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For acute, chronic, or hereditary diseases of the liver, cell transplantation therapies can stimulate liver
regeneration or serve as a bridge until liver transplantation can be performed. Recently, fetal hepatocytes,
stem cells, liver progenitor cells, or other primitive and proliferative cell types have been employed for cell
transplantation therapies, in an effort to improve the survival, proliferation, and engraftment of the
transplanted cells. Reviewing earlier studies, which achieved success by transplanting mature hepatocytes,
we propose that there is a switch-like regulation of liver regeneration that changes state according to a
stimulus threshold of extracellular influences such as cytokines, matrices and neighboring cells. Important
determinants of a successful clinical outcome include sufficient quantities and functional levels of the
transplanted cells (even for short periods to alter the environment), rather than just engraftment levels or
survival durations of the exogenously transplanted cells. The relative importance of these determining
factors will impact future choices of cell sources, delivery vehicles, and sites of cell transplantation to
stimulate liver regeneration for patients with severe liver diseases.
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1. Introduction

Liver provides several vital functions including detoxification,
biotransformation, excretion, protein synthesis and hormone produc-
tion [1]. Liver has evolvedunique regenerative properties that allow it to
heal massive injuries, such as after ingesting poisonous substances.
Mature liver cells can be activated to undergo rapid division, allowing
the liver to regenerate to its original mass and function after 65% partial
hepatectomy [1,2]. Although the liver cannot restore the anatomical
architecture of entire lobes, it can renew lobules, biliary ductwork, and
other small anatomical structures. Hepatocytes normally constitute 80%
of liver mass, and hepatocyte proliferation may be partially responsible
for the regenerative capacity of liver [1]. Liver is frequently injured by
environmental toxins, infections, alcohol, etc., andmost injuries resolve
naturally. Acute liver failure can arise from paracetamol overdose,
ingesting poisonous mushrooms, Reye syndrome,Wilson's disease, and
other causes [3]. Chronic liver injury such as fromhepatitis infections or
alcohol abuse causes liver fibrosis leading to cirrhosis and chronic liver
failure. Metabolic disorders of the liver arise from genetic defects in key
proteins in hepatocytes, which cause potentially fatal deficiencies in
liver functions.

The primary treatment for liver failure, particularly chronic liver
failure, is to remove the source of injury, such as treating hepatitis
patients with anti-viral drugs, treating parasitic infections with
anthelmintics, or halting consumption of alcohol for patients with
alcohol-related fibrosis [4]. For advanced life-threatening diseases,
the only widely accepted treatment is liver transplantation, which
often leads to immunological complications and is limited by the
availability of donor organs [5]. Additional therapies used in humans
include cell transplantation and extracorporeal “artificial liver”
devices [6]. Clinical studies of cell transplantation have been reviewed
recently [7,8]. In this article we review cell transplantation therapies
for liver, with an emphasis on regeneration.

2. Shifting paradigms

Thefirst liver cell transplantation inhuman [9] involved the injection
of hepatocytes for the treatment of liver failure. In early studies, mature
hepatocytes (fresh or cryopreserved) were the commonly used cell
sources. The outcomes of many early trials were positive [10–14], but
hepatocyte availability limits widespread practice. Recent cell trans-
plantation studies focus on stem and progenitor cells that are
proliferative, integrative, andplastic; and somemaybe immunologically
privileged to facilitate long-term integration and engraftment or
prolonged cell survival upon transplantation. Although the outcomes
of thesepre-mature cell transplantationsarepositive, therehasnot been
significant improvement in the therapeutic efficacies over the earlier
transplantations of mature hepatocytes [15]. The functional capacity of
mature hepatocytes is probably more important in liver cell transplan-
tation therapies than previously appreciated.

The proliferation, differentiation, secretion, and other functions of
transplanted and endogenous cells are affected by their local environ-
ments [16]. Many liver diseases decrease the liver's regenerative
potential and hepatocytes' proliferative capability by influencing the
extra-cellular microenvironments [17,18]. For initiation of liver regen-
eration after partial hepatectomy, some of the key signals come from
prostaglandins [19]; the termination of regeneration is characterized by
increasing levels of anti-mitogenic growth factors like transforming-
growth factor beta-1 (TGF-β1) [20]. Fibrotic liver has high levels of TGF-
β1, which may cause hepatocyte apoptosis [21] as well as other anti-
mitotic and pro-fibrotic effects. Other key molecules in the liver
microenvironment that determine regenerative behavior include the
mitogen hepatocyte growth factor (HGF), pro-inflammatory cytokines,
and angiogenic factors such as vascular endothelial growth factor
(VEGF) [22,23]. Key cellular determinants of liver diseases and
environmental signals include hepatic stellate cells (HSCs) and Kupffer
cells [24]. Inflammatory cytokines and HSC activation are necessary for
repair and regeneration, but excessive and protracted inflammation
contributes to disease and antagonizes regeneration.

Not only does the host environment affect the transplanted cells,
but the secretory and signaling outputs of the transplanted cells also
alter the host environment. For example, transplantation of functional
hepatocytes increases the level of HGF [25,26] which is a potent
trigger of hepatocyte proliferation. Hepatocytes secrete VEGF which is
important for proliferation and maintenance of sinusoidal endothelial
cells (SECs) [27,28]. SECs and VEGF are in turn involved in regulating
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angiogenesis and fenestration, supporting the transplanted cells
[29,30]. Indeed the causes and effects may be intertwined. Multiple
“vicious cycles” have been hypothesized in chronic liver diseases, such
as Kupffer cell activation causing more inflammatory cytokines and
oxidative stress, which in turn cause more Kupffer cell activation [31].
Cell transplantation can break the vicious cycle by altering environ-
ments (Fig. 1), for example by providing more effective antioxidant
defenses than the chronically stressed endogenous cells [32]. Changes
in microenvironments may have contributed to the positive outcomes
of many liver cell transplantation studies; and might be initiated by
the strong outputs (e.g. signaling, secretion) from the transplanted
hepatocytes that drastically impact the environments to stimulate
endogenous hepatocyte regeneration. For example, hepatocytes are
important sources of secreted proteases that cause the activation,
bioavailability, and degradation of many growth factors, cytokines,
and extracellular proteins that signal for cell division [18]. Indirect
effects of cell transplantation via the host environment are also
illustrated by the hepatocyte transplantation work of Makowka et al.
[33–35], in which hepatocyte transplantation in a rat model of liver
disease was found to induce endogenous regeneration of the host
liver and to improve survival. In non-liver models with analogous
processes of fibrosis progression, cell transplantation has also been
observed to affect microenvironments [36]. Transplanting mesenchy-
mal stem cells (MSC) into rat lungs with endotoxin-induced fibrosis
caused improvement in the disease stage by decreasing the levels of
inflammatory cytokines [37] despite a very low engraftment level
(b5%). The cell transplantation shifted the milieu of the injured lung
to be less inflammatory in the microenvironments, leading to
significant improvement in disease markers.

