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Abstract

The prevalence of liver diseases is increasing globally. Orthotopic liver transplantation is widely used to treat liver disease 
upon organ failure. The complexity of this procedure and finite numbers of healthy organ donors have prompted research 
into alternative therapeutic options to treat liver disease. This includes the transplantation of liver cells to promote regenera-
tion. While successful, the routine supply of good quality human liver cells is limited. Therefore, renewable and scalable 
sources of these cells are sought. Liver progenitor and pluripotent stem cells offer potential cell sources that could be used 
clinically. This review discusses recent approaches in liver cell transplantation and requirements to improve the process, with 
the ultimate goal being efficient organ regeneration. We also discuss the potential off-target effects of cell-based therapies, 
and the advantages and drawbacks of current pre-clinical animal models used to study organ senescence, repopulation and 
regeneration.

Keywords Hepatocyte-like cells (HLCs) · Co-culture · Cell tracking · Mesenchymal stem cells (MSCs) · Cell sheet · 
Biomaterials · Extracellular matrix · Hepatic progenitor cells · Engraftment · Differentiation

Abbreviations

ALF  Acute liver failure
HLCs  Hepatocyte-like cells
hESCs  Human embryonic stem cells
HybHP  Hybrid hepatocytes
iHeps  Induced hepatocytes
iPSCs  Induced pluripotent stem cells
NK  Natural killer cells
PHx  Partial hepatectomy
PHH  Primary human hepatocytes
PSCs  Pluripotent stem cells
2D  Two-dimensional
3D  Three-dimensional
LPCs  Liver progenitor cells
R&D  Research and development
OLT  Orthotopic transplantation

Introduction

Acute and chronic liver damage are significant causes of 
human ill health. The World Health Organization (WHO) 
estimated that 46% of global diseases and 59% of mortal-
ity are due to chronic diseases, with more than one million 
deaths in 2010 [1]. Thirty-five million individuals in the 
world die each year from chronic diseases and the numbers 
are increasing steadily [2]. Management of those patients 
with liver disease is complicated, but in most cases, the acute 
and end-stage liver diseases are treated by orthotopic liver 
transplantation (OLT). However, the shortage of ‘healthy’ 
donor organs results in a considerable disparity between the 
number of patients on the waiting lists and available organs. 
This results in patient mortality whilst on the waiting list 
for OLT [3].

There is a growing collection of therapeutic options that 
may benefit patients with acute or chronic liver disease 
including: the use of marginal grafts; defined as an organ 
with an increased risk for poor function or failure [4, 5], 
living donors, and cell-based therapies. Among the factors 
contributing to organ shortage crisis are steatotic organs, 
cost, cultural and psychological barriers to donation [6]. 
Marginal grafts also refer to the “expanded” donor and 
“extended criteria” donor [7], for example, elderly donors, 
split livers, steatotic livers, and donors with long ischaemia 
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times. This increased use of marginal grafts has also been 
driven by data demonstrating that marginal grafts may be 
used with favorable outcomes [8]. In addition, due to a criti-
cal shortage of cadaveric organs for adults, the donor pool 
has been expanded to living donors. In most cases, this pro-
cedure requires the removing of the large right lobe of the 
liver from a donor [9].

Liver cell transplants attempt to provide organ support 
and promote liver regeneration. Recently, hepatocyte trans-
plantation has been used to treat patients with liver failure 
[10, 11]. However, the use of fresh human hepatocytes has 
limitations which include: organ availability, limited cell 
proliferation, loss of function, and the risk for immune rejec-
tion [12]. New understanding of the mechanisms behind of 
liver regeneration and differentiation, including hepatic 
progenitor cells and pluripotent stem-derived liver cells, 
provides a renewable and genetically defined cell source for 
clinical trials in the future. The use of those cell types in 
two- and three-dimensional (2D and 3D) formats is being 
developed to generate tissue-like structures of clinical 
relevance.

Recent advances in genome editing have further aided the 
field, with the promise of disease-corrected cells for clinical 
treatment of hereditary diseases such as Crigler–Najjar syn-
drome, glycogen storage disease [13, 14] and hemophilia A 
(Factor VIII deficiency) [15]. Other potential candidates for 
liver cell therapy include familial hypercholesterolemia and 
Wilson’s disease [16] and advanced liver cirrhosis [17]. In addi-
tion to disease-causing mutations, promising applications of 
cell therapy have been evidenced in preclinical models of liver 
failure, such as acetaminophen-induced acute toxicity [18, 19].

Our review discusses the current progress in the field and 
ongoing research and development (R&D), with a focus on 
cell isolation, cell differentiation, optimal cell delivery and 
long-term performance in vivo.

Current therapeutic options and on‑going 
trials

Therapeutic options for the end-stage liver disease are suc-
cessful but are extremely limited. Thus, the level of mor-
tality whilst on the waiting is high as 20% [20]. To date, 
hepatic steatosis is a common clinical problem in developed 
countries, affecting up to 30% of donors for liver transplanta-
tion [21–23]. Due to the shortages of healthy liver donors, 
steatotic liver grafts have been clinically trialled. However, 
compared to normal livers, steatotic livers are particularly 
susceptible to ischemia/reperfusion (I/R) injury and oxida-
tive stress, leading to poor outcome following surgery [5, 
24–27]. Encouragingly, the blockade of CD47 (integrin 
associated protein, involved in apoptosis) with a specific 
antibody significantly reduced the extent of the I/R injury 

in donor steatotic liver allografts in rats, increasing survival 
of lean recipients, and represents a potential strategy for the 
use of fatty livers [28].

