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Abstract
Regenerative medicine is energizing and empowering basic science and has the potential to dramatically
transform health care in the future. Given the remarkable intrinsic regenerative properties of the liver, as well
as widespread adoption of regenerative strategies for liver disease (eg, liver transplant, partial hepatectomy,
living donor transplant), hepatology has always been at the forefront of clinical regenerative medicine.
However, an expanding pool of patients awaiting liver transplant, a limited pool of donor organs, and ﬁnite
applicability of the current surgical approaches have created a need for more reﬁned and widely available
regenerative medicine strategies. Although cell-based therapies have been used extensively for hematologic
malignant diseases and other conditions, the potential application of cellular therapy for acute and chronic
liver diseases has only more recently been explored. New understanding of the mechanisms of liver
regeneration and repair, including activation of local stem/progenitor cells and contributions from circulating
bone marrowederived stem cells, provide the theoretical underpinnings for the rational use of cell-based
therapies in clinical trials. In this review, we dissect the scientiﬁc rationale for various modalities of cell
therapy for liver diseases being explored in animal models and review those tested in human clinical trials.
We also attempt to clarify some of the important ongoing questions that need to be addressed in order to
bring these powerful therapies to clinical translation. Discussions will cover transplant of hepatocytes and
liver stem/progenitor cells as well as infusion or stimulation of bone marrowederived stem cells. We also
highlight tremendous scientiﬁc advances on the horizon, including the potential use of induced pluripotent
stem cells and their derivatives as individualized regenerative therapy for liver disease.
ª 2014 Mayo Foundation for Medical Education and Research

