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Abstract The current standard of care for end stage liver
disease is orthotopic liver transplantation (OLT). Through im-
provement in surgical techniques, immunosuppression, and
general medical care, liver transplantation has become an ef-
fective treatment over the course of the last half-century. Un-
fortunately, due to the limited availability of donor organs,
there is a finite limit to the number of patients who will benefit
from this therapy. This review will discuss current research in
experimental cellular therapies for acute, chronic, and meta-
bolic liver failure that may be appropriate when liver trans-
plantation is not an immediate option.
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Introduction

A healthy liver is remarkable in its intrinsic ability to regener-
ate and heal itself in response to a wide range of injurious
stimuli. However, when liver health is compromised by viral
infection, metabolic deficiency, genetic abnormality, or alco-
hol abuse, the regenerative capacity of the liver is diminished.
For many people worldwide, this leads to development of
acute liver disease (ALD), metabolic liver disease or chronic
liver disease leading to end-stage liver disease (ESLD). For a
patient with ESLD of any etiology, the standard of care for
over 30 years has been orthotopic liver transplantation (OLT),
either deceased donor liver transplant (DDLT) or living donor
liver transplant (LDLT). OLT is the only curative means of
treating ALD, chronic liver disease, and inborn metabolic dis-
ease by effectively replacing the failing liver with a healthy
liver graft. However, the number of available liver donors
limits this life-saving surgical procedure. Despite improve-
ments in surgical technique, such as split-liver and living-
related liver donor grafts, and efforts to increase the donor
pool by broadening donor criteria, the number of organ trans-
plants performed annually has remained stagnant over the last
10 years while the number of patients in need of a liver trans-
plant continues to grow. Therefore, alternatives to liver trans-
plantation must be considered and further developed.

Hepatocyte transplantation (HT) is one such alternative that
focuses on reconstituting the liver parenchyma as opposed to
outright replacing it. HT requires the isolation of human he-
patocytes from livers unsuitable for OLT and subsequent
transplantation of cells into patients with liver disease via por-
tal vein injection or injection into the spleen [1–3]. Due to the
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high number of cells needed to achieve a therapeutic effect
and high risk of portal vein thrombosis, HT generally requires
multiple infusions of donor cells [4, 5]. Nonetheless, this ap-
proach is far less invasive than OLTand bypasses many of the
complications associated with such an invasive surgery, such
as risk of infection, biliary stricture/leak, excessive bleeding,
and cardiac injury. This makes hepatocyte transplantation a
potentially safer alternative, especially for high-risk patients.
To date, at least 100 patients have successfully received a
hepatocyte transplant worldwide [6–8]. HT is mainly used to
correct enzyme deficiencies in children with inborn metabolic
disease, which is a small component of liver diseases that
necessitate OLT (Table 1). HT can reverse hepatic failure in
acute liver disease; however, only partial correction of meta-
bolic dysfunction is often achieved, and treating chronic liver
disease with HT has not demonstrated significant success due
to the more complicated nature of ESLD [10]. Numerous clin-
ical trials validated the long-term safety of HT [11–14]. How-
ever, there remains several limitations that prevent HT from
becoming a widely used therapy, despite its advantage as a
less invasive and potentially safer alternative to OLT. The
major limitations associated with HT are the short lifespan of
isolated hepatocytes, low engraftment efficiency, variable he-
patocyte quality, and an inability to expand primary hepato-
cytes ex vivo.

Barriers to Successful Primary Hepatocyte
Transplantation

HT generally requires multiple infusions to achieve therapeu-
tic efficacy. However, cold storage of hepatocytes requires
optimal conditions to maintain high numbers of viable, mini-
mally damaged cells diminishing the ability to bank cells for
transplantation. The standard storage condition for freshly iso-
lated hepatocytes is below 4 °C. At this temperature, metabo-
lism slows, but cellular damage remains inevitable.
Gramignoli et al. showed that immediately following isola-
tion, cell viability is ∼80 %. After 24 h in cold storage, viabil-
ity drops to 60% and after 72 h, less than 50% of cells remain
viable [15]. Although cell viability decreased over time,

functionality appeared normal, as measured by ability to at-
tach to an extracellular matrix cell culture substrate, metabo-
lize ammonia, and express the CYP 1A, 3A, and 2C family of
P450 enzymes. Freshly isolated hepatocytes can be cryopre-
served for later use; however, cryopreservation leads to lower
engraftment efficiency compared to fresh hepatocytes. There-
fore, development of methods using new storage solutions and
conditions to improve cold storage of hepatocytes need to be
further explored and validated [16].