Numerous attempts have also been made to improve 
transplant outcome with healthy donor organs. Several 
methods of graft preservation have been developed, includ-
ing simple cold storage, hypothermic machine perfusion, 
normothermic machine perfusion, and oxygen persufflation. 
A gradual rewarming of cold-preserved livers for 4 h by 
placement on normothermic extracorporeal liver perfusion 
(NELP) demonstrated beneficial effects in porcine livers. 
This included the reduction of the hepatocellular damage, 
reduced Kupffer cell activation and less cholangiocyte and 
sinusoidal endothelial cell dysfunction [29]. Despite the cur-
rent progress, a significant unmet clinical need exists. This 
has prompted the development of alternative approaches to 
treat compromised liver function and disease [30].

Regeneration of the normal liver

Liver parenchymal cells turn over slowly, but display high 
regenerative capacity, and are capable of restoring 70% tis-
sue loss within a few weeks following injury [31]. The liver 
is composed of different cells types including hepatocytes, 
cholangiocytes, liver progenitor cells (LPCs, accounting 
for ~ 0.3–0.7% of healthy liver mass), hepatic stellate cells, 
Kupffer cells and endothelial cells. In uninjured livers, the 
source of newly generated hepatocytes has remained to be 
identified. Font-Burgada et al. have defined a distinct popu-
lation of hepatocytes that exist in the periportal region of 
the uninjured mouse liver was so-called hybrid hepatocytes 
(HybHP), as these cells express several bile duct-enriched 
genes, including low amounts of Sox9 [31]. HybHPs are 
highly efficient in repairing of livers deficient in healthy 
hepatocytes [31]. Lineage-tracing results demonstrate that 
the biliary compartment may not play a role in normal liver 
homeostasis [32, 33]. Restoration of hepatocyte mass is 
mediated by the replication of remaining healthy hepatocytes 
(and cholangiocytes) in minor liver injury [34]. By lineage 
tracing in mice, a population of proliferating and self-renew-
ing cells adjacent to the central vein in the liver lobule have 
been identified [33], while others showed there is no prefer-
ential proliferation across hepatocytes from all zones [35].

Liver progenitor cell niche

The LPCs, known also as hepatic stem cells, are located 
at the level of Canals of Hering which are small branches 
of intrahepatic biliary trees [36]. The liver progenitor cells 
niche is rich in laminin which maintains their characteristics 
[37]. They exhibit bipotential plasticity [38] and are capable 
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of regenerating both biliary and hepatic epithelia [39]. LPCs 
demonstrate proliferative capacity after acute and chronic 
liver damage in human livers [40–43]. However, the engraft-
ment and repopulation efficacies of LPCs are considered to 
be lower compared to mature hepatocytes [13].

Controversies in the role of the LPCs in liver 
regeneration

Controversial findings have been obtained using rodent and 
zebrafish models regarding the origin of cells that exhibit a 
proliferative capacity in injured livers [32]. Therefore, it is 
highly debated whether the cells adjacent to the portal tract 
[31, 43] or central vein [33] are responsible for liver regen-
eration. Understanding the LPCs contribution to hepatocyte 
generation is essential to better understand the mechanisms 
of liver regeneration and translating this to a favorable reso-
lution of human liver injury [44, 45].

Injured livers and the response of LPCs

Cells responsible for hepatocyte restoration in an injured 
liver remain not fully characterized. In a mouse model of 
liver injury, hepatocyte self-replication seems to provide 
practically all hepatocyte regeneration with minimal con-
tribution from LPCs in the absence of senescence [46, 47]. 
When a considerable injury is incurred, resident LPCs are 
activated and expand from the periportal to the pericentral 
zone giving rise to reactive ductules. Reactive ductules, 
known as the ductular reaction, are strands of LPCs repre-
senting a population of cells with variable phenotypes [36]. 
They constitute a heterogeneous population of proliferating 
cells ranging from cells expressing stem cell markers with 
an immature phenotype, to more committed cells with an 
intermediate hepatobiliary phenotype [44, 48].

Ductular reactions

For LPCs differentiation, Notch and Wnt are required, and 
their interaction is necessary for appropriate delineation 
of hepatocellular or biliary fates [49]. LPCs also express 
osteopontin and these cells are thought to emerge from bile 
ducts, capable of directly differentiating into hepatocytes 
[50]. Importantly, LPCs regenerate hepatocytes following 
chronic hepatocyte injury but not following biliary injury, 
demonstrate that the microenvironment is critical for HPC 
expansion and fate choice [36].

Ductal  Lgr5+ stem cells can give rise to hepatocytes 
in vivo and in vitro [51]. These ductular reactions are impor-
tant for biliary regeneration after cholestatic injury (by bile 
duct ligation) [52]. Rodrigo-Torres and colleagues found that 
the contribution of hepatocyte nuclear factor 1β (HNF1β+) 
biliary duct cells to liver regeneration was dependent on 

the liver injury model. HNF1β+ cells do not contribute to 
hepatocyte mass in the healthy liver, but after certain liver 
injury, they can differentiate into hepatocytes contributing 
to liver regeneration [44].

It has been reported that ductular cells spread from the 
portal tract in choline-deficient ethionine diet-induced hepa-
tocellular injury in mice [53, 54]. During this insult, a mas-
sive hepatocyte loss is observed, where the remaining hepat-
ocytes are unable to replicate. In this context, LPCs provide 
a hepatocyte-regenerating capacity to restore epithelial cell 
mass, architecture, and function [34, 43]. It still needs to 
be clarified in a variety of models whether hepatocytes can 
contribute to ductular cell populations. Evidence exists that 
hepatocytes can partially contribute to the ductular cell pop-
ulation [55]. Most notably, it was shown that when hepato-
cyte regeneration is impaired, ductular cells act as facultative 
stem cells to regenerate the liver parenchyma [56].