Similarly in our own research, labeled hepatocytes transplanted
into fibrotic rats disappeared quickly, with a time series (Fig. 2a)
showing a steep decay in their levels after injection. However, the
percent liver area with α-smooth muscle actin, a marker of fibrosis
[38] (Fig. 2b) was significantly lower at 14 days after hepatocyte
transplantation, compared with the untreated fibrosis control, even
though the transplanted hepatocytes were no longer detectable by
that time. Thus, a time-limited burst of hepatocyte activity could
cause an improvement in the liver environment that lasted longer
Fig. 1. Conceptual diagram of the different paradigms for understanding liver cell
transplantations.
than the cells themselves. These studies suggest that engraftment
efficiency and transplant survival duration are not necessarily good
yardsticks for therapeutic success. Given the importance of the
local environment for the success of transplantation, researchers
should assess the liver environment such as measuring cytokine
levels in transplant patients, as in the approach of van Poll et al.
[39].

Although engraftment may not be necessary for success, the
number (the “dose”) of transplanted hepatocytes would have an
effect on the degree of change in the environment, particularly if there
is a stimulus threshold necessary for perturbing the disease state
[40,41]. To investigate the activation of TGF-β1, a master regulator of
fibrotic processes, we constructed a computational model of extra-
cellular proteins involved in regulating the activation of TGF-β1. Our
simulations revealed a “switch-like” pattern in the activation of this
cytokine (unpublished data), suggesting the possibility of switch-like
regulatory influences on the transition between fibrosis progression
and regression. Some of the proteins in our simulations have been
shown in cell-free experiments to exhibit a switch-like activation
threshold [45]. A threshold would imply the importance of delivering
a higher dose of healthy hepatocytes (a stimulus of great magnitude)
into the liver. The stimulus threshold hypothesis contrasts with the
previous goals of stressing the survival duration or engraftment of the
transplanted cells.

Creating an environment to induce regeneration, or removing
obstacles to normal healing, might only take hours to leave behind
long-lasting effects. If true, this would affect choices of cell sources,
delivery vehicles, sites of cell transplantation, andmany future practices
in liver cell transplantation therapy. Stem cells may lack potent
functions whereas mature hepatocytes may encounter rejection, but
hybrid approachesmay achieve synergistic levels of success, particularly
if mature hepatocytes can improve the host environment while stem
cells integrate into the newly conducive environments.

3. Cell types transplanted for liver diseases

Hepatocytes are the source of metabolic and enzyme functions that
become compromised in liver failure, and therefore are a natural cell
source for restoring the missing functions. The numbers of hepatocytes
needed for transplantation in human can be quite large [46], giving
additional impetus to the search for alternative cell sources. Lack of
donated hepatocytes is compounded by the deterioration of hepatocyte
functions after storage or culturing [47]. Cells that can differentiate into
hepatocytes have been of great interest. Questioning the preference for
stem and progenitor cells in recent transplantation studies, a
comparison study found that mature hepatocytes had better capacity
[15], compared with liver progenitor cells or hepatic precursor cells
derived from embryonic stem cells, for the ability to repopulate liver
mass in immune-deficient mice [48]. Future studies should test this
finding with a less exotic model of liver disease, along with measuring
the liver environment and possible mechanisms for the relative
performance of different cell transplantation therapies. The regulation
of differentiation is very complex and even mature liver cell types are
capable of differentiation under special conditions [10,49–52]. In this
section we present a selection of clinical cases and preclinical studies
illustrating the cell types used for transplantation. The relativemerits of
different cell types are summarized in Table 1.

3.1. Hepatocytes

As a less invasive supplementation to liver transplantation,
hepatocyte transplantation has been used for the treatment of acute
liver failure [53] or chronic liver failure [12]. Cell transplantation
serves as a bridging method to infuse a certain number of functional
hepatocytes into patients and to alleviate the symptoms while they
are waiting for liver transplantation.



Fig. 2.Hepatocyte Transplantation into a rat model of liver fibrosis. (A) Liver tissue, imaged 1, 4, 7, and 14 days after hepatocyte transplantation, showing transplanted hepatocytes in
red. (B) Percent area of liver tissue stained positive for α-smooth muscle actin (“SMA”), a marker of fibrosis [42–44], in untreated fibrotic liver, versus in fibrosis treated with
hepatocyte transplantation. We injected CM-DiI labeled primary hepatocytes (5×107) from adult rats into the inferior pole of the spleen in the CCl4-induced fibrotic rats. No
immune-suppression was employed.
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3.1.1. Acute liver failure
Hepatocyte transplantation may act as a bridge to orthotopic liver

transplantation (e.g., while waiting for an organ to become available)
or alternatively to trigger regeneration of the acutely-injured native
liver. Several clinical trials were performed to treat fulminant hepatic
failure (FHF) caused by hepatitis virus, acute toxic hepatitis, extensive
liver surgery or alcohol-induced liver cirrhosis. Five patients comatose
with acute liver failure received transplantation of 1.3×109 to
3.9×1010 cryopreserved hepatocytes through intrasplenic and intra-
portal infusion. Three patients improved afterwards, according to
encephalopathy score and some liver functions. Encephalopathy is a
marker of hepatocellular failure to indicate demand for organ
transplantation [54] or as a predictor of survival rate. The trans-
planted hepatocytes were detectable in the liver or spleen of two
patients 14 or 20 days post transplantation [10]. A 64-year-old
woman with acute liver failure caused by mushroom poisoning was
infused intraportally with 8×109 cryopreserved human hepato-
cytes, and fully recovered 12 weeks after hepatocyte transplantation
without relapse [13].