Engraftment efficiency is a difficult marker to assess and
can only be gauged in retrospect. Roll et al. demonstrated that
injection of nonviable human hepatocytes into mice led to
detection of human albumin in mouse serum that remained
detectable for over a week [17]. These results confound stan-
dard analysis of engraftment efficiency, as albumin production
is often used as a marker of hepatocyte graft function. Other
factors that may influence engraftment include duration after
cell isolation, number of transplanted donor cells, health and
viability of donor cells, and donor–recipient matching and
compatibility. Although animal models used to assess human
hepatocyte transplantation strategies are useful, many may not
truly represent the engraftment process in humans [18].
Methods to improve cell engraftment, such as liver precondi-
tioning, hepatic irradiation, and portal embolization, have
been successful in animal models and are being validated for
human application [19–21]. Extra-hepatic implantation sites,
such as the spleen, have also been investigated as engraftment
sites and many studies demonstrated that injected hepatocytes
home to and colonize the spleen [22, 23•]. Often times, the
ectopic transplantation site is capable of compensating for
primary liver failure, but the frequency depends on the num-
ber of transplanted cells that eventually engraft into the ectop-
ic site.

The major hurdle to successful HT is isolation of sufficient
quantity of cells with high potency. For some cases of meta-
bolic liver disease, replacing less than 10 % of the liver vol-
ume with transplanted hepatocytes may lead to a degree of
clinical benefit [4, 6]. For most cases, however, at least 20–
30 % of the liver volume will need to be augmented by
transplanted hepatocytes [24]. Nonetheless, primary adult he-
patocyte transplantation has a known benefit [8]. When com-
pared with fetal hepatocytes and embryonic stem cell-derived
endodermal cells in an ALD mouse model, adult hepatocytes
had the highest survival rate and proliferative capacity at
35 days post transplantation [25]. It is possible to increase
donor cell number by mixing hepatocytes isolated from livers
removed during OLT for metabolic disease. Hepatocytes from
these livers, aside from a deficiency in a single enzyme, are
functional hepatocytes. In comparison to hepatocytes isolated
from a healthy donor liver, hepatocytes from metabolic dis-
eased livers demonstrate similar cell viability, plating efficien-
cy, morphology, and performance in assays of liver function,
such as ammonia metabolism, drug metabolism, and

Table 1 Summary of
primary cause of liver
disease treated by liver
transplantation

Primary cause of disease Percentage

Hepatitis C virus (HCV) 24.5

Malignancy 22.4

Alcoholic liver disease 17.2

Cholestatic disease 8

Acute hepatic necrosis 3.7

Metabolic liver disease 2.4

Other 22

Table adapted from [9]
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conjugation reactions [26]. Additionally, hepatocytes with a
metabolic deficiency were able to repopulate an FRG mouse
liver with 50–99 % efficiency and produced human albumin.
Primary hepatocytes can also be modified to induce immor-
tality thus allowing ex vivo expansion. Meng et al. isolated
primary human hepatocytes and transduced them with a ret-
roviral vector containing SV40T and a hygromycin resistant
gene. Though SV40T induced immortality, there remain con-
cerns over the use of viral vectors in the clinical setting due to
possible expression of viral genes in transfected cells. To ad-
dress this concern, the SV40T gene cDNAwas excised using
Cre/loxP site-specific recombination in isolated, expanded
clones [27]. This method makes it possible to expand human
hepatocytes ex vivo and remove their proliferative capacity
before transplantation.