Animal models to study liver repopulation 
following cell transplantation

The significance of the therapeutic benefits achieved in pre-
clinical models, traditionally rodents and zebrafish, leads 
to new clinical interventions [32]. Several animal models 
have been developed to show “proof of principle” that trans-
planted hepatocytes are capable of replacing liver tissue and 
restoring liver function after engraftment in the recipient’s 
liver. A summary of various models used in studying liver 
regeneration and grafting of cells is discussed below.

Genetically modi�ed models

The first group of in vivo models is characterized by genetic 
modifications of the host liver that cause a severe liver injury 
providing transplanted hepatocytes with a strong growth/
repopulation advantage. Sandgren et al. developed a trans-
genic mouse in which the overexpression of an albumin-
urokinase-type plasminogen activator (Alb-uPA) fusion con-
struct led to increased plasma uPA concentrations, resulting 
in a severe liver damage. Importantly, they observed that 
three or fewer transgene-deficient cells in the liver paren-
chyma were able to effectively reconstitute > 90% of the 
hepatic mass [57, 58].

The establishment of several immunodeficient ani-
mal models enables human hepatocyte transplantation. 
The severe combined immunodeficiency (SCID) [59] and 
recombinase 2 gene (Rag2) knockout [60] mice have spon-
taneous mutations in the prkdc locus or targeted mutation 
disrupting Rag2 results in a lack of mature T and B cells, 
respectively. Whereas Beige [61] and perforin 1 gene (pfp) 
knockout [62] mice have mutations that lead to an impair-
ment of natural killer (NK)-cell function. Il2 (γC) knockout 
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targeting mutation disrupts the Il2 receptor gamma chain 
gene. The knockout creates a lack of functional receptors for 
many cytokines leading to an impaired lymphocyte develop-
ment and a lack of NK cells [63]. Non-obese diabetic (NOD) 
SCID gamma mice (NSG, NOD.CB17-Prkdcscid/J) and NOG 
mice (NOD.Cg-Prkdcscid  Il2rgtm1Sug/Jic) are also excellent 
recipient mouse models for human cell engraftment [64].

 Inducible double knockout models have been estab-
lished as well. Lu et al. have induced hepatocyte injury 
and senescence in adult mouse liver; the inducible AhCre 
 Mdm2flox/flox which is triggered by β-napthoflavone admin-
istration. Deletion of Mdm2 results in accumulation of p53 
and induces p53-mediated cell death and senescence. This 
results in a rapid activation of LPCs throughout the liver, 
which in turn proliferate and differentiate into hepatocytes 
[43]. Fumarylacetoacetate hydrolase knockout (Fah−/−) and 

Rag2−/−Il2rg−/− mice lack the B cells, T cells, and NK cells 
are completely immunodeficient. FAH is part of a subpath-
way involved in phenylalanine and tyrosine degradation, 
and its deficiency causes metabolic liver disease [65]. The 
advantage of this mouse strain is that liver injury can be 
controlled by 2-(2-nitro-4-trifluoro-methyl-benzoyl)-1, 3 
cyclohexanedione (NTBC) administration that restricts toxic 
metabolite accumulation [66].

Models of induction liver and biliary injury

Studying the performance and engraftment of transplanted 
human hepatocytes has been performed in various models 
of liver injury, as presented in Table 1. These models can 
be used to study liver regeneration, in the context of non-
alcoholic steatohepatitis [67], fibrosis/cirrhosis [68], partial 
hepatectomy (PHx), or administration poisoning using car-
bon tetrachloride  (CCl4) [32]. Whereas, the 3,5-diethoxy-
carbonyl-1,4-dihydrocollidine (DDC) diet has been used to 
induce biliary injury. Other protocols for preconditioning the 
liver by hepatic irradiation [69, 70], portal vein emboliza-
tion, and surgical resection are effective for clinical trials.

In other studies, rodents were treated by  CCl4 with or 
without PHx and retrorsine; a cell cycle inhibitor, to block 
the proliferation of native hepatocytes. Subsequently, mice 
received freshly isolated β-galactosidase-labeled liver cells 
[71] or fetal liver-derived mesenchymal stem cells (MSCs) 
[72] to investigate their efficiencies in compensating the 
injured livers. Analogously, 5 × 105 tail vein-injected multi-
potent MSCs improved liver regeneration and function in 
obese mice with hepatic steatosis after 70% PHx [73]. Inter-
estingly, human umbilical cord-derived MSC transfusion has 
been reported to improve liver function in acute-on-chronic 
liver failure patients associated with HBV infection [74]. 
Likewise, the plant-derived pyrrolizidine alkaloid, mono-
crotaline, causes widespread injuries to hepatocytes, liver 
sinusoidal endothelial cells (LSECs), and Kupffer cells [75, 

76]. Ingestion of 0.2% of ursodeoxycholic acid and cholic 
acids for 5 days caused cholestasis, apoptosis and liver 
injury in the bile salt export pump knockout (Bsep−/−) mice 
[77]. After intrasplenic transplantation of freshly isolated 
wild-type hepatocytes, biliary total bile acids increased sig-
nificantly after 1 week in recipient Bsep−/− mice.

A clinically relevant model, in which acute liver fail-
ure (ALF) has been induced in NOD/SCID young mice by 
300 mg/kg acetaminophen (APAP) administration, has been 
developed. Three hours after APAP injection, intraspleni-
cally transplanted GFP-labeled VAL9 hepatocytes (2 × 106) 
were able to engraft and repopulate up to 20% of the liver, 
rescuing the mice after 2–8 weeks of the transplantation 
[18].