W

e are now living in a golden age of
regenerative and individualized
medicine in which sweeping scientiﬁc advances are poised to fundamentally
alter the way we approach health and disease,
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as well as the delivery of medical therapies. In
this new era, there is a growing armamentarium
of therapeutic options that may beneﬁt patients
with acute or chronic liver disease. For the past
30 years, many patients with end-stage liver
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disease (ESLD) have beneﬁtted from liver transplant as a treatment option. As a regenerative
medicine option designed to “replace” a failing
liver, liver transplant has transformed the
care of patients with liver disease and the practice of hepatology. However, due in part to
epidemic levels of chronic hepatitis C virus
infection and nonalcoholic fatty liver disease,
the applicability of this lifesaving procedure
has now become more limited because of a
mismatch between the number of patients
awaiting liver transplant and the availability of
suitable donor organs. Thus, the fatality rate
of patients on the waiting list for liver transplant can be as high as 20%, depending on
the severity of the underlying hepatic disease
and the availability of organ donors in a speciﬁc
United Network for Organ Sharing region.1
The remarkable innate ability of the liver
to regenerate and the advent of living donor
liver transplant have partially addressed the
shortage of organs for transplant. In this way,
transplant hepatology has always been at the
forefront of clinical regenerative medicine.
However, the limited applicability of current
surgical paradigms has continued to stimulate
extensive research into other approaches in
the realm of liver regenerative medicine,2,3
including the enticing and seemingly limitless
potential of cell-based therapies.
In this review, we focus on the potential role
of various modalities of cellular therapy as a
means to “repair” or “regenerate” a failing liver
or to augment native liver regeneration after
hepatectomy or living donor liver transplant.
We begin with discussions of hepatocyte and
liver stem/progenitor cell (LSPC) transplant.
Thereafter, we review the use of circulating or
bone marrowederived stem cell therapies for
chronic liver disease, including a review of the
clinical trials to date. We conclude with a discussion of the future of cell-based therapy in hepatology, including the astonishing diagnostic and
therapeutic potential of induced pluripotent
stem cells (iPSCs) and their derivatives in liver
disease. We will not address artiﬁcial and bioartiﬁcial liver support devices, which are outside
the scope of the current review and have been
reviewed in detail elsewhere.4
HEPATOCYTE TRANSPLANT
Initial attempts at cellular therapy for liver disease
consisted of using primary hepatocytes infused
Mayo Clin Proc. n March 2014;89(3):414-424
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via the portal vein to patients with ESLD or
certain genetic and metabolic liver disorders.5-12
Various reports have indicated a beneﬁcial effect.
However, the observed improvements in liver
function are rather modest and of uncertain duration. The hepatocytes are typically harvested from
livers that are not deemed to be suitable for liver
transplant, but these cells are limited in number,
variable in quality, and not able to be expanded
in vitro. The ability of hepatocytes to effectively
repopulate a diseased liver appears to be limited
to a select group of disorders that allow a growth
advantage to the transplanted cells (such as hereditary tyrosinemia, Wilson disease, or progressive familial intrahepatic cholestasis).13
Furthermore, these procedures continue to require immunosuppression, and there has been
insufﬁcient experience to deﬁne the amount
and duration of immunosuppression needed in
this setting. Lastly, how long these hepatocytes
will be viable and the nature of their interaction
with native hepatocytes remain unclear. All these
factors have conspired against making primary
hepatocyte transplant a current option for patients with ESLD or metabolic/genetic disorders.
There is a growing body of literature seeking alternative sources of abundant, high-quality hepatocytes for transplant in patients with acute liver
failure, chronic liver disease, and during regeneration after large hepatic resections.14,15 Several
approaches are in development, including hepatocytes derived from cell lines, xenotransplant of
animal-derived hepatocytes, and even in vivo
expansion of human hepatocytes in fumarylacetoacetate hydrolase-deﬁcient animal incubators.16-18 Although these approaches are
promising, further basic science advances will
be needed before these methods can be translated to human studies.
LIVER STEM/PROGENITOR CELLS
Liver stem/progenitor cells (also known as oval
cells in rodents) are thought to represent tissuespeciﬁc, bipotential precursors to liver parenchymal cells. When hepatocyte replication is
impaired or overwhelmed, the LSPCs residing
in the terminal bile ductules (canals of Hering)
are activated to proliferate and differentiate.
Numerous studies have investigated the activation of the liver stem cell compartment in various
forms of chronic liver disease,19 including
chronic viral hepatitis,20-23 alcoholic liver disease,23,24 and fatty liver disease.25,26 Although
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they are considered to have the ability to become
hepatocytes or cholangiocytes, the true ability of
LSPCs to transdifferentiate into mature hepatocytes and the extent to which this process might
contribute to liver regeneration and repair in
various disease states are not entirely clear. Nonetheless, methods to isolate and characterize liverspeciﬁc stem cells have been developed in fetal
and adult rodent models.27-31 Furthermore,
bipotential mouse embryonic liver cell lines
have been developed that retain the ability to undergo morphogenesis into hepatocytes or cholangiocytes in vitro.32,33 Directed differentiation
techniques have also allowed generation of hepatic progenitor cells from human embryonic
stem cells.34 Transplant of LSPCs from various
sources has been accomplished via intrasplenic
injection or infusion into a peripheral vein or
the portal vein, with the idea that they may
augment the impaired regeneration seen in the
setting of chronic liver disease and promote
reverse remodeling of ﬁbrosis.35 Engraftment
and repopulation have been observed, even in
the setting of ﬁbrosis,27,36 but generally, a regenerative stimulus such as partial hepatectomy or
retrorsine injection is required for optimal
engraftment. Although some studies suggest
reduced ﬁbrosis after LSPC transplant,36 there
have also been descriptions of a severe ﬁbrogenic
response that is, in fact, driven by the activation
of the hepatic progenitor compartment.37
Furthermore, as in hepatocyte transplant, adult
LSPCs are available only in limited numbers,
and there are ethical constraints on the use of human fetal LSPCs. Thus, caution and additional
study will be needed to clarify the therapeutic
potential of LSPCs.
CIRCULATING STEM CELLS
Several publications have provided evidence suggesting that bone marrowederived stem cells are
mobilized after hepatic resection (ie, partial hepatectomy), inﬂammatory hepatic disease, or
ischemic injury.38-41 Circulating bone marrowe
derived stem cells consist of 2 major types of
adult stem cells: hematopoietic stem cells
(HSCs), which are CD34 and CD133 positive,
and mesenchymal stem cells (MSCs) that lack a
well-deﬁned surface antigen expression pattern
and can also be found in adipose tissue.42 True
pluripotent stem cells present in bone marrow
are estimated to be less than 0.1% of CD133þ
cells. The migration of these stem cells appears
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to be mediated by a chemoattractant, such as
stromal cellederived factor 1.43 Subsequently,
the secretion of interleukin 8, matrix metalloproteinase 9, hepatocyte growth factor, and
stem cell factors facilitates homing and engraftment of MSCs44,45 in the liver.
The underlying mechanisms of the beneﬁcial
effect observed after the infusion of HSCs and
MSCs have not been well characterized. Transdifferentiation into hepatocytes, stimulation of
native hepatocyte proliferation, an antiﬁbrotic effect, immunomodulatory effects, and cell plasticity are all possible mechanisms involved in
this beneﬁcial effect. Initially, several investigators postulated that the mobilized bone
marrowederived stem cells were able to transdifferentiate into hepatocytes. Other interpretations for their beneﬁcial effects have attributed
them to fusion of adult stem cells with local hepatocytes46 or a paracrine proliferative effect on
native hepatocytes.47 Another postulated mechanism of action is an ability to remodel ﬁbrosis.48
Speciﬁcally, endogenous hepatocytes in cirrhosis
have been reported to have a decreased proliferative capacity. Stem cell therapy may initially
exert a beneﬁcial effect by the expression of matrix metalloproteinase 9 to decrease ﬁbrosis.
As ﬁbrosis diminishes, local hepatocytes in
a cirrhotic liver may regain their ability to
proliferate.
Houlihan and Newsome49 have recently
described some potential adverse events associated with this type of cell therapy in patients
with liver diseases. Hepatic stellate cells and
myoﬁbroblasts may derive from bone marrow
stem cells.50 These observations raise the possibility that cell therapies may have the potential to enhance, not diminish, hepatic ﬁbrosis.
It has also been pointed out that MSCs can undergo malignant transformation.51
The approaches utilized in the preparation
of bone marrowederived stem cells for clinical
use have included infusion of collected autologous stem cells and mobilization of bone
marrow stem cells by the administration of granulocyte colony-stimulating factor (GC-SF).
CLINICAL TRIALS WITH MSCs
The initial 2 reported pilot studies52,53 included
a total of 12 patients and suggested a beneﬁcial
effect after the infusion of an autologous MSC
preparation (Table 1). The authors described
improvement of the model for end-stage liver
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TABLE 1. Trials of Mesenchymal Stem Cell Transplant in Patients With Chronic Liver Diseases
Reference
54