Although primary human hepatocytes have demonstrat-
ed clinical safety and success in a limited number of cases,
the aforementioned limitations prevent their widespread
use as a therapy. Hepatocyte transplantation requires large
numbers of donor cells in order to be effective. Alternative
cell sources, namely stem and progenitor cells, are now
being investigated and address issues of expansion, vari-
able donor quality, the requirement of immunosuppression,
and longevity.

Alternative Cell Sources for Hepatocyte
Transplantation

Liver Stem/Progenitor Cells

Liver progenitor cells, also called hepatic oval cells, are
bipotential cells that are activated and expand in the liver
parenchyma when mature hepatocytes are exposed to liver
injury, thus playing a major role in liver repair and regenera-
tion (Fig. 1). These cells are present in low numbers in a
healthy liver, but are capable of differentiating into either

hepatocytes or biliary cells and compensate for liver function
when hepatocytes and biliary cells are impaired [28, 29]. The-
se cells are a potential experimental cell source for HT because
liver progenitor cells can be isolated and stimulated ex vivo to
differentiate into mature hepatocytes [30, 31]. Alternative-
ly, progenitor cells can be recovered from livers with chron-
ic liver injury and potentially expanded ex vivo for cell
therapy applications. Using a mouse model of oval cell
activation, Tarlow et al. discovered that both human and
mouse hepatocytes undergo a sort of dedifferentiation to a
progenitor state that can then be reversed [32•]. However,
alternative models of hepatocyte proliferation in response
to injury leading to liver regeneration have been recently
proposed and suggest that mature hepatocytes participate in
the repair process [33, 34].

Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) are of extra-hepatic origin
and are adherent, fibroblast-like non-hematopoietic progenitor
cells. MSCs are a population of stem cells that are being ex-
plored experimentally for regenerative purposes due to their
multipotency.Most research involves the use of bonemarrow-
derived MSCs (BM-MSCs), but MSCs can be retrieved from
other tissues and organs, including the umbilical cord and
subcutaneous adipose tissue [35–38]. Recent evidence sug-
gests that MSCs are capable of sensing injury and such signals
promote MSC migration to injury sites and facilitate repair or
regeneration. There is overlap between the ability of liver stem
cells and BM-MSCs to induce liver regeneration [39, 40]. The
use of MSCs as a cellular therapy for liver disease has been
demonstrated in both animal models and in limited clinical
studies. In one study, human umbilical cord blood-derived
MSCs (hUCBMSs) were transplanted via tail vein injection
into SCID mice with D-galactoasmine/LPS induced liver inju-
ry. hUCBMSCs differentiated into hepatocyte-like cells that
homed to the liver and attenuated liver damage, as assessed by

Fig. 1 Description of cell sources
that have been investigated for
use in hepatocyte transplantation
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H&E, which demonstrated resolution of liver damage, disap-
pearance of inflammatory cell infiltration, and decreased ne-
crosis [41]. In a clinical setting, 40 patients with hepatitis C
were divided into two groups, with one group receiving BM-
MSCs either by intrasplenic or intrahepatic transplantation,
while the other group received traditional supportive treatment
for Hepatitis C virus. The results of this study, which followed
patients for 6 months, showed improvement in MELD scores,
Child-Pugh scores, and serum albumin levels in patients that
received the MSC transplant, suggesting that BM-MSCs may
be safe and effective for the treatment of liver failure [42].