Limitations of modeling liver disease in rodents

In animals, hepatocyte transplantation has been shown 
to correct enzymatic, receptor, or transport defects [16]. 
However, these positive results cannot be always translated 
through to successful clinical therapies. Hence, there is a 
need for more translational preclinical models to recapitu-
late the severity of liver injury seen in human disease [16]. 
Differences between animal models and clinical studies of 
liver regeneration involve signals and cellular sources that 
control liver regeneration [32]. Moreover, genetic diversity 
of rodents (inbred versus outbred) do not capture the wide 
diversity seen in patients. Furthermore, challenges, such 
as the route of cell administration to ensure optimal cell 
engraftment and function need to be further considered, as 
do the size of laboratory models.

Potential cell sources to treat liver disease

Chronic scarring, fatty liver disease, prior chemotherapy and 
massive liver injury can all inhibit the normal program of 
liver regeneration and lead to liver failure [32]. Cell-based 
therapies provide a promising alternative to solid organ 
transplantation in patients with liver diseases [78, 79]. Cell 
therapy could also delay disease progression and facilitate a 
more aggressive resection of the liver in patients with hepa-
tocellular carcinoma [16]. In addition, hepatocyte therapy 
has been successfully employed in humans to treat hepatic 
insufficiency or inborn metabolic disorders using primary 
human hepatocytes (PHH) [80]. Two billion viable hepato-
cytes were infused via portal vein into a glycogen storage 
disease type 1a patient, followed by immunosuppression 
regimens. Nine months post-transplant, the patient was able 
to eat a normal diet and could fast for 7 h without experi-
encing hypoglycaemia [81]. However, organ scarcity, allo-
graft immune rejection, and difficult logistics of PHH use 
have driven researchers to explore alternative cell sources, 
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Table 1  Induction of liver failure models

ADMSC adipose-derived mesenchymal stem cells, HC hepatocytes, HLC hepatocyte-like cell, HPCs hepatic progenitor cells, HybHP hybrid 
hepatocytes, hiPSC-LB human induced pluripotent stem cells-liver buds, s.c. subcutaneously, i.p. intraperitoneal, i.v. intravenous, Tx transplanta-
tion, EGFP enhanced green fluorescent protein or human Kusabira-Orange (KO1) for live imaging [126], hFLMSC human fetal liver mesenchy-
mal stem cells, ND or (–) non determined, DPPIV dipeptidyl peptidase IV
a The cell populations that are involved in liver regeneration per experiment
b Composed of cocoa butter, cholesterol, cholate, and corticotropin-releasing factor-1
c HybHP have an elevated Sox9 promoter activity and expression of other ductal markers were studied in Sox9-CreERT;R26RtdTomato mice

Treatment Model Term Age (weeks) Regenerative  cellsa Graft % Engraftment References

Acetaminophen 
(paracetamol)

Mouse Acute 4–6 VAL9 hESCs, hiPSC derived 
cells

1 × 106 GFP-labeled 
VAL-Hep, intras-
plenic

10.2, at day 30 post-
Tx

[18, 44]

2-Acetylaminofluo-
rine

Rat Chronic 7–8 HPCs, WB-F344 – – [192]

Carbon tetrachloride Mouse Acute ND LPCs – – [44]
Diethoxycarbonyl-

1,4-dihydro-colli-
din (DDC)-diet

Mouse Chronic ND HNF1β+ – – [44]

Choline-deficient 
ethionine-supple-
mented (CDE)-diet

Mouse Chronic ND HNF1β+ – – [44]

Atherogenic + high 
fat  dietb

Mouse Chronic 8 HCs 1 × 105 GFP-Tg 
ADSCs, intras-
plenic

Detected ≤ 2 weeks 
in liver post-Tx

[67]

Tamoxifen Mouse Chronic ND GFP+HNF4+  CK19− HCs. 
 YFP+CK19− HNF4α+ peri-
portal HCs

HybHPc

– Tracked for 
9 months

[31]

Diethylnitrosamine Mouse Chronic 6–9 hESC/iPSC-derived HCs 0.1–2 × 106 hESC/
iPSC-derived 
HLCs, i.v.

2–17% in the liver, 
8 weeks post-Tx

[111]

Retrorsine + PHx Rat Acute 4 HCs 5 × 106 HCs, intras-
plenic

Detected ≤ 2 weeks 
in liver post-Tx

[39, 68]

Mouse Acute ND HCs, MSCs 2 × 106 hu fetal HCs 
and/or hFLMSC

Co-Tx 81,000/mm3 
liver

[72]

Monocrotaline Rat Acute 8–10 DPPIV+ HCs 1 × 107 fresh 
 DPPIV+ HCs, 
intrasplenic

≤ 1000 cells/50 
consecutive liver 
lobules 3 months 
post Tx

[193]

Irradiation + PHx Rat Acute 7–8 HCs + fibroblasts Co-Tx fibro-
blast + multilay-
ered HCs sheets, 
s.c.

Detected 2 months 
post-Tx

[69]

HCV Mouse Chronic 5–8 months hESCs- and hiPSCs-derived 
HLCs

4 × 106 HLCs, 
intrasplenic

– [194]

Ganciclovir Mouse Chronic 7–8 Endothelial 12 EGFP- or KO1-
hiPSC-LB on the 
mesentery

– [145]

Diphtheria toxin 3–4  ×  106 hu HCs 
under kidney 
capsule

–

Thioacetamide Mouse Acute 7–8 ADMSC, HLCs,  CK8+ 5 × 106 EGFP-
labeled ADMSC, 
intrasplenic or i.v.

Detected ≤ 4 weeks 
in liver post-Tx

[126]

Phenobarbi-
tal + CCl4

Rat Chronic 38 – – – [67]

Galactosamine Rat Acute 8–10 – 8.8–10.5 × 106 HC, 
i.p.

