L+

cytotoxic memory T cells, which may be a potential
biomarker for monitoring early rejection by adaptive
immune cells after HTx.[15]

In addition, previous studies have identified the role of
neutrophils and macrophages in the early elimination of
transplanted cells.[33] Moreover, depletion of neutrophils
and KCs significantly improved cell engraftment in
rats.[33] At present, perfusion/reperfusion injury induced
by embolus of transplanted hepatocytes and IBMIR
has been proposed responsible for the activation of
the innate immune response after HTx, mainly KC
activation.[86] These processes are accompanied by the
release of numerous deleterious proinflammatory cyto-
kines, leading to cellular rejection. Lee and colleagues
recently reported that administration of A1AT, which is a
natural immunomodulator secreted by hepatocytes that
inhibits caspase-related inflammation,[89,90] improved
engraftment of transplanted hepatocytes by inhibiting
IBMIR.[91,92] In addition, Yang and colleagues found that
CD47, a member of the immunoglobulin superfamily that
provides a protective signal against the phagocytic
activity of macrophages, regulated both innate and
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adaptive immune-mediated rejection of transplanted
hepatocytes.[93]

These studies mainly focused on immune rejection
after primary hepatocytes, which receive minimal
manipulation after isolation. However, cells produced
by means of stem cell technology usually require
considerable long-term culture in vitro and the molec-
ular expression pattern might be altered after
passaging.[94,95] Wang et al[16] recently reported immune
rejection of expandable human hepatocytes, ProliHH. In
correlation with the reduced transplantation efficiency of
long-term cultured ProliHH (lc-ProliHH), it was found that
dedifferentiation-associated inflammatory factors were
upregulated in lc-ProliHH. Further analysis showed that
innate immune cells, specifically Kupffer cells and
neutrophils, were rapidly activated by lc-ProliHH after
transplantation, which resulted in their clearance.

FUTURE PERSPECTIVES

Cell source for HTx

While 10% DMSO has been widely used for the PHH
cryopreservation, alternative cryoprotectant agents
should be studied to replace or reduce DMSO. More-
over, issues regarding vitrification requires further
analyses, including large-scale vitrification, potential
cell loss caused by the recollection of frozen cells,
and cell functionality in vitrificated PHH. Due to the
challenges in maturation and scale up, the application
of iPSC-derived hepatocytes is mainly reported in
animal models. With new progress in these directions,
the clinical application of iPSC-derived hepatocytes
would be foreseeable. Currently, the quantity of PHH
using different expansion protocols can theoretically
meet clinical needs. It is necessary to ensure genetic
stability and in vivo safety of these hepatocytes before
they can be used in clinical applications. Nevertheless,
advancements in terms of maturity, functional stability,
and GMP production are required for either iPSC-
derived hepatocytes and expanded PHH. For clinical
research, a GMP-compliant protocol should be estab-
lished for the expansion of these cells in large
quantities. Reagents used during the culture, including
the basic culture medium and other additional supple-
ments, need to be optimized to be compliant with GMP
and reduce unknown effects on humans.

Currently, available PHH expansion systems perform
best with hepatocytes obtained from pediatric donors.
Although some adult hepatocytes are expandable for a
few passages, it remains challenging to expand
hepatocytes from all adult donors in large scale.[10–14]

The limited proliferation of adult hepatocytes should be
investigated by identifying the differentially expressed
genes and pathways between pediatric and adult
donor cells. Importantly, small molecules targeting

these genes and pathways can be screened to promote
the proliferation of adult hepatocytes, especially chem-
icals targeting epigenetic modifications and cellular
senescence. In addition, strategies may be developed
by analyzing pathways controlling liver regeneration. It
is noteworthy that hepatocyte expansion not only refers
to hepatocyte proliferation in vitro, but also requires
these expandable hepatocytes maintaining mature
hepatic function. To that end, potential chemical
combinations and 3D organoid culture that maintain
the function of PHH could be applied to help expand-
able hepatocytes regain mature features.

HTx technology

Cell engraftment and subsequent repopulation is critical
for successful HTx. Current studies focus on changes in
the host liver microenvironment during transplantation,
and existing preconditioning regimens were designed
based on this direct. However, the underlying mecha-
nisms of engraftment and repopulation remain largely
elusive, including how transplanted cells survive,
migrate, integrate, and repopulate in the host liver. The
development of multiple genetic tools and advanced live
imaging techniques has enabled researchers to trace the
fate of transplanted cells in host livers. By combining cell
sorting with transcriptomic analysis, transplanted cells
can be identified and captured to study cell behavior at
different stages in the recipient liver. New knowledge will
promote engraftment and proliferation of transplanted
hepatocytes.