Induced Pluripotent Stem Cells

Induced pluripotent stem (iPS) cells are derived from termi-
nally differentiated cells, such as skin fibroblasts, and are
made pluripotent by expression of specific transcription fac-
tors [43]. These cells represent a potentially ideal source of
hepatocytes for transplantation in that these cells can be gen-
erated in a patient-specific manner, potentially negating the
need for immunosuppression. iPS-derived hepatocytes (iPS-
heps) have been generated from a range of somatic cells from
various donors, and any variation in differentiated iPS-heps,
interestingly, can be attributed to donor differences rather than
the initial cell type used, suggesting that iPS-heps may be a
more homogenous population of cells than freshly isolated
hepatocytes [44, 45]. A number of studies have tested the
efficacy of liver repopulation using human iPS-derived hepa-
tocytes in mouse models. In one study, wild-type iPS cells
were injected into fumarylacetoacetate hydrolase (FAH)
knockout mouse blastocysts. FAH −/− mice lack the
fumaryl-acetoacetate hydrolase enzyme, and this deficiency
is a model for tyrosinemia type I [46]. These mice consistently
develop liver disease when a protective drug that prevents
tyrosine degradation, 2-(2-nitro-4-trifluoromethylbenzoyl)-1,
3-cyclohexanedione (NTBC), is withdrawn. The FAH −/−
blastocysts complemented with wild-type iPS cells were then
transferred into foster mothers, and chimeric neonates showed
growth and survival even when NTBC was withdrawn, sug-
gesting hepatocytes derived from FAH +/+ iPS cells were
functional and could compensate for the liver disease that is
lethal to neonates [47]. In another study, rather than generate
true iPS cells, the authors transformed human fibroblasts into
multipotent progenitor cells from which hepatocyte-like cells
could be generated. These induced multipotent progenitor-
heps, unlike iPS-heps, proliferated extensively and demon-
strated hepatocyte function similar to human adult hepato-
cytes when transplanted into an immune-deficient mouse
model of human liver failure [48•]. These results are particu-
larly impressive, and suggest that a large number of patient-
specific hepatocyte-like cells can be generated in vitro. One
limitation to this strategy, and other protocols developing iPS
cells and iPS-heps, is the time scale required to generate

mature hepatocytes and their limited functionality compared
to primary human hepatocytes. In general, it takes at least
3 weeks to generate iPS cells and differentiate them toward
a hepatocyte-like lineage [45, 49, 50]. However, Tomizawa
et al. developed a protocol to differentiate iPS cells into iPS-
heps in eight days. iPS cells were exposed to a combination of
oncostatin M, epidermal growth factor, retinoic acid, dexa-
methasone, and ITS, supplemented with various growth fac-
tors. iPS cells were hepatocyte-like in their expression of
GATA4, GATA6, Sox17, FoxA2, HNF4a, but did not produce
albumin [51]. As albumin production is a hallmark of hepato-
cyte function, this strategy, though more expedient than other
protocols, requires additional investigation.

Other Cell Sources

Other cell sources that have been explored as potential cellular
therapies for liver disease include embryonic stem cells, a
human hepatoma cell line, xenogeneic hepatocytes, and hu-
manized mouse hepatocytes [52–58]. These cell types will not
be described in detail in this review, however, it should be
noted that xenogeneic tissue and humanized animal hepato-
cytes have the greatest potential to address the donor limita-
tion of primary human hepatocytes, but issues regarding tissue
matching and zoonosis remain.

Hepatocyte Transplantation into Animal Models
of Liver Disease

In order to gauge the efficacy of hepatocytes and other cell
sources for transplantation, animal models that accurately re-
capitulate human liver diseases are desperately needed. Small
rodents, especially mice, are an attractive animal model be-
cause of their ease of handling, short life span, and broad
genetic similarity. The development of numerous animal
models of liver disease has led to a new understanding of
the mechanism of liver repair and regeneration in recent years.