1 week post-Tx [174]
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including liver cell lines and pluripotent stem cells [82]. 
Below, we discuss the potential sources of hepatic cells that 
could be used in the clinic to treat liver diseases.

Novel cell sources for transplantation

Pluripotent stem cells

Pluripotent stem cells (PSCs) display the ability to self-
renew and retain pluripotency [83]. Human embryonic stem 
cells (hESCs) are one example and may serve as a renew-
able source of human tissue. More recently, Takahashi and 
Yamanaka generated induced pluripotent stem cells (iPSCs) 
from somatic cells using a combination of four reprogram-
ming factors, including Oct4 (Octamer-binding transcrip-
tion factor-4), Sox2 (Sex-determining region Y)-box 2, Klf4 
(Kruppel Like Factor-4), and c-Myc [84, 85]. Therefore, in 
theory, PSCs could be used in combination or as an alter-
native to hESCs in various clinical or research settings, 
with the added benefit that iPSC-derived liver tissue can be 
immune matched [86–90].

PSCs-derived hepatic cells

PSCs have been shown to efficiently differentiate into 
hepatocyte-like cells (HLCs) [91]. Several groups have 
reported the generation of HLCs from PSCs through step-
wise protocol by using various growth factors [92–94], or by 
combinational transduction of FOXA2 and HNF1α. These 
directed HLCs have many hepatocyte characteristics induc-
ing cytochrome P450 enzyme activity, the ability to uptake 
LDL and Indocyanine green, store glycogen, and synthesize 
urea [95]. Although PSCs are promising cell sources for the 
mass production of HLCs, their limitations include incom-
plete gene expression, scale-up limitations, and heteroge-
neous culture [96]. With the consensus that PSC-derived 
HLCs are phenotypically and functionally more similar to 
fetal human hepatocytes [96, 97].

Improving of HLC di�erentiation and function

Advancements in cell culture matrices and media have led 
to significant improvement in HLC function and viability 
[91, 98]. Moreover, the generation of functional human 
ES-derived HLCs has been developed under chemically 
defined conditions which are compatible with good man-
ufacturing practice (GMP) grade for clinical applications 
[91, 99]. Recently, Cameron et al. have improved hepatic 
specification and function by using fully defined recombi-
nant laminin substrates (laminin 521 and 521/111 blend) 
as coating matrix [98, 100]. Laminin matrix was also used 
to improve the differentiation of HLCs from human bone 

marrow MSC (hBM-MSCs) [101]. These approaches should 
facilitate the development of clinical grade hepatocytes for 
transplantation.

Small molecules that can activate the mesenchymal–epi-
thelial transition and induce the rapid proliferation have 
been  also developed for improving the differentiation 
towards hepatic cells. Of these small molecules, A-83-01, 
an inhibitor of Smad signaling, inhibits TGFβ-induced epi-
thelial–mesenchymal transition and CHIR99021, an inhibi-
tor of glycogen synthase kinase 3β (Gsk-3β), enhances 
iHepgeneration by inducing rapid proliferation of somatic 
cells [102]. Siller et al. have devised a growth factor-free 
protocol that relies on small molecules to efficiently dif-
ferentiate human PSCs toward a hepatic phenotype [103], 
however, their approach still relied on fetal bovine serum and 
Matrigel, limiting GMP-grade. In addition, Hnf1α supported 
by a cocktail of small molecules was sufficient to induce 
direct hepatic reprogramming from mouse fibroblasts. The 
induced hepatocyte-like cells (iHeps) by this technology 
represented functional hepatic cells [102].

In addition,  to improve the function of ESCs-derived 
hepatic cells, human ESCs or iPSCs have been transduced 
with several transcription factors to promote their differentia-
tion in vitro [95]. Adenovirus vector-mediated Hnf4α over-
expression led to an upregulation of epithelial and mature 
hepatic markers, such as cytochrome P450 enzymes, and 
secretion of urea and albumin [95]. A multistage procedure 
including hepatocyte growth factor was used to differentiate 
hESCs directly into HLCs which exhibit mature hepatocyte 
morphology, and express albumin and HNF4α [91, 93, 94]. 
Further refinement and development of more sophisticated, a 
non-viral based, methodologies are still required to generate 
improved and phenotypically stable HLCs for downstream 
application [96, 104].

Transplantation of HLCs could also represent an alterna-
tive to OLT in ALF, late-stage liver disease such as cirrho-
sis, or in maintaining liver function in patients who do not 
meet the clinical eligibility for OLT [30]. Key advantages of 

Table 2  Advantages of cell-based therapy

Factor Cell transplant Organ transplant

Cost Less More expensive
Complexity Simple administra-

tion via intravas-
cular catheters

Complex surgery

Availability Large scale Limited
Invasiveness Minimal Involve incision, open 

surgery
Occurrence Could be provided 

repeatedly/multi-
ple recipients

Usually one/patient
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replacing primary hepatocytes with HLCs are summarized 
in Table 2.