Fetal hepatocytes have also been used successfully for acute liver
failure. Seven patients suffering from acute liver failure received
pooled human fetal hepatocytes at 60×106 cells/kg via intraperito-
neal infusion [11]. The transplanted patients showed improved sur-
vival rate, accompanied by decreased plasma ammonia and bilirubin
levels 48 h after the infusion without complications. Ammonia
and bilirubin are common indicators of liver diseases. Ammonia is
normally converted into urea by the liver, and its accumulation in liver
diseases causes hepatic encephalopathy [55]. Bilirubin is normally
excreted by the liver into bile, and elevated bilirubin is responsible for
the yellow color in jaundice. A patient with acute fatty liver during



Table 1
Comparison of different cell types, delivery vehicles, and sites for cell transplantation.

Impact on microenvironment stimulating native liver regeneration Engraftment capability

Cell types
1. Human hepatocytes (cryopreserved,
freshly isolated, or fetal hepatocytes)

+++ •
Maintain metabolic and enzyme functions Poor engraftment

2. Stem cells (liver progenitor cells,
embryonic stem cells, adipose-derived
stem cells, umbilical mesenchymal
stem cells, fetal liver progenitor cells,
or bone marrow-derived stem cells)

• +++
Less specialized functions Highly proliferative, integrative, and plastic;

Possible long-term integration and engraftment, or
prolonged survival

3. Xenogenic hepatocytes + •
Maintain metabolic and enzyme functions Poor engraftment;

Illicit immune responses
4. Modified cells (genetic modified cells,
immortalized hepatocytes, or protected
from apoptosis)

+ +
Less specialized activity; Death resistance allows for long term survival of the

transplantWeaker influence on environment

Delivery vehicles
1. Scaffolds (collagen-based scaffolds,
galactose-based scaffolds, or hydrogels)

++ ++
More stabilized metabolic functions Enhanced cell attachment

2. Three-dimensional microenvironment
(ECM and encapsulation)

++ ++
Better support to cells; Encapsulation reduces immune response
Better mimics in vivo conditions;
Improved liver specific functions

3. Vascularization ++ +
Increased blood supply and nutrients access Improved cell engraftment

Sites
1. Liver +++ +

Better cell–cell interactions; Mediocre engraftment owing to highly vascularized
natureBetter cell–ECM interactions;

Very high impact of the transplanted cells owing to proximity

2. Spleen ++ ++
Good supply of blood and nutrients; Very good engraftment;
Easy access of the transplant's effects to the injured liver; Hepatization observed in certain cases
Possible translocation to hepatic sinusoids

3. Kidney capsule • ++
Long distance between injection site and target site reduces the therapeutic
effect of the transplant

Enhanced cell survival when delivered with ECM
like structures;
Reduced immune response

4. Peritoneum and fat pad • +
Long distance between injection site and target site reduces the therapeutic
effect of the transplant;

Allows engraftment of large number of cells

Less specialized function
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pregnancy who exhibited grade IV encephalopathy for 3 days after
delivery was infused with 3×108 human fetal hepatocytes intraper-
itoneally [56] and she regained consciousness within 24 h and
recovered within 7 days. It is not known how long the transplanted
cells survived in these patients but the single dose of transplanted
hepatocytes was able to improve short-term liver functions
significantly for patients with acute liver failure.

3.1.2. Chronic liver failure
The first clinical trial of hepatocyte auto-transplantation was

carried out on 10 patients in 1992 [12]. The recipients' native cirrhotic
left lateral liver segment was used as the cell source for hepatocyte
transplantation and there was improved encephalopathy in two of the
patients. In another case a 52-year-old with end-stage liver disease
was infused with 2.2×107 cryopreserved hepatocytes into the spleen
as a “bridging” technique to sustain the patient until a donor organ
could become available [14]. Orthotopic whole liver transplant was
performed two days after cell transplantation, and the patient fully
recovered with normal liver conditions for 3 years. Another patient
with end-stage liver disease and grade III encephalopathy was infused
with 7.5×106 cryopreserved hepatocytes. The patient showed
improvement in encephalopathy and plasma ammonia after cell
transplantation [14]. Among seven adult cirrhotic patients with
medically advanced uncontrolled encephalopathy who underwent
single intrasplenic hepatocyte allo-transplantation, one patient with
hepatitis C virus (HCV)-induced cirrhosis had evidence of trans-
planted hepatocytes forming cord like structures with normal
tight cellular junctions in the spleen by day 2 post infusion [14].
Hepatocyte transplantation was performed in 3 patients with alco-
holic cirrhosis in 1996 and all of them were alive in 2000 [57].
Also, for a patient with acute chronic alpha 1 anti-trypsin deficient
liver disease, hepatocyte transplantation caused some improve-
ment in symptoms and served as a bridge to liver transplantation
[58].

In summary, hepatocyte transplantation has achieved considerable
success in clinical settings in the past two decades and has been
successfully used as abridgingmethod forpatientswithacuteor chronic
liver failure while waiting for liver transplantation. The availability of
hepatocytes for cell transplantation becomes a limiting factor.

3.2. Stem or progenitor cells

Although hepatocytes suitable for transplantation may be obtained
from donated livers, such sources are often not readily available.
Researchers are working on alternative cell sources from stem cells, as
they can be expanded and differentiated in vitro or in vivo [59,60].
Studies on transplantation of stem or progenitor cell sources have
involved liver progenitor cells (oval cells), embryonic stem (ES) cells,
multi-potent adipose tissue mesenchymal stem cells, bone marrow
cells, fetal liver progenitor cells, and recently, induced pluripotent stem
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(iPS) cells. Most studies have been carried out in immune-deficient
animals to reduce rejection and to increase engraftment [61].

3.2.1. Liver progenitor cells (oval cells)
During chronic or acute liver injury, hepatocyte proliferation is

inhibited and oval cells appear in the portal region of the lobule to
facilitate liver regeneration [62]. Oval cells express α-fetoprotein (the
marker of early hepatic lineage) [63,64], cytokeratin-19 (CK-19, the
marker of biliary epithelium) [63,64] and albumin (the marker of
mature hepatocytes) [64]. They were found to proliferate in recipient
rats [63] and mice [64], showing that oval cells are intra-hepatic
progenitor cells and can differentiate into mature hepatocytes and
bile duct epithelial cells. Transplanted oval cells have shown
impressive proliferation and engraftment capacity in non-fibrotic
models of liver injury, with 90% of the hepatocytes in the recipient
liver replaced by donor oval cells [65]. Further work showed that
intra-hepatic injection of rat oval cells to Wistar rats with FHF
could significantly increase the survival rate [66]. Given their
high proliferative capacity and easier maintenance, oval cells have
been considered as an alternative to primary mature hepatocytes for
transplantation.