Metabolic Liver Disease

Although HT is not yet a widely used therapy, it has beenmost
successful in treatment of inborn metabolic disorders. There
are several animal models of metabolic liver disease, includ-
ing the Gunn rat model of Crigler-Najjar syndrome, the
Watanabe rabbit for familial hypercholesterolemia, and the
FAH models of hereditary tyrosinemia [59–62, 63••].
Crigler-Najjar syndrome is an autosomal recessive disorder
that is characterized by low expression or absence of the en-
zyme uridine diphosphate glucuronosyltransferase. This mu-
tation prevents patients with Crigler-Najjar syndrome from
completely metabolizing bilirubin, resulting in jaundice and
potential brain damage. The Gunn rat lacks the uridine
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diphosphate glucuronosyltransferase enzyme, is also jaun-
diced, and has been used for decades to study Crigler-Najjar
syndrome. Recently, Maerckx et al. showed that transplanta-
tion of differentiated human liver progenitor cells into the
Gunn rat corrects for the enzyme deficiency and lowers serum
bilirubin levels [64]. In their study, hepatocytes isolated from a
healthy male donor post-mortem expanded and differentiated
ex vivo into mature hepatocyte-like cells with CYP3A4 activ-
ity. These cells were injected into the portal vein of Gunn rats,
and serum bilirubin levels were assessed at multiple time
points. Compared with rats that received a transplantation of
cryopreserved hepatocytes, rats that received the differentiated
progenitor cells had a similar reduction in serum bilirubin over
a period of 27 weeks. Although HT has already been used to
successfully treat patients with Crigler-Najjar syndrome, the
Gunn rat remains a valuable tool for developing and optimiz-
ing strategies for HT as well as for testing the performance of
alternative cell sources.

Hereditary tyrosinemia is an autosomal recessive disease
that is caused by a deficiency in the FAH enzyme, which
catalyzes the last step of tyrosine metabolism. This deficiency
results in buildup of toxic metabolic byproducts that may lead
to death if left untreated. The FAH knockout mouse is an
excellent tool for studying hereditary tyrosinemia and for de-
veloping cellular therapies for this disease. In this model, both
allogeneic BM-MSC and xenogeneic hepatocyte transplanta-
tion can successfully repopulate the mouse liver and rescue
the enzyme deficiency (Fig. 2) [66, 67].More recently, hepatic
progenitor-like cells have been used as a cell source for HT
into this animal model. In one study, mouse embryonic fibro-
blasts were reverted to a hepatic progenitor state by the trans-
duction of two liver liver-specific transcription factors,
HNF1β and Foxa3, important for liver organogenesis. When
these cells were cultured in vitro on different substrates, they
differentiated into both hepatocytes and cholangiocytes.
When the stem cells were transplanted into the spleen of
FAH knockout mice, they populated the liver and differenti-
ated into hepatocytes and restored liver function [68]. In an-
other study, fetal fibroblasts were isolated from pregnant FAH
knockout mice and reprogrammed into iPS cells by transduc-
ing Oct4, Sox2, Klf4, and c-Myc transcription factors. The
FAH mutation was corrected in these iPS cells by transfecting
the cells with a viral vector expressing wild-type FAH cDNA.

The genetically corrected cells were complemented with tet-
raploid embryos and transferred into pseudopregnant FAH
knockout mothers. Almost 25 % of complemented embryos
developed into viable pups [69]. The results from both of these
studies are promising and exciting because iPS cells can be
derived in a patient-specific manner, possibly bypassing the
need for immunosuppressants. Even patients with metabolic
disease can potentially benefit from self-derived iPS cells if
gene correction can be done efficiently. However, testing the
efficacy of gene correction of human iPS cells poses a limita-
tion, as tetraploid embryo complementation cannot be tested
in humans.

There are additional animal models of inborn metabolic
liver diseases that have been successfully treated by HT
[70–74]. Unlike models of acute and chronic liver disease, it
is easier to recapitulate the etiology and presentation of meta-
bolic liver disease in animals because the disease is caused by
a gene mutation resulting in deficiency of a single enzyme.
The FAH knockout pig by Hickey et al. is an especially im-
portant development because there are few large animal
models of liver disease, and large animal models provide an-
other layer of therapy validation in advance of human studies
[63••]. The development and use of these models to validate
HT has and will continue to be critical to its translation into the
clinic.