Stem cell-derived hepatic cells: post-transplant challenges

Before cell transplantation for treating liver disease, cells 
should fulfill numerous criteria, including safety, reproducibil-
ity, xeno-free, and long-term function (Table 3). ES-derived 
cells are allogeneic and, therefore immunogenic, increasing 
the risk for allograft rejection and necessitating immunosup-
pression [105]. It has been shown that HLCs led to a tumor 
after transplantation. Payne et al. reported that human ES-
derived hepatocytes recipient mice developed large splenic 
and liver tumors that contained endodermal and mesodermal 
cell types 3 months post-transplantation [106]. Despite cur-
rent shortfalls, PSC-derived HLCs provide a unique opportu-
nity to study the mechanisms involved in human hepatocyte 
differentiation and liver function in more detail [93]. Encour-
agingly, HLCs generated from hESCs or human iPSCs have 
been shown to model human liver disease ‘in a dish’ [107] 
and to accurately predict and modulate human drug-induced 
hepatotoxicity [91, 108–110]. Optimistically, when hESC-
derived HLCs were injected into immunocompromised mice, 
after  CCl4-induced liver injury, human serum albumin was 
detected for 3 months post-transplantation [106]. Addition-
ally, it has been reported that iPSC-derived HLCs successfully 
repopulated the liver tissue and secreted human-specific liver 
proteins in the blood of mice with a liver cirrhosis [111].

In addition, adult-derived human liver progenitor cells 
(ADHLPCs) have been tested for the degree of immuno-
genicity when they were co-cultured with allogeneic human 
adult peripheral blood mononuclear cells (PBMCs) [112] and 
tested for oncogenicity in 5-week-old Balb-c nude mice for 
24 weeks [113], Table 3. Sana et al. reported that ADHLPCs 

were associated with a low immunogenic profile in vitro 
[112]. Tumorigenicity, phenotypic and genetic stability, and 
differentiation potential of ADHLPCs have been studied 
in vitro and in a xenograft assay. These cells, however, after 
a prolonged culture displayed cytogenetic instability [113].

Induced hepatocyte (iHep) transdi�erentiation 
in vivo

Direct induction of somatic cells into induced hepatocyte 
(iHep) that closely resemble hepatocytes has been achieved 
by viral transduction and expression of various transcription 
factors. Combinations of Hnf4α and Foxa1, Foxa2 or Foxa3 
or Gata4, Hnf1a and Foxa3 have been used to convert mouse 
embryonic or adult fibroblasts into iHep [114, 115]. More 
recently, human iHeps have been generated from fibroblasts 
by overexpression of FOXA3, HNF1α, and HNF4α. Upon 
transplantation into Fah−/− mice with concanavalin-A-induced 
acute liver failure, iHeps restored the liver function and pro-
long survival, demonstrating successful lineage conversion of 
non-hepatic human cells into hepatocytes [65]. Moreover, stel-
late cell transdifferentiation has been successfully carried out 
in vivo, in the context of liver fibrosis, providing proof of con-
cept [116]. Direct cell lineage conversion through reprogram-
ming is a promising field of research for different applications 
in regenerative medicine and personalized disease modeling.

Mesenchymal stem cells (MSCs)

Numerous studies have reported therapeutic effects of trans-
planted MSCs on hepatic fibrosis, cirrhosis, and other liver 
diseases, which may be related to the differentiation of MSCs 
into functional hepatocytes [117, 120]. MSCs are a group of 
pluripotent stem cells with self-renewal and multi-directional 

Table 3  Criteria of in vitro generated cells that they should meet to be used in cell therapy for liver diseases

NT not tested, ND not determined, GMP good manufacturing practice, ADHLPCs adult-derived human liver progenitor cells
a For in vivo use, immunocompromised (mouse) models were used
b Tested in Ref. [112]
c Tested in Ref. [113]

Criteria hPSC [98] hESCs, iPSCs 
[103, 195]

hESC-derived 
HLCs [106]

ADHLPCs 
[112, 113]

Autologous 
iPSCs [87]

hESC-
derived 
HLCs [196]

GMP-grade √ × × √ × ×
Xeno-free √ × × × × ×
Immunogenicitya NT NT NT √b √ NT
Tumorogenicity NT NT √ √c × NT
Scalability √ √ √ √ √ √
Resistance to cryopreservation NT NT NT √ NT √
Long-term efficacy NT NT √ √ √ √
Display mature hepatocyte functions √ √ √ √ NT √
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differentiation potential derived from mesoderm, which are 
widely distributed in various tissues, such as bone marrow, 
umbilical cord, and adipose tissues. MSCs have been trans-
planted alone or with HLCs to treat injured liver (Table 4). 
HLCs have been generated also  from placenta-derived 
human amniotic epithelial cells (hAEC) and placed in bar-
ium alginate microcapsules to prevent immune cell-medi-
ated rejection post-transplantation [118]. The differentiated 
HLCs performed key functions of hepatocytes during 7 days 
in culture without losing their viability. An improvement of 
liver function has been achieved in patients having end-stage 
liver disease (liver cirrhosis, hepatitis B virus (HBV), HCV, 
and alcoholic) after autologous MSC injection [117, 119, 
120]. However, the improvements in survival rate in cirrhotic 
patients using autologous bone marrow-derived MSC trans-
plantation through peripheral vein was not significant, based 
on randomized controlled trial [121].

Intrahepatic and extrahepatic MSC transplantation

Intrahepatic and extrahepatic MSCs transplantation 
approaches have been trialled and their contribution in liver 
regeneration has been studied. Human adipose-derived 
stem cells (ADSCs) differentiate into albumin-secreting 
HLCs after 1 week of intrahepatic transplantation in thio-
acetamide (TAA)-induced rat model of chronic liver damage 
[122]. Patients with HBV related acute-on-chronic liver fail-
ure (HBV-ACLF) received plasma exchange, entecavir and a 
single transplantation of umbilical cord-derived MSC (UC-
MSC) transplantation (100 × 106 cell suspension via the 
hepatic artery) compared to another group which received 
only plasma exchange and entecavir. Notably, an improve-
ment in liver function tests and higher cumulative survival 
rate at 24 months have been observed in the patient groups 
who were transplanted with UC-MSC [123].