Amer et al,

2011

Cell therapy

Dose, route

No. of patients

BM-MSC (bone marrowe
derived hepatocytes)

Single dose,
intrahepatic,
intrasplenic
Multiple doses,
peripheral vein
Single dose,
peripheral vein
Single dose,
portal vein
Single dose,
hepatic artery
Single dose,
peripheral vein

10 Intrahepatic
10 Intrasplenic
20 Controls
30 Treatment
15 Controls
4

Zhang et al,56 2012

UC-MSC

Mohamadnejad
et al,52 2007
Kharaziha et al,53 2009

BM-MSC
BM-MSC

Peng et al,55 2011

BM-MSC

Mohamadnejad
et al,57 2013

BM-MSC

Type of study

Results

Controlled trial

Less ascites/edema,
increased albumin

Randomized
controlled trial
Uncontrolled trial

8

Uncontrolled trial

Less ascites, decreased
MELD
Decreased MELD in 2 of
4 patients
Decreased MELD

53 Treatment
105 Controls
15 Treatment
12 Placebo

Randomized
controlled trial
Randomized
controlled trial

Decreased T Bil, improved
INR and MELD score
No differences between
the groups

BM-MSC ¼ bone marrowederived mesenchymal stem cells; INR ¼ international normalized ratio; MELD ¼ model of end-stage liver disease; T Bil ¼ total bilirubin;
UC-MSC ¼ umbilical cord-derived mesenchymal stem cell.