3.2.2. Embryonic stem cells
ES cells could potentially differentiate into hepatocyte-like cells

[48]. In vitro studies have shown that murine pALB-EGFP/ES and
human ES cells in cultures with growth factors could differentiate into
hepatocyte-like cells [67,68]. After intravenous transplantation of
murine ES cell-derived hepatic cells to the spleen or injured liver of
three recipient mice, the onset of liver fibrosis was significantly
suppressed and liver functions and survival were improved [68,69].
Human ES cells transplanted to the spleens of severe combined
immunodeficiency (SCID) mice were also able to integrate into the
injured liver [67]. ES cell studies remain at a preclinical stage because
of the risk of teratomas forming from undifferentiated ES cells, but
many current studies are pursuing ES cell therapies.

3.2.3. Adipose-derived stem cells (multi-potent adipose tissuemesenchymal
stem cells)

In vitro-generated multi-potent adipose tissue mesenchymal stem
cells (“adipose-derived stem cells”) have a hepatic predisposition
[70]. Transplanted adipose-derived stem cells through tail vein
injection were able to differentiate into hepatocytes in BALB/c nude
mice with CCl4-induced liver injury and were able to function like
human mature hepatocytes [71].

3.2.4. Umbilical mesenchymal stem cells
Injection of 5×105 human umbilical mesenchymal stem cells to

the right lobe of rat liver with induced fibrosis was able to suppress
liver fibrosis [72] even though the engrafted umbilical stem cells did
not differentiate into functional hepatocytes. The authors suggested
that the undifferentiated umbilical stem cells could secret certain
cytokines, such as human cutaneous T cell-attracting chemokine,
leukemia inhibitory factor, and prolactin, which may help to maintain
liver functions and stimulate endogenous liver regeneration. Even if
the transplanted pre-mature cells remain in a stem-like state with
minimal secretory and immunological signaling, their functional
contributions may nonetheless serve to alter the host environment
significantly enough to improve the therapeutic outcome.

3.2.5. Fetal liver progenitor cells
Multiple studies [73–75] have found fetal liver progenitor cells

capable of repopulating liver and differentiating into hepatocytes after
partial hepatectomy in rodents. The signaling factors in post-
hepatectomized liver are dramatically altered towards promoting
hepatocyte proliferation, with significantly elevated levels of hepato-
cyte growth factor [76]. For example, a healthy liver can regenerate to
100% of the original mass after 60% hepatectomy, but a cirrhotic liver
is sometimes unable to regenerate. The ability of fetal liver progenitor
cells to differentiate into hepatocytes under hepatectomy conditions
may motivate future investigation of whether fetal liver progenitor
cells would also have therapeutic potential for other liver conditions
that provide a less mitotic environment.

3.2.6. Bone marrow-derived stem cells
Murine bone marrow stem cells transplanted through tail vein

injection could trans-differentiate into hepatocyte-like cells in
recipient non-obese diabetic (NOD)/SCID mouse livers [77]. Similar
findings after bone marrow cell transplantation to rodents have also
been reported [39,78,79]. A clinical trial was performed on humans
with bone marrow stem cells, using sex chromosomes to identify the
transplanted cells from donors of the opposite gender [80]. The
evidence of complete hematopoietic donor chimerism was confirmed
[81], with the highest levels of bone marrow-derived hepatocytes in
patients with severe liver diseases [82], indicating tissue damage may
enhance bone marrow cells to engraft as hepatocytes. Bone marrow-
derived stem cells have been particularly successful at integrating into
the liver and trans-differentiating into hepatocytes.

3.2.7. Induced pluripotent stem cells
iPS technology may provide alternative cell sources of cell

transplantation because iPS cells posses the characteristics of ES cells
and the capability of proliferation and differentiation intomultiple cell
types. Transplantation of endothelial progenitor cells differentiated
from iPS cells into the mouse liver with hemophilia A disease was
able to improve the bleeding syndrome and the survival rate [83],
indicating iPS cells might be used for human genetic disorders in the
future.

The relative merits of different types of stem cells require further
studies in the context of the chemical and mechanical cues in the
extra-cellular microenvironments of the normal and disease states.
One interesting perspective is how matrix rigidity would affect the
stem or progenitor cell sources by presenting different mechanical
signals directing differentiation [84–86]. The pathological stiffness of
fibrotic liver may have a significant impact on the signals for stem or
progenitor cell differentiation. Stem cells accustomed to a relatively
softmatrixmight,whenpresentedwith the stiffmatrix offibrotic liver,
perceive an environment inappropriate for hepatocyte differentiation.
In contrast, stem cells coming from a rigid context (e.g., bone) might
perceive the fibrotic matrix as relatively soft and permissive for
differentiation into hepatocytes. The role of matrix elasticity and
adhesiveness for stem cell differentiation needs to be considered in the
context of the fibrotic processes and matrix abnormalities that
routinely occur in liver diseases. Likewise, chemical gradients and
differences between the source environments where the stem or
progenitor cells are isolated, and the transplantation host environ-
ments would greatly affect the effectiveness of transplantable cells to
promote liver regeneration.

3.3. Xenogenic hepatocytes

Animal sources have been investigated because of the scarcity of
suitable human cell sources. Pig is a commonly considereddonor species
for xenogenic sources of hepatocytes [1,87–89]. Porcine hepatocytes
have been used in bio-artificial liver assist devices (BLAD) [1] and
transplanted to monkey and rat [87,88] with some promising results.
For transplantation into human, these xenogenic cells remain contro-
versial due to the risks associated with animal viruses.

3.3.1. Pig to human
An extracorporeal porcine hepatocyte-based BLAD was employed

in patients with acute liver failure leading to significantly improved
patient survival [1]. Humanized (transgenic) pig liver [90] developed
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to reduce the acute immune-rejection are promising cell sources that
might partially alleviate the shortage of human hepatocytes for extra-
corporeal devices or cell transplantations.

3.3.2. Pig to monkey
1–2×109 hepatocytes from outbred swine infused into the spleens

of cynomolgus monkeys could function for more than 80 days and the
xeno-transplanted hepatocytes could function for more than 253 days
after re-transplantation [89]. The humoral immune response did not
affect the survival of the transplanted porcine cells significantly.