Acute Liver Disease

Acute liver failure (ALF) is a severe liver disease with rapid
onset and very high mortality. Only about 40 % of patients
with fulminant liver failure can be treated with medical man-
agement, and in those cases, it is the regenerative ability of the
liver that allows the organ to recover, avoiding the need for
OLT. A barrier to treating ALF with HT is that patients require
transplantation of healthy hepatocytes that function immedi-
ately to correct liver failure [75]. For this reason, Sun et al.
asserts that BM-MSCs are an appropriate choice for HT [76].
In a Concanavalin A-induced mouse model of ALF, Sun et al.
found that only BM-MSC injection into the spleen (and not
adult hepatocytes, induced hepatocytes or fetal liver cells)
were capable of partially rescuing animals with liver failure,
as observed by a reduction in the inflammatory response and
overall prolonged survival. However, the efficacy of a cell-

Fig. 2 Isolation of primary human hepatocytes and implantation into a FAH −/− recipient allows for repopulation and restoration of liver function.
(Reproduced with permission from [65]
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based therapy seems to vary with the choice of animal model.
In one study that used diphtheria toxin to induce ALF in mice,
transplanted adult hepatocytes showed higher engraftment
and survival rates as well as proliferation when compared to
fetal liver cells and ESC-derived endodermal cells while yet
another model of ALF (using LPS and D-galactosamine in
rats) found that BM-MSCs homed to the liver and improved
liver function [25, 77].

Another animal model, the Long-Evans Cinnamon (LEC)
rat, spontaneously develops fulminant hepatitis during old age
(80–120 days), and acute hepatic failure occurs due to copper
accumulation from incomplete deletion of the copper trans-
porter gene (Atp7b). This model more closely relates to
Wilson’s Disease, an autosomal recessive genetic disorder
characterized by a disruption of copper metabolism leading
to copper accumulation in the liver. But in the context of
ALF, one study used LEC rats fed with a high-copper diet to
rapidly induce liver failure. These animals were transplanted
with Long-Evans agouti rat wild-type hepatocytes. Even in
the presence of continued oral intake of copper in the diet,
multiple rounds of infusions of adult hepatocytes into the
spleen were required to delay onset of hepatitis (40 % rats),
normalize hepatitis-associated serum markers and prolong
survival until the end of the study, while rats with one or no
infusion of hepatocytes failed to survive past 22 days [78].

There are a variety of animal models that mimic the onset
and symptoms of ALF that are induced surgically, pharmaco-
logically, or through a combination of each [79, 80]. Perhaps
the most promising application of BM-MSCs has been the
work of Li et al. in which a porcine model of ALF was used
[81•]. While small animal models are useful and can be ana-
lyzed quickly with high-throughput, large animal models hold
more value in translating potential therapies. In the study by Li
et al., ALF was induced by D-galactosamine, and human BM-
MSCs were transplanted into pigs via the intra-portal route or
peripheral vein injection immediately followed by D-galactos-
amine administration. Animals that did not receive HT and
animals given HT via a peripheral vein died within 96 h. An-
imals that received intra-portal injection of human MSCs sur-
vived longer than 6 months. These results suggest that MSCs
immediately begin participating in the regenerative and restor-
ative process to overcome drug-induced ALF. Additionally,
treated animals were healthy, suggesting that human BM-
MSC transplantation may be safe and effective in a large an-
imal model of ALF and may be promising as a future clinical
therapy.

Chronic Liver Disease

Chronic liver disease (CLD) is generally characterized by the
presence of inflammation, liver fibrosis, and cirrhosis.
Treating chronic liver disease with HT is even more difficult
to treat than ALD or inborn metabolic diseases due to the

dysregulated architecture of the liver. Excessive extracellular
matrix protein accumulation makes HT difficult because
blood vessels, like the portal vein, may experience severe
hypertension when a bolus of hepatocytes is infused [75].
However, extrahepatic sites, like the spleen and lymph nodes,
have the potential to compensate for liver failure if the ectopic
sites are colonized or engrafted with sufficient number of
cells. Using this strategy, HT in animal models of cirrhosis
has shown improvement in liver function, but success in
humans has been suboptimal, perhaps due to an insufficient
cell load needed to compensate for severely deficient liver
function [82–84]. Like ALF, there are a number of surgical
and pharmacological models for CLD, mostly using mice and
rats [85, 86]. The most common model uses carbon tetrachlo-
ride (CCl4), though thioacetamide and dimethylnitrosamine
are often used as well. Though these toxin-induced models
do not necessarily replicate the etiology of CLD, they do pro-
vide useful tools for assessing the effect of HT on modulating
inflammation and fibrosis.