In addition, extrahepatic transplantation of MSCs is thought 
to play an important role in liver repopulation. The outcomes 
of intrasplenic or intrahepatic autologous bone marrow MSC-
derived hepatocytes transplantation have been evaluated in 
patients with end-stage liver cell disease. The results showed 

significant improvement in ascites, edema, serum albumin, and 
performance status, and amelioration of fatigue scale, demon-
strating the safety and short-term efficacy of autologous bone 
marrow-derived MSC injection in treating liver failure [124]. 
Amer et al. found no significant difference between the out-
comes observed from the group which received cells directly 
into the liver (intrahepatic) and indirectly (intrasplenic) [124]. 
MSC-seeded silk fibroin matrices were placed onto the liver 
surface of mice with ALF showed an obvious therapeutic 
ability for injured liver function [125]. The effects of different 
routes of adipose-derived MSC (ADMSC) transplantation on 
the restoration of liver functions in acute mouse liver failure 
were assessed. Mice were injected with enhanced GFP-labeled 
ADMSCs by intrasplenic or intravenous (tail vein) routes. 
Transplantation via tail vein provided a significant survival 
benefit compared to intrasplenic cell administration [126]. 
Furthermore, the transplanted cells were well integrated into 
injured livers and produced albumin and cytokeratin-8 in both 
groups. Deng et al. concluded that direct intravenous ADMSCs 
transplantation is an effective treatment for ALF rather than 
intrasplenic transplantation [126].

MSCs have positive effects during regeneration such inhib-
iting apoptosis in hepatocytes and Kupffer cells, secreting of 
various bioactive molecules to promoting liver regeneration and 
reducing inflammation [117]. In addition, MSCs contribute in 
the restoration of the liver parenchymal tissue by hepatocytes or/
and LPCs, and also they could contribute in the wound healing 
after injury in terms of angiopoiesis by liver sinusoidal endothe-
lial cells or/and sinusoidal endothelial progenitor cells [127]. 
These findings highlight the importance of different sources and 
options for MSCs in the treatment of liver disease.

Could bioengineering approaches be 
exploited in improving cell‑based therapy?

Bioengineering approaches may provide alternative 
approaches to improve cell engraftment and/or function and 
to control ESC and iPSCs differentiation into distinct cell 
and tissue types. While both “top–down” and “bottom–up” 

Table 4  Various sources of stem cells

Stem cells References

hESCs Carpentier 2014 [194], Cameron 2015 [98]
hiPSCs Yu 2007 [88], Beers 2015 [89], Wang 2017 [100]
Bone marrow-derived MSCs Mohamadnejad [121]
Autologous mesenchymal stem cells (AMSCs) Kharaziha 2009 [119], Amer 2011 [124]
Mesenchymal stem cells (MSCs) Xu 2017 [125]
Human adipose-derived stem cells (ADSCs) Harn 2012 [122], Seki 2013 [67]
Human Amnion epithelial cells Vaghjiani 2014 [118]
Umbilical cord-derived mesenchymal stem cell (UC-MSC) Li 2016 [123]
Hepatic progenitor cells (HPCs) Sacho-Bru 2012 [42], Lu 2015 [43]
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approaches have been used for biofabrication, the emergence 
of additive manufacturing or three dimensional (3D) bioprint-
ing has brought manufacturing of functional tissue one-step 
closer to reality. In combination with defined culture media 
and suitable growth factors, researchers have made significant 
progress in this space, although at present HLCs are less func-
tional than their PHH counterparts. In the following sections, 
we discuss the new bioengineering systems to improve HLC or 
organoid culture, activity and their long-term function in vitro 
and in vivo.

Extracellular matrix: 2D and 3D cultures

The extracellular matrix (ECM) plays an important role in 
cell organization and function. Phenotypic instability of 
primary hepatocytes and HLCs in vitro is a major obsta-
cle to the widespread application [128]. 2D systems have 
proved to be invaluable for studying basic cell biology and 
are facile and cost-effective to use. However, these systems 
are associated with limitations such as remodeling of the 
internal cytoskeleton and limited cell–cell contact [129] and 
cell–ECM interaction provide a suboptimal environment to 
cells. To overcome these problems, various strategies have 
been explored including co-culture with non-parenchymal 
liver cells and development of 3D platforms to better mimic 
in vivo microenvironment [82, 128]. The 3D systems can be 
categorized into scaffold-based and scaffold-free systems. 
In scaffold-based systems, synthetic or natural materials are 
employed to provide support to the cultured cells, while in 
scaffold-free platforms self-aggregation of cells is a major 
driving force to generate 3D structures.

Scaffold-based 3D culture systems allow the production and 
organization of cells in vitro in a controllable and reproduc-
ible manner. Several synthetic polymers, such as a poly lactic 
co-glycolic acid (PLGA) and natural materials, such as colla-
gen, have been evaluated for in vitro differentiation and main-
tenance of HLCs [130]. PSC-derived HLCs have also been 
cultured on polyurethane-coated scaffolds which supported 
cell phenotype and performance in vitro [131]. More recently, 
modulation of hepatic function was investigated following co-
culture of rat bone marrow-derived MSCs and freshly isolated 
hepatocytes on a PLGA scaffold. Cell-seeded PLGA scaffolds 
have been transplanted into the abdominal cavity of mice. The 
result suggested that the best in vitro and in vivo performance 
can be achieved using a 1:5 ratio of MSC to hepatocytes [132].