3.3.3. Pig to rat
Transplantation of 5×107 porcine hepatocytes to cirrhotic rats can

restore metabolic functions and improve survival rate [88]. Although
there was immune response to the engrafted hepatocytes, transplanted
porcine hepatocytes functioned well in cirrhotic rats for a period of
4 weeks without immune-suppression. A second transplantation was
also successful with the assistance of the immune-suppression drug,
FK506. Without immune-suppression, intraperitoneally transplanted
encapsulated porcine hepatocytes could maintain liver functions for at
least 15 days in rats and pigs [87].

3.4. Modified cells

Transplanted cells must survive in the hostile environment
presented to them in vivo and still be able to function in keeping
with high metabolic demands. Recent work tackles these concerns by
modifying cells, either genetically or by using biomaterials (described
in section 4) to enhance the delivery and sustain the therapeutic
efficacy over a longer period of time.

3.4.1. Immortalized hepatocytes
A differentiated cell line was developed using normal primary

adult human hepatocytes with retroviral transfer of an immortalizing
gene that can later be excised [91]. The immortalized cells helped to
stabilize liver functions after intrasplenic transplantation to rats with
90% hepatectomy. Another approach is the use of conditionally
immortalized hepatocytes which have the potential to rapidly
proliferate in vitro but which are engineered to avoid excessive
proliferation or tumorogenesis either by apoptosing or by entering a
quiescent stage after transplantation in vivo. For instance, thermola-
bile mutant simian virus 40 T antigen (SV40ts) allows in vitro
proliferation of transfected hepatocytes at 33 °C [92], but these cells
do not proliferate in vivo under non-permissive temperatures.

3.4.2. Protection from apoptosis
To enable preferential proliferation of the transplanted hepato-

cytes over the host liver's cells in gene therapy trials, Fas ligand
(FasL) or irradiation were employed specifically for inducing apop-
tosis in the host hepatocytes, to create additional survival advan-
tages for the transplanted hepatocytes that carried the UDP-
glucoronosyltransferase (UGT1A1) gene [93]. Other strategies have
been devised to reverse the rendered protection once the desired
action is complete. For example, attaching a herpes simplex virus
thymidine kinase gene to the SV40ts enabled the specific killing of
the transplanted hepatocytes [94]. The Bcl-2 gene has also been used
for giving transplanted cells protection from apoptosis. Transplan-
tation of rat primary hepatocytes transfected with Bcl-2 gene
resulted in a drastic improvement in survival rate compared to the
control group in rats [95,96].

In summary, cell sources for transplantation have shifted in recent
years towards progenitor cells, stem cells, and other undifferentiated
cells with greater replicative potential. These cell types have many
advantages, but provide less differentiated functions than the mature
hepatocytes, and may provide a weaker influence towards improving
the native liver environment. Mature hepatocytes provide a greater
magnitude of functional improvement, even if it occurs over a short
period of time, and future work can examine more thoroughly the
long-term consequences of short-term perturbations. The relative
benefits of various cell types should therefore bemeasured in terms of
the clinical outcomes, rather than being presumed to correlate with
surrogate markers such as cell survival and engraftment levels.

4. Delivery vehicles and non-genetic modifications to
transplanted cells

The function and therapeutic potential of transplanted cells can be
enhanced and sustained by delivering them in an appropriate manner.
This may involve presenting the transplant with the right ECM
substrates that enhance the cells' functions, engraftment and survival;
creating 3D microenvironments that better mimic the normal in vivo
conditions; or encapsulating the cells to partially isolate them from the
potentially hostile in vivomicroenvironments in the lesions. In addition,
other non-genetic techniques have also been applied to enhance the
engraftment efficiency and survival of the transplanted cells. A common
technique is allowing liver repopulation by transplanted hepatocytes by
deliberately injuring thehost cells [97], or “host preconditioning.”When
irradiated with ionizing radiations like X-rays or gamma rays, donor
cells exhibit a higher growth potential over the host's liver cells [98].
Donor hepatocyte numbers can gradually increase in the host from a
scattered population, to ∼20% of all hepatocytes in 3 weeks, to a
complete repopulation of the host liver in 12 weeks. This preparative
method can also be applied clinically with stereotactic radiosurgery or
3D conformal radiation therapy prior to cell transplantation [99]
thereby facilitating the repopulation. Alternatively, hypoxic precondi-
tioning has been shown [100] to alleviate reperfusion injury, and
intermittent hypoxia could cause activation of the anti-apoptotic Bcl-2
pathway in hepatocytes [101]. When combined with other approaches
in a multi-pronged strategy, preconditioning may be able to improve
engraftment efficiency and proliferation of donor cells in host liver
[102]. The comparison of different delivery vehicles has been summa-
rized in Table 1. Under what circumstances the patient would benefit
from such an approach should be evaluated relative to overall clinical
outcomes, not just relative to duration of donor cell survival.

4.1. Scaffolds

Liver cells, especially hepatocytes, are highly sensitive to their
micro-environment [103]. The growth [44], differentiation [104] and
health state [105] of hepatocytes are influenced by environmental
factors. In initial experiments, cells were injected directly into the
liver or the nearby vascular systems. In 1988, liver cells were attached
to bio-erodable artificial polymers (polyglactin 910, poly orthoester
and polyanhydride) and transplanted into Sprague-Drawley rats,
leading to enhanced survival compared with the cell-only control
[106]. This early study highlighted the importance of the extra-
cellular environment and showed how it can be engineered with
biodegradable polymer-based scaffolds in cell transplantation.

4.1.1. Collagen-based scaffolds
Collagen is a natural ECM polymer that is widely used as a scaffold

for hepatocyte transplantation. Hepatocytes attached to collagen-
coated micro-carriers [107,108] were transplanted; levels of albumin
increased for 4 weeks after intraperitoneal injection into congenic
Gunn rats; and the cells were retained in the system for 2 months.
Micro-carrier technology continues to advance [109] which may
potentiate the application of collagen-based scaffolds.