BM-MSCs are an attractive cell source for treating CLD
because of their ability to differentiate into hepatocyte-like
cells, their regenerative capabilities, and their anti-
inflammatory properties. In CCl4-induced mouse models of
fibrosis and cirrhosis, undifferentiated and differentiated BM-
MSCs engraft in the liver and effectively increase liver func-
tion and health, as measured by expression of hepatocyte-
specific markers, albumin production, decreased fibrosis and
total bilirubin levels. Additionally, BM-MSCs increase the
survival rates of CCl4-induced mouse models of liver fibrosis
and cirrhosis [87, 88]. Piryaei et al. asserts that in their work,
BM-MSCs differentiated into hepatocyte-like cells and func-
tioned better than undifferentiated cells. In an immunodefi-
cient mouse model of non-alcoholic steatohepatitis (NASH),
Winkler et al. demonstrated both the regenerative potential of
MSCs as well as their anti-inflammatory properties [89]. In
this study, the NASH-induced mice showed high levels of α-
SMA, a marker of hepatic stellate cell activation, collagen
accumulation and high levels of inflammatory markers, like
TNFα. But in NASH-induced mice treated with human MSc
transplantation, collagen accumulation was decreased as well
as α-SMA expression, suggesting reversion of activated stel-
late cells to a quiescent state and a decrease in their fibrogenic
potential. TNFα levels were also reduced, indicating a de-
crease in inflammation.

NASH is characterized by fat deposition in the liver, fibro-
sis, and inflammation, and is linked to metabolic syndrome
and obesity. Due to the recent development of effective ther-
apies for hepatitis C viral (HCV) infection as well as the
steady increase of obesity in the Western world, it is expected
that NASH will replace HCV as the most common chronic
liver disease and indication for OLT within the next several
years. The development of animal models of NASH, which
are diet induced, is an important and crucial contribution to
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understanding the biology of the disease as well as the devel-
opment of potential therapies [90].Multiple studies have dem-
onstrated the therapeutic benefit of HT in mouse and rat
models of NASH [91–93]. In each of these studies, HT of
either adult hepatocytes or MSCs has led to higher survival
rates of animals, lower lipid stores in the liver, and improved
liver function.

But perhaps the most promising and exciting develop-
ment of cell therapy for CLD has been with iPS cells. In
work by Liu et al., iPS cells were derived from cells from
each of the three developmental germ layers (hepatocytes,
fibroblasts, keratinocytes) and differentiated into
hepatocyte-like cells. These cells secreted liver-specific
proteins with morphology similar to adult hepatocytes.
The differentiated hepatocyte-like cells were transplanted
into an immunodeficient mouse model with DMN-
induced liver fibrosis and were capable of engrafting into
the liver (8–15 %) and regenerating the damaged liver re-
gardless of germ layer origin. This is exciting for all the
aforementioned benefits of using iPS cells as an alternative
cell source for HT, but more specifically because it appears
that the epigenetic differences between iPS cells derived
from different developmental layers does not affect their
abi l i ty to di fferent ia te into s imilar ly funct ional
hepatocyte-like cells [94••].

Conclusion

Hepatocyte transplantation research and clinical applica-
tion has made great strides over recent years. The investi-
gation into various cell sources and the use of animal
models of liver disease have provided tools to justify the
use of cell-based therapies when whole organ transplanta-
tion is not an option. There are still many hurdles to over-
come, but increased knowledge and understanding of the
liver’s intrinsic ability to regenerate and discoveries
harnessing the regenerative potential of hepatocytes and
hepatocyte-like cells has the potential to significantly trans-
form the practice of health care and the course of treatment
of liver diseases in the near future.
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