disease (MELD) score, quality of life (by 36-Item
Short-Form Health Survey measurement), and
serum albumin levels and decreasing prothrombin time. Subsequently, there have been 4 randomized controlled trials performed; 3 of
them54-56 reported beneﬁcial effects associated
with MSCs, characterized by less ascites,
decreased MELD score, increased serum albumin level, and decreased total bilirubin level.
There was no observed improvement in patient
survival during the time of observation. Another
randomized controlled trial57 did not show any
signiﬁcant improvement between the treatment
and control groups.
These trials utilized different doses of MSCs
and different routes of administration. Amer
et al54 administered an average of 2  107 “hepatic lineageecommitted” cells in a 5-mL cell
suspension that was injected intrasplenically or
intrahepatically with ultrasonographic guidance.
Peng et al55 did not provide the exact number of
cells that were injected into the hepatic artery.
Zhang et al56 administered 0.5  106 cells/kg
intravenously every 4 weeks three times. Mohamadnejad et al57 administered one median dose
of 1.95  108 cells intravenously. This variability of protocols precludes a comprehensive
comparison among these trials and the ability
to draw conclusions in terms of a preferred
dose and route of administration.
Mohamadnejad et al,57 who have pioneered
the use MSCs in compensated or early decompensated cirrhosis, recently reported a randomized placebo-controlled trial in decompensated
Mayo Clin Proc. n March 2014;89(3):414-424
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cirrhosis. They studied 27 patients, 15 of
whom were randomized to MSCs. At the end
of the trial, they found that Child-PughTurcotte (CPT) score, MELD score, serum albumin level, international normalized ratio, and
serum aminotransferase level were not different
between the groups. Thus, they were unable to
document a beneﬁcial effect of MSC therapy
administered via a peripheral vein. They suggested that as a next step, repeated infusion of
MSCs via the hepatic artery or portal vein should
be evaluated in the setting of a randomized
placebo-controlled trial.
CLINICAL TRIALS WITH AUTOLOGOUS
BONE MARROWeDERIVED STEM CELLS
Autologous bone marrow stem cells have been
evaluated in 10 studies; 6 of them (Table 2) utilized unsorted bone marrowederived mononuclear cells.58-63 The clinical conditions treated
with this approach included cirrhosis associated
with hepatitis C virus or hepatitis B virus, alcoholic liver disease, primary sclerosing cholangitis,
drug-induced acute liver failure, cryptogenic
cirrhosis, and decompensated cirrhosis. The
end points utilized to assess the efﬁcacy of cellular
therapy included CPT score, quality of life, and
improvement in albumin, bilirubin, and aminotransferase levels and prothrombin time. Most
of the patients had improvement in the measured
parameters. One patient died of sepsis, and one
patient had development of hepatorenal syndrome that led to discontinuation of the trial.64
Three of the studies were randomized controlled

http://dx.doi.org/10.1016/j.mayocp.2013.10.023
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TABLE 2. Trials of Unsorted Bone MarroweDerived Mononuclear Cell Transplant in Patients With Chronic Liver Diseases
Reference
58

Lyran et al,

Cell therapy

2007

BM-MNC

Terai et al,59 2006

BM-MNC

Kim et al,60 2010

BM-MNC

Saito et al,61 2011

BM-MNC

Lyra et al,62 2010

BM-MNC

Spahr et al,63 2013

BM-MNC þ
GC-SF

Dose, route

No. of patients

Type of study

Results

Single dose,
hepatic artery
Single dose,
peripheral vein
Single dose,
peripheral vein
Single dose,
peripheral vein
Single dose,
hepatic artery
Single dose,
hepatic artery

10

Uncontrolled trial

9

Uncontrolled trial

10

Uncontrolled trial

5 Treatment
5 Controls
15 Treatment
15 Controls
28 Treatment
30 Controls

Randomized
controlled trial
Randomized
controlled trial
Randomized
controlled trial

Decreased T Bil and INR, increased
serum albumin
Improved serum albumin, total protein,
CP score
Less ascites, improved CP scores,
increased liver volume
Improved CP scores and INR, higher
serum albumin and total protein
Improved serum albumin and CP score
No signiﬁcant differences between
study groups

BM-MNC ¼ bone marrowederived mononuclear cells; CP ¼ Child-Pugh; GC-SF ¼ granulocyte colony-stimulating factor; INR ¼ international normalized ratio; T Bil ¼ total
bilirubin.