4.1.2. Galactose-based scaffolds
Galactose modified biomaterials can enhance hepatocyte survival

and metabolic functions. Biomaterials for scaffolds have been derived
from either natural or synthetic polymers [110]. Rat hepatocytes (65–
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100%) could successfully adhere onto poly (acrylamide) gels cova-
lently linked to beta D-galactoside when the glycoside concentration
was higher (reached maximal adhesion rate for 20% higher) than the
critical concentration of 900 nmol per cm2 [111]. The physical
properties of the galactosylated substratum remain a key factor for
improved adhesion since the interactions with cells occur on the
scaffold surface. Cells remained as cuboidal three dimensional (3D)
cells, avoiding the spreading events onto rigid 2D substratum that are
associated with proliferation and with deteriorating hepatocyte
functions. We have developed a series of galactosylated membranes
to promote hepatocyte attachment and to maintain cell functions in
extracorporeal bio-artificial liver assist devices. A 3D hepatocyte
monolayer on poly-terephthalate film was developed with the use of
Arg-Gly-Asp (RGD) peptides and galactose ligands [112] to enhance
adhesion and function synergistically. The hepatocytes formed
spheroids and were mechanically tethered onto the substratum. The
functional markers from the 3D monolayer system (albumin, urea
secretion, EROD activity) were comparable to the levels from
hepatocytes in un-tethered 3D spheroid configuration [113]. The 3D
monolayer configuration eliminated the high detachment rate and
poormass transport associatedwith spheroids and the future versions
could employ biodegradable biomaterials for cell transplantation.

Galactose-derived Pluronic F68 (F68-Gal) was attached onto
polyvinylidene difluoride (PVDF) surfaces via hydrophobic interac-
tion [114]. The modified substratum is stable (remained unchanged
for 11 days in hepatocyte culture medium) and allowed a high
efficiency (74%) of hepatocyte attachment similar to the collagen-
coated PVDF membranes (80%). The albumin synthesis level of F68-
Gal coated PVDF membranes was significantly higher throughout the
study than the collagen-coated membrane control.

4.1.3. Hydrogels
Fibrin is a widely used injectable scaffold for cell transplantation,

owing to its biodegradability and support for cell infiltration and
proliferation [115]. Hepatocytes (1.5×107 cells) mixed with 100 mg
fibrinogen were injected into the peritoneal cavity of athymic mice to
maintain the animal's albumin synthesis and glycogen storage
functions for at least one week after transplantation [116]. An
injectable, bio-degradable, thermo-sensitive hydrogel [117] was
developed using a copolymer of poly (organophosphazene) to
preserve the hepatocyte spheroids' viability and morphology,
allowing maintenance of differentiated structures and functions.
When compared to single-cell hepatocyte control, the spheroids
maintained higher viability and higher production of albumin or urea
for 28 days. Cell death in spheroidal hepatocytes was 10%, while that
in single-cell hepatocytes exceeded 50% after 7-day culture. This
technology was developed for use in bioreactors in vitro but can be
further modified for cell transplantation.

4.2. Three-dimensional microenvironment

There is an evolving idea that a three-dimensional environment
can support liver cells and simulate the natural environment better
than a two dimensional substratum [118]. C3A cells attached to 3D
collagen gels were immobilized on polyether sulfone membranes and
transplanted intraperitoneally near the liver of SCID/NOD mice. The
collagen addition increased the capacity of the membrane so it could
support 10 times more cells with improved viability (N95%) than the
2D control. Surprisingly, the albumin secretion, a marker of liver
function, was unchanged for 7 days after transplantation, and then
improved subsequently [119].

Hepatocytes could be attached onto pre-vascularized 3D polyvinyl
alcohol (PVA) matrices (high porosity, 95% and pore size 300–400 µm)
and 1×107 cells were successfully transplanted via portocaval shunt
[120]. Hepatocyte transplantations onto biodegradable polymers could
maintain their stability for up to6 months [121] afterwhich thepolymer
started to degrade in vitro. It showed a consistent increase in hepa-
tocyte repopulation with 3D matrices (from 1 week post-transplan-
tation) despite the decreasing hepatocyte numbers on the matrices
within the first week. Although the polymeric material eventually
developed bio-compatibility issues and could only achieve sub-
optimal initial engraftment, the steady increase in cell number and
maintenance of albumin production was observed up to 1 year after
transplantation.

4.2.1. Encapsulation
Encapsulating cells can avoid some aspects of immune rejection and

can prolong survival. For example, intrasplenic transplantation of
5×105 rat hepatocytes encapsulated within 4 cm-long PVDF hollow
fibers survived 28 days [122]. Transplantation of 2×107 hepatocytes
encapsulated in alginate poly-L-lysine microcapsules (500 µm in
diameter) in FHFmodel (male Lewis rats) led to a decrease inmortality
and improvement in liver functions (strong albumin expression) [123].
Alginate based encapsulation technologies have been extensively
researched as alginate-poly-L-lysine-alginate microcapsules (APA)
[124,125] or as alginate-chitosan microcapsules (AC) [126,127]. We
have encapsulated hepatocytes in a two-layered polymeric microcap-
sule [41] that was permeable to small molecules (nutrients, growth
factors and metabolites) but was inaccessible to larger molecules like
immunoglobulins. 10% terpolymer and 1.5 mg/ml of collagenwere used
to create the two layers: a thin outer layer (2–3 µm) and a soft gel-like
inner layer, which mimics the loose ECM in vivo. Improved multi-
layered micro-capsules [128] have independently addressed
mechanical stability [129], complete cell encapsulation, selective
permeability and a favorable micro-environment for enhancing cellular
functions. Encapsulation helped to circumvent the immune barrier and
sustained the transplanted cells. However, the immune response to
encapsulated hepatocytes does exist [130]. In vitro and in vivo
experiments have demonstrated that anti-HepG2 antibody was
detectable from day 3 onwards in the supernatant of a co-culture
system and the serum of rats that were transplanted with encapsulated
HepG2 cells [130], indicating immune rejection occurs to encapsulated
cells.