Current preconditioning regimens, especially prepa-
rative HIR, have demonstrated long-term therapeutic
potential in preclinical animal models of liver-based
metabolic diseases. Moreover, they have been deemed
safe and supportive of engraftment in clinical settings.
However, the observed level of replacement of donor
hepatocytes has fallen short of expectations. This
disparity in clinical efficacy is mainly attributed to
radiation conditions (dose and volume), variations in
hepatic radiosensitivity across species, donor cell quality,
timing of transplantation, and immunosuppressive regi-
mens. The eventual clinical application of these methods
hinges on meticulous preclinical investigations con-
ducted in animal models and a cautious, incremental
development of protocols for human subjects.

Notably, hepatic conditioning regimens inherently
entail hepatotoxicity and may entail substantial side
effects, similar as the myeloablation associated with
bone marrow transplantation, which is not completely
innocuous. Therefore, it is critical to evaluate the
potential liver damage of preparative HIR precondition-
ing regimens to enable the appropriate target patients to
benefit from this therapy. Given that HIR activates
stellate cells, careful consideration should be given to
avoid the inclusion of patients with cirrhosis and for
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patients with severe liver damage. Besides, safety risks
associated with liver irradiation in infant patients need to
be meticulously evaluated. The preferred candidates for
this procedure would be those with diseases that allow
for easy measurement of the therapeutic effects of
transplanted cells and individuals who would require an
organ transplant if the surgery is unsuccessful.

Given that a single dose of HIR injury is unlikely to
cause immediate cell death, alternative irradiation
techniques, such as the implantation of radioactive
particles, can be explored. These methods would
enable the administration of repeated low-dose HIR,
resulting in the expected damage. In addition, some
clinically approved chemotherapeutics (eg, PARP inhib-
itors) that inhibit DNA damage repair, could be
combined with HIR to efficiently induce the cell death
of host hepatocytes, thereby permitting selective growth
of the undisturbed donor cells. Finally, it would be
interesting to develop personalized preconditioning
regimens, for example, host hepatocytes may be
sensitive to a specific drug or HIR in certain liver
diseases.

Strategies to improve immune rejection in
HTx

It is important to comprehensively understand the
kinetics of immune rejection during the whole process
of HTx. Hepatocytes are known to express major
histocompatibility complex class I, adhesion molecules,
and co-stimulation molecules, such as CD40, which is
a marker of T cell activation associated with graft
rejection. Gao et al[96] reported that human hepatocytes
induced T cell activation by means of CD40/CD40L
in vitro, suggesting that the surface markers of
hepatocytes may be changed during the isolation or
culture. The protection of isolated cells from T cells may
mitigate immune rejection. Hepatocytes can be incu-
bated with anti-CD40 antibodies or pretreated with
protective matrices like sodium hyaluronate. After
delivering into the parenchyma, it is crucial to optimize
anti-inflammatory drugs to prevent the occurrence
of IBMIR and innate immune rejection triggered by
ischemic injury.

Long-term immunosuppressive intervention is
employed to ensure the prolonged survival of trans-
planted hepatocytes. For this purpose, an effective
immune rejection monitoring system needs to be
established, such as noninvasive 3D imaging. Cur-
rently, the rejection risk after allogeneic HTx can be
evaluated by monitoring CD40L+ T cells targeting donor
cells.[15] Based on the monitored immune reactivity,
combinatorial protocols to induce and maintain immu-
nosuppression would be thus designed to control cell-
mediated allograft rejection. Further studies should be
performed to identify more efficient immunosuppressant

regimes to target T cells. For example, drugs that block
CD40L/CD40 co-stimulatory signaling need to be
developed. It is noteworthy that several clinical trials
of CD40/CD40L monoclonal antibodies are currently
under investigation in renal transplantation and Sjogren
syndrome.[97] Moreover, given the reported role of CD8+

T cell–-mediated rejection in HLA class I–specific
allograft rejection,[31] donor-specific antibody-driven
rejection should be considered.

In terms of expanded PHH transplantation, Wang
et al[16] demonstrated an unexpected role of macro-
phages in preventing the engraftment of long-term
cultured ProliHH. Interestingly, when remature in
organoid cultures, lc-ProliHH successfully reduced their
ability to recruit and activate macrophages and greatly
improved the transplantation efficiency. Alternatively,
the transplantation efficiency of lc-ProliHH was signifi-
cantly improved by macrophage depletion in the
recipients. Moreover, when recipients were treated with
glucocorticoids to suppress innate immune responses,
engraftment efficiency was significantly enhanced.[16] It
appears to be important to target macrophages and to
identify the most essential cytokines for the develop-
ment of immunosuppressants for clinical transplantation
of expanded PHH.

Autologous cell transplantation therapy with ex vivo
gene correction may be another potential and efficient
therapy for liver-based metabolic disorders. Recently,
Zhang et al[98] found ProliHHs were more susceptible to
gene manipulation compared with PHH and demon-
strated the efficacy of factor VIII-modified ProliHHs in
hemophilia A mouse model. With further studies on
promoting engraftment and repopulation efficiency, the
combination of ex vivo gene editing with in vitro
expansion of autologous hepatocytes could eventually
replace mutated hepatocytes to cure metabolic liver
diseases.
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