trials, 2 of which revealed efﬁcacy61,62 and one
that did not.63
Spahr et al63 recently reported a randomized trial in 58 patients with decompensated
alcoholic liver disease. Thirty patients were randomized to standard medical care alone, and
28 patients received a combination of GC-SF
injections and autologous bone marrow mononuclear cell transplant. Their primary end point
was a decrease of 3 or more points in the MELD
score. They found no signiﬁcant differences between the groups; the MELD score improved in
64% of the patients who received GC-SF and
autologous bone marrow mononuclear cell
transplant vs 53% among those randomized
to standard medical care. As possible explanations for the lack of therapeutic effect, they
pointed out that they were not able to document an expansion of the hepatic progenitor
cell compartment in a 4-week liver biopsy sample, and about 31% of the patients had an
alcohol relapse during therapy. They attributed
the lack of a response to therapy by hepatocytes
to the presence of concomitant cirrhosis.

Sorted HSCs, speciﬁcally CD34þ cells, have
been used in 4 pilot studies64-67 in patients
with chronic liver diseases (Table 3). These uncontrolled studies showed improvement of liver
test results and CP scores.
CLINICAL TRIALS WITH GC-SF
There was one controlled trial with CD133þ cells
in a different clinical setting in which cell therapy
was used as a mechanism to increase liver volume
growth before partial hepatectomy in patients
with hepatic metastatic disease.68 Another approach has been to use GC-SF injection to increase the production of HSCs. There have
been 7 studies utilizing GC-SF69-75 (Table 4),
although one of them was a case report of a patient with drug-induced acute liver failure72
(not included in Table 4). Two of the studies74,75
were randomized controlled studies, both of
which reported efﬁcacy; however, they differed
in terms of patient population studied and dose
administered.
Garg et al75 evaluated GC-SF therapy in the
setting of acute-on-chronic liver failure. Forty-

TABLE 3. Trials of Sorted Hematopoietic Stem Cell Transplant in Patients With Chronic Liver Diseases
Reference

Cell
therapy

65

þ

Gordan et al, 2006
Mohamadnejad
et al,66 2007
Pai et al,64 2008
Levicar et al,67 2008

No. of
patients

Dose, route

Type of study

Results

CD34
Single dose, portal vein or hepatic artery
CD34þ Single dose, hepatic artery

5
4

Uncontrolled trial Serum albumin improved, T Bil improved
Uncontrolled trial Serum albumin, INR, T Bil improved

CD34þ Single dose, hepatic artery
CD34þ Single dose, hepatic artery

9
5

Uncontrolled trial CP score improved, T Bil decreased
Uncontrolled trial Improved T Bil

CP ¼ Child-Pugh; INR ¼ international normalized ratio; T Bil ¼ total bilirubin.
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TABLE 4. Trials of GC-SFeMobilized Hematopoietic Stem Cell Transplant in Patients With Chronic Liver Diseases
Reference

Cell therapy

Dose, route

Yannaki et al,69 2006

GC-SF/PBMNC

Gaia et al,70 2006

GC-SF

Yan et al,71 2007

GC-SF/HGF

Single dose,
hepatic artery
Multiple doses
of GC-SF
Unclear

Khan et al,73 2007

GC-SF/CD34þ

Han et al,74 2008

GC-SF/PBMNC

Garg et al,75 2012

GC-SF

Single dose,
hepatic artery
Single dose,
hepatic artery
Multiple doses

No. of
patients

Type of study

Results

2

Uncontrolled trial

CP score improved, MELD score
improved
Feasibility, safety study

8

Uncontrolled trial

2

Uncontrolled trial

4

Uncontrolled trial

20 GC-SF plus
PBMNC infusion
20 GC-SF
23 Treatment
24 Placebo

Randomized
controlled trial

PBMNCs were transformed in
hepatocyte-like cells
Improved serum albumin, T Bil,
ALT
GC-SF plus PBMNC group had
better liver test results

Randomized, blinded,
controlled trial

Improved MELD score, better
patient survival

ALT ¼ alanine aminotransferase; CP ¼ Child-Pugh; GC-SF ¼ granulocyte colony-stimulating factor; HGF ¼ hepatocyte growth factor; MELD ¼ model of end-stage liver
disease; PBMNC ¼ peripheral blood mononuclear cells; T Bil ¼ total bilirubin.