4.3. Vascularization

One major bottleneck affecting the fate of scaffold-based trans-
planted cells is insufficient vascularization. Some studies [131–133]
have shown that blood vessels penetrate into porous scaffolds after a
2 week-processof vascular growth. EmptyPVA spongeswere implanted
into the subcutaneous tissue of athymic nude rats [134]. Fibro-vascular
tissue in-growth occurred in 5 days prior to the transplantation of
human hepatocytes onto the sponges. Re-organization of the hepatic
parenchyma was observed 9 days after the hepatocyte transplantation
(36% increase in engraftment was observed within 3 days). Another
strategy is co-administration of angiogenic factors to enhance the
vascularization into scaffolds. Hepatocytes seeded on pre-vascularized
scaffolds (with controlled release of VEGF) were transplanted into the
male Lewis rat liver. The enhanced vascularization improved the
hepatocyte engraftment (hepatocyte area was 4.6 times higher than
in the control rats) [135]. However, one contradictory finding from a
similar approach concluded no increase in survival for subcutaneously
transplanted hepatocytes in SCID mouse, even after administration of
hepatotrophic factors like epidermal growth factor (EGF) and/or HGF in
addition to VEGF [136]. They observed a drastic decrease in the
hepatocyte survival at7 and14 days after treatment, falling to10–20%of
the day 3 values. Different sites of cell transplantation may be a reason
for the differentfindings in these studies. Evenwith these controversies,
the combination of growth factors with biomaterial-based cell delivery
has generally led to improvements in the survival of transplanted
hepatocytes, either by enhancing theproliferation rate or promoting the
vascularization of the scaffold [137].
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To create a conducive environment for native liver regeneration
(versus merely focusing on extended cell engraftment), we should shift
the direction of delivery vehicle development. Be it scaffolds, micro-
environments, or controlled release of factors for vascularization, the
delivery vehicles optimized formaximal cell engraftment and long-term
survival would be different from the ones that maximize short-term
direct impact in/near liver to stimulate native liver regeneration. For
instance, encapsulation technologies [138] thatweredeveloped to avoid
host immune systemwould protect the encapsulated cellswith a secure
barrier which unfortunately also limits cell-interactions with the host
environments. Controlled release of the proteins secreted by the cells on
PLG scaffolds can fine-tune the cellular behaviors but it might not be as
effective in impacting the native liver regeneration with a large burst
release of proteins [139]. Therefore, future scaffolds, microenviron-
ments, and vascularization should permit greater degree of cell–cell
interaction and molecular signal access.

5. Sites of cell transplantation

Cells for transplantation have traditionally been delivered to liver
through one of the major components of the liver i.e., hepatic portal
vein [140,141] or hepatic artery [142]. The hepatic portal vein drains
blood from the gastrointestinal tract and spleen into the liver. It is
more often used compared to the hepatic artery because multiple
vascular accesses aremore practical through the vein. The othermajor
route of injecting cells into liver is via spleen, usually the splenic pulp.
A comparison of different sites for cell transplantation is summarized
in Table 1. The intrasplenic route is commonly used because many of
the cells injected into the spleen have been shown to migrate to the
liver [143]. Though highly efficient, direct deliveries into liver might
pose the risk of occlusion and in certain cases fibrosis, due to portal
hypertension and embolism of cells. A hybrid approach was to
encapsulate hepatocytes in an isolated spleen as a carrier, and then
attach the spleen onto the peritoneal side of the right lobe of the
recipient liver using a biodegradable adhesive [144]. The transplanted
spleen containing hepatocytes could establish circulation with the
host (intact and pinkish suggesting influx of red blood cells). The
hepatocytes survived and the albumin secretion started from day 3
and increased with time.

5.1. Spleen

The spleen is a natural location for transplanting cells for treating
liver diseases [9,141,145,146] because it has a richblood supplywhich is
accessible to hepatic portal circulation, leading to the translocation of
the transplanted cells to the hepatic sinusoids. In certain cases spleen
hepatization canoccur. For example, in the studyof Stromet al. [14], 40%
of the spleen was replaced by transplanted hepatocytes and donor
hepatocytes repopulated up to 97% of the host liver, in mice with
genetically induced liver disease.One thirdof the transplanted cells gave
rise to replicating hepatocyte foci which showed an average of 12 cell
doublings [147]. Direct intrasplenic injection was suggested as a better
method to transplant hepatocytes compared to the splenic artery
infusion, since the latter led to vascular occlusion with hepatocytes,
gastric erosion, and large areas of splenic necrosis [148]. Radioactive
labeling of intrasplenically transplanted hepatocytes demonstrated that
∼8% reached liver while 20% went to lungs, and less than 1% were
retained in the spleen [149]. Although intrasplenic injection is oneof the
main routes for delivering cells to the liver, there have been reported
cases of intrasplenic transplantation leading to local embolus and large
numbers of the transplanted cells retained in the spleen pulp [9,150].

5.2. Kidney capsule

The kidney capsule could be used for transplanting hepatocytes
[151] but it yielded low survival of the transplanted cells and it had
insufficient space for a large number of cells. The survival of the
transplanted hepatocytes increased when transplanted under the
bilateral kidney capsule spaces [152] in the ECMs obtained from
murine Engelbreth–Holm–Swarm tumor cell lines (EHS-ECMs). EHS-
ECM contains collagen IV, laminin, small amounts of epidermal
growth factor (EGF) and insulin-like growth factor 1 (IGF-1) that
could sustain the hepatocytes for 140 days and form small liver
tissues.

5.3. Peritoneum

The peritoneal cavity is another common injection site for cell
transplantation therapy in liver diseases because it is anatomically
accessible (allowing less invasive surgery), and can accommodate a
large number of transplanted cells. Prior to transplantation, cells were
attached to extracellular matrix-like collagen in the form of micro-
carriers [107] or encapsulated in biodegradable polymers [106] or in
pre-vascularized PVA sponges [153]. There are many examples of
transplanting cells (whether mature hepatocytes or stem cell-derived
cells) using this route and it has shown encouraging results in
maintaining liver functions and prolonging cell survival [11,154]. The
immune response and the delivery between injection site and target
site are the main concerns with this route. However, in a recent study,
encapsulated porcine hepatocytes could survive and function
1 month post-transplantation in rats without any immune-
suppression [155].

5.4. Fat pad

The dorsal interscapular fascia was used as a transplantation site to
examine the effect of phenobarbital on hepatocyte proliferation in
rats, and the transplanted hepatocytes remained in the transplanted
site for at least 21 days [156]. Cells transplanted into both the dorsal
and the two anterior lateral fat pads were detectable at 28 days post-
transplantation [157]. Although the transplanted cells were not
completely functional, they exhibited some functions in the dorsal
fat pad microenvironment that are characteristics of hepatocytes (e.g.
glutamine synthetase production). Though the peritoneum and fat
pads have been used to transplant hepatocytes, these sites are not
conducive for long-term cell survival owing to the lack of oxygen and
other nutrients. Comparison between the above mentioned routes for
transplanting hepatocytes demonstrated that the engraftment and
functions were markedly higher in liver or spleen than in the
peritoneal cavity or the dorsal fat pads [158].

In general, distant sites may allow transplantation of a greater
number of cells, and a larger magnitude has obvious potential benefits
for symptomatic relief of metabolic problems. However the benefits to
the native liver would be diluted and would be limited to effects
mediated by circulating factors. Transplanting liver cells into ectopic
sites other than the spleen was associated with lower survival rates of
the transplanted cells [158]. Sites that protect the transplanted cells
from immune response are advantageous for prolonging the cells'
survival, but may have disadvantages similar to distant sites, with
dilution of certain benefits to the host environment. Improving the
host liver environment to stimulate the regenerative behavior of
endogenous hepatocytes might be more easily triggered by trans-
plantation sites in or near the liver. Environmental cues like ECM,
nutrients, growth factors [159] also provide the opportunity for
essential interactions of the transplanted cells with non-parenchymal
cells of the host liver to support the engraftment and prolonged
survival of the transplanted cells [160].

6. Limitations of the endogenous regeneration approach

The strategy of promoting regeneration of the native liver is
handicapped in cases where the native liver has a permanent defect in
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its ability to regenerate, such as mutation of the transcription factor
c-Jun [161]. Likewise, regeneration of the native liver is not beneficial in
cases where the regenerated liver remain dysfunctional. Inherited
metabolic disorders exemplify this category of conditions, and the
endogenous regeneration approach we described above would not be
useful. For patients with genetic defects in liver functions, transplanted
cellsmust provide sufficient liver functions for life support. The primary
objectives of such transplantations are to maximize the survival,
engraftment, and functions of the transplanted cells with no concern
for endogenous regeneration. Even if the endogenous hepatocytes
proliferate to regenerate liver fully, they will still exhibit the same
pathological phenotypes.

Cell transplantation for metabolic disorders has been reviewed
recently [162] and the following considerations have been suggested:
cell dose, variations in the quality of hepatocyte preparations, and
rejection or senescence of the transplanted hepatocytes. The most
common clinical strategy for cell transplantation to treat inborn
metabolic deficits of the liver is a series of multiple transplantations of
cryopreserved hepatocytes to be performed for each patient [43].
Cryopreserved hepatocytes have reduced viability (51% to 94%) [43]
and/or functions (75%) [11] compared with the freshly isolated cells.
Greater longevity of transplanted cells and reduced frequency of
transplantation are highly desirable, and permanent engraftment of
some metabolically competent cells would be ideal.

Hepatocyte transplantation has been investigated in multiple
studies for treating urea cycle disorder [43,163–165]. For example,
intraportal transplantation of 4×109 cryopreserved allogeneic
hepatocytes was used to treat a male infant with urea cycle disorder,
once or twice daily when transplantable cells were available. Plasma
ammonia and glutamine remainedwithin normal ranges during days
21 to 31 after birth. However, hyperammonemia recurred on day 31
and metabolic stability was reestablished only after liver transplan-
tationwhen the infantwas 6 months old [43]. Transplantation of 3.5–
5.6×109 cryopreserved hepatocytes has also been used to stabilize
patients' metabolic conditionswhile waiting for liver transplantation
[163,165].

Highly significant clinical benefits have been reported after
hepatocyte transplantation for patients with Crigler–Najjar syndrome
[42], Refsum disease [166], factor VII deficiency [167], and glycogen
storage disease [168]. A patientwithCrigler–Najjar syndromereceived a
transplantation of hepatocytes, resulting in multiple markers of disease
improvement including a decline in total serum bilirubin of 50%, and
decreasing phototherapy from 12 h to 6 h per day, which improved the
patient's quality of life and provided a post-transplant survival of more
than 18 months [169]. After hepatocyte transplantation, a child with
infantile Refsum's disease had a partial correction in the metabolic
abnormality and persistent evidence of peroxysomal function up to
18 months [166]. Factor VII deficiency is a rare autosomal recessive
disorder; three related boys underwent hepatocyte transplantation
resulting in a decrease in the requirement for recombinant factor VII at
6 months to 20% of the pre-transplant levels [170]. In glycogen storage
disease type Ia, hepatocyte transplantation resulted in improvedglucose
control on a normal diet for two of the patients, and one of the patients
showed normal glucose 6 phosphatase activity for 7 months [168].
Multiple studies agree that transplantations of hepatocytes can serve as
a bridge for patients with various metabolic disorders of the liver while
they wait for liver transplantation. An alternative approach to treating
metabolic disorders is gene therapy for restoringmissing functions, such
as with ex vivo genetically modified hepatocytes for autologous cell
transplantation [171].

7. Outlook

Cell transplantation has provided improved liver functions,
alleviation of symptoms, and other measures of improved health to
a spectrum of patients with acute liver failure, chronic liver failure,
and inherited metabolic disorders [10,14,43,167,168,172]. The proce-
dure is considerably less invasive than organ transplantation and
cryopreserved cells are available immediately for treatment of acute
liver failure. Hepatocyte transplantationmay be able to trigger aspects
of regenerative behavior in the host liver which are not activated by
other types of cell transplantation. This could explain why the unique
advantages of the more primitive cell types have not caused
significant improvement in clinical outcomes relative to mature
hepatocytes. If using large doses of highly functional hepatocytes for
switching environmental cues and stimulating endogenous hepato-
cyte regeneration is indeed an effective approach, then additional
degrees of freedom will be available for future choices of cell sources,
delivery vehicles and target sites. As examples, immune rejection
against xenogenic or highly differentiated cells might not be as great a
concern; more biocompatible but faster degrading scaffolds or
hydrogels might become suitable; and hepatic routes that deliver
directly to liver environments might become the preferred sites in cell
transplantations. Future research with stem or progenitor cells,
and/or tissue engineering methods may yield improved ways to
maintain hepatocyte-like functions (synthesis of factors, metabolic
capacity, etc.) in liver diseases, as well as ways to enhance
proliferation, engraftment, survival and other desirable features for
cell transplantation therapy. We envision future efforts that combine
the proliferative and integrative capabilities of stem or progenitor
cells with the specialized functions and environment-changing
impact of mature hepatocytes (natural or in vitro differentiated) or
drug/gene therapies in the treatment of liver diseases in the coming
years.

Stem or progenitor cells, in particular iPS cells, are an exciting
prospect for future cell transplantations and may prove a sustainable
alternative source of cells, provided that tumorigenicity concerns are
addressed and high levels of hepatocyte-like functions can be
induced. Innovations aimed at enriching the quality of current cell
sources and improving hepatocyte functions, survival and delivery
will certainly help improve clinical outcomes. The distinction we have
emphasized here between regenerative- and engraftment-oriented
approaches is forced by the current limitations of available cells,
vehicles, and target sites. However, the future of cell transplantation
therapies may eventually surpass these concerns by combining the
best features of all approaches.
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