seven consecutive patients with acute-on-chronic
liver failure were randomized to receive 12 doses
of GC-SF (5 mg/kg subcutaneously) or placebo.
Of the 23 patients who received GC-SF therapy,
16 (69.6%) survived, compared with 7 (29.2%)
of 24 patients who received placebo. Actuarial
survival at 60 days was 66% vs 26% (P¼.001).
There was also signiﬁcant improvement in
CPT scores, MELD scores, and Sequential Organ
Failure Assessment scores associated with GCSF therapy. The authors also observed a lower
incidence of hepatorenal syndrome, hepatic encephalopathy, or sepsis in the GC-SF therapy
group. They also reported a signiﬁcant increase
of the CD34þ cell population in the liver associated with GC-SF therapy.
In these pilot studies, as well as randomized
trials, there were no unexpected serious adverse
events that could be attributed to cell therapy.
Worsening hepatic ﬁbrosis and a possible
increased risk of hepatocellular carcinoma associated with stem cell therapy should be monitored for a longer period of time in future trials.
The preliminary results obtained with
various modalities of adult stem cell therapy in
patients with ESLD are promising. It is difﬁcult
to reach a deﬁnite conclusion on its utility in
the setting of cirrhosis. Future clinical trials
should standardize the cell preparations utilized.
Thus far, investigators have used bone marrowe
derived mononuclear cells, bone marrow MSCs,
bone marrow HSCs, peripheral blood mononuclear cells from GC-SFemobilized peripheral
Mayo Clin Proc. n March 2014;89(3):414-424
www.mayoclinicproceedings.org
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blood, CD34þ cells, and CD133þ cells, which
makes comparison among studies quite challenging. The period of administration has also
been variable; it ranges from one infusion to multiple infusions in variable periods of time.
These cell therapies have been administered to patients with different underlying etiologies and variable degrees of compensation.
The mechanism of action of cell therapies may
differ among different etiologies and degrees of
decompensation.
iPSCs and the Future of Cell Therapies in
Hepatology
There is a growing body of evidence from experimental models of liver injury supporting the use
of hepatocytes derived from embryonic stem
cells.76,77 However, ethical barriers limit the widespread use of embryonic stem cell technology.
Recently, however, the Nobel Prizeewinning discovery of the pluripotency factors78 has revealed
remarkable cellular plasticity in cells previously
dogmatically considered to be “terminally differentiated.” Conceptually based on somatic cell nuclear transfer technology,79 it is now possible to
generate iPSCs from virtually any tissue in the human body and to then recapitulate developmental
biology in vitro to generate diverse cellular phenotypes.80 To accomplish this, cells from a patient or
an experimental animal model (typically skin
ﬁbroblasts obtained via a skin biopsy) are expanded in culture and subjected to “reprogramming” by enforced expression of a limited

http://dx.doi.org/10.1016/j.mayocp.2013.10.023
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Patient or
animal model

Skin fibroblasts

Oct4, Sox2,
Klf4, c-Myc

iPSCs

Hepatocyte
differentiation

Hepatocytelike cells

Repaired HLCs

Disease
modeling
Testing new
treatments

Cell-based
therapy

FIGURE 1. Derivation and use of induced pluripotent stem cells (iPSCs) for
liver diseases. HLCs ¼ hepatocytelike cells.
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number of pluripotency factors (eg, Oct 3/4,
Sox2, Klf4, and c-Myc), which collectively revert
the somatic cells back to a pluripotent state
(Figure 1).
On the basis of known developmental
biology of the liver, several groups have developed methods for generating hepatocytelike cells
(HLCs) from iPSCs via stepwise differentiation
strategies through deﬁnitive endoderm, hepatic
speciﬁcation, and hepatocyte maturation.81-85
Direct differentiation from ﬁbroblasts to either
hepatocytes or bipotent hepatic cells using
deﬁned factors (without a pluripotent intermediate) have also been described.86,87 The HLCs
generated in this fashion express hepatocyte proteins (eg, albumin) and share synthetic (urea)
and metabolic (cytochrome P-450) features of
mature hepatocytes.14 These remarkable advances are paralleled by an astounding array of
genetic information from large-scale sequencing
efforts as well as improved methods for seamless
genetic engineering.88,89 The incredible potential
of these regenerative medicine technologies
spans all of modern medicine and has been
embraced as a strategic priority at the national
level and among many academic institutions.
Multiple groups have reported the ability to
generate mature hepatic cell types from adult
cells, to genetically modify them in culture, and
to transplant and engraft these cells within the
liver in vivo.90 The stunning corollary is that
mature liver cells derived from patient-speciﬁc
iPSCs could potentially be a limitless source of
high-quality, individualized liver cells that can
be (1) studied in vitro as a patient-speciﬁc model
of liver disease, (2) treated in vitro to test putative therapeutic compounds, (3) genetically
modiﬁed to correct underlying disease-causing
defects, and (4) transplanted (without the
need for immunosuppression) as individualized,
cell-based, regenerative therapies for hepatic disorders.91 Indeed, HLCs originating from iPSCs
have been used successfully to model several
inherited metabolic liver disorders, including
a1-antitrypsin deﬁciency, familial hypercholesterolemia, and hereditary tyrosinemia, among
others.92 The iPSC-derived HLCs have also
produced beneﬁcial effects in experimental
models of both liver injury and partial hepatectomy.93 Despite these promising advances,
head-to-head comparisons of mature hepatocytes and iPSC-derived HLCs do continue to
yield some notable differences in gene expression
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Skin fibroblasts

Circulating stem cells
+/– GC-SF

Induced pluripotent stem cells

Hepatocyte-like cells
+/– genetic engineering
“Repaired” hepatocytelike cells
Bone marrow–
derived stem cells

• Liver stem/progenitor cells
• Primary hepatocytes
• Xenotransplantation

FIGURE 2. Various modalities of cell-based therapies for liver diseases. GC-SF¼ granulocyte colonystimulating factor; þ/ ¼ with or without.

(eg, a-fetoprotein) and functionality, both
in vitro83 and in vivo.94 These differences indicate
that additional improvements may be needed
before clinical application of these cell types can
be considered. Additional study will also be
needed to assuage theoretical concerns about
tumorigenicity, teratoma formation, epigenetic
memory of reprogrammed cells, and the unknown effects of potential stray genetic changes
left over from the reprogramming process.
It may be possible to generate other liver cell
types using iPSC technology as well, such as
cholangiocytes, endothelial cells, and stellate
cells, in order to modify chronic biliary disease,
liver angiogenesis, and hepatic ﬁbrogenesis.
Indeed, cholangiocytic elements derived from
both embryonic stem cells95 and iPSCs96,97
have been reported. Mature and functional
iPSC-derived cholangiocytelike cells would be
an important advancement given the complexities of incorporating biliary elements into organ
buds or bioartiﬁcial organs.94,98 The concept of
cholangiocyte transplant for repopulation or
repair of a diseased biliary system is conceptually
appealing given the clinical access offered by
endoscopic retrograde cholangiopancreatography. Such technology could be revolutionary
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for patients with chronic biliary disorders such
as primary sclerosing cholangitis, primary biliary
cirrhosis, or ischemic cholangiopathy after transplant, all of which are essentially untreatable at
this time without whole-organ transplant.
Numerous therapeutic modalities for cellbased therapy are being investigated for the
treatment of liver disease (Figure 2), including
cell transplant (hepatocytes, LSPCs, or HLCs),
autologous transfer of circulating or bone
marrowederived stem cells, and stimulation
of native stem cell compartments (ie, GC-SF).
CONCLUSION
Over the past several years, there have been
remarkable advancements in liver regenerative
medicine including numerous promising observations at the basic science and translational
levels. As a result, it appears that we are now
on the cusp of new paradigms for the management of chronic liver disease including cellbased therapies. The ﬁeld is ripe for ongoing
basic science advancements as well as standardized and carefully designed clinical trials
to bridge the ﬁnal knowledge gaps and make
these new therapies a reality for patients with
ESLD.
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Abbreviations and Acronyms: CP = Child-Pugh; ESLD =
end-stage liver disease; GC-SF = granulocyte colonystimulating factor; HLC = hepatocytelike cell; HSC = hematopoietic stem cell; iPSC = induced pluripotent stem cell;
LSPC = liver stem/progenitor cell; MELD = model for endstage liver disease; MSC = mesenchymal stem cell
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