Due to the complexity of ECM and its tissue-specific prop-
erties, the role of the decellularized liver has been evaluated 
by several groups. Improved cell function was achieved fol-
lowing culture of iPSCs-derived HLCs on liver-derived ECM 
compared to poly-L-lactic acid (PLLA) scaffold coated with 
collagen or Matrigel [133]. Mazza et al. have also developed 
a protocol for complete decellularization of a whole human 
liver to form an extracellular matrix scaffold with a preserved 

architecture a preserved architecture [134]. Biocompat-
ibility was demonstrated by either omental or subcutaneous 
xenotransplantation of liver scaffold cubes into immuno-
competent mice for 3 weeks, resulting in absent foreign body 
responses or local signs of inflammation.

To circumvent some of the limitations presented by scaf-
fold-based methodologies, several methods have been devel-
oped to generate scaffold-free microtissues. While culture on 
ultra-low adherent surface and molds are among the most 
common approaches, hanging drop, spinner culture, rotating 
wall vessels and microfluidic-based methodologies have also 
been used. Recently, FP001, a low-acyl gellan gum polymer, 
was used to form of HepaRG [135] 3D spheroids and main-
tenance of the culture without the requirement for stirring 
[136]. Nanopillar plate technology has also been applied to 
control the configuration of spheroids and to generate more 
mature HLCs [110].

Organoid cell culture

Stem cell-derived organoids are 3D human micro-tissues 
generated in vitro [137]. The development of methodol-
ogy was pioneered by the Clevers’ lab and culture system 
for several organs has been developed including intestine 
[138], stomach [139], pancreas [140] and the liver [141, 
142]. Long-term maintenance and expansion of liver orga-
noids in undefined conditions has been achieved from liver 
biopsy to form functional hepatic cells both in vitro and 
in vivo [51]. A more recent protocol describes how to grow 
adult mouse and human liver and pancreas organoids in a 
gel-based ECM and defined medium in vitro [143]. Epithe-
lial organoids recapitulate multiple aspects of real organs, 
making them promising models of organ function to model 
and treat human disease [137, 144].

Co-culture

In line with previous studies, co-culture of human iPSC-
derived hepatic endoderm with umbilical vein endothelial 
cells and MSCs resulted in a generation of improved liver 
buds. Following mesenteric transplantation, the liver buds 
improved the survival of mice following ganciclovir-induced 
liver failure [145]. A recent study has shown that the co-
culture strategy could improve mouse survival than those 
treated with one cell type [132]. The transplantation of orga-
noid-PLGA scaffold has significantly rescued the damaged 
liver in mice and showed a lower immunogenic response 
level compared to single MSC-PLGA or Hep-PLGA scaffold 
treatments [132]. Furthermore, aggregation into organoid-
like structures has been tested using PHHs and stem cell-
derived HLCs with MSC co-culture, and yielded promising 
results both in terms of cell function and engraftment [146].
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Co-cultures of different cell types have been also used 
to form transplantable organoids. Asai et al. have identified 
paracrine signals that regulate the differentiation of human 
hepatocytes. For this purpose, they established a liver orga-
noid using human iPSCs, MSCs, and human umbilical vein 
endothelial cells. The cells have self-assembled into 3D 
organoids, resulting in improved hepatocyte differentiation 
[129]. Multicellular liver organoid units composed of hetero-
geneous cell populations that contain human adult stem and 
progenitor cells, hepatocytes, bile ducts and vascular struc-
tures, hepatic stellate cells, and endothelial cells have been 
transplanted under the abdominal skin in immunodeficient 
mice with a liver failure [147]. The transplanted organoids 
provided a functional support up to 4 weeks post-transplan-
tation [147]. While these studies are very encouraging, it is 
not yet feasible to transplant organoids via blood vessels, 
due to their large size, making routine deployment difficult.

Modular biofabrication

Construction of large tissue fragments through an assem-
bly of smaller modules is known as modular biofabrication. 
Such a “bottom–up” approach is an alternative to conven-
tional “top–down” methodology of seeding a large porous 
scaffold. Various techniques have been developed including 
cell sheet [148], microfabrication of cell-laden hydrogels 
[149], and self-assembled aggregation [150]. Intraportal or 
intrasplenic hepatocyte transplantation can create issues, 
such as cell death, embolism, portal vein thrombosis and 
hypertension [151, 152]. To get around this, cell sheet-
based tissue engineering approaches have been developed to 
deliver a large number of cells to the desired location while 
preserving cell to cell contact and ECM, and reducing the 
loss of transplanted cells [64, 153–156]. Early attempts used 
temperature responsive surfaces to manufacture cell sheets 
from PHHs. Efficient engraftment and long-term stability for 
longer than 200 days were observed following subcutane-
ous implantation [157]. More recently, Kim et al. developed 
a methodology to generate endothelial–hepatocyte hybrid 
sheets [154]. Bile canaliculi networks were formed among 
the hepatocytes in the hybrid cell sheet. Albumin secretion 
level was preserved for 4 weeks in the hybrid Hep-EC sheet, 
which was in contrast to hepatocytes cultured in a monolayer 
[154].

A similar approach was used to manufacture hybrid cell 
sheets consisting of human fibroblasts PHH cell sheets to 
improve neoangiogenesis following subcutaneous implanta-
tion [64]. Most recently, a fetal liver mesothelial cell sheet 
was developed to prevent postoperative adhesion in a mouse 
model of PHx. Interestingly, secreted paracrine growth 
factors enhanced proliferation of hepatocytes after PHx 

indicating the potential to improve regeneration [158]. Addi-
tionally, human iPSC-derived HLC sheets were implanted 
directly onto the surface of the liver after performing PHx. 
Considerable cell engraftment and liver-specific protein pro-
duction were observed in cell sheet transplanted mice com-
pared to the control group receiving a similar number of 
cells through intrasplenic infusion. In addition, cell sheet 
recipient mice were rescued from  CCl4-induced lethality, 
and provided better therapeutic support than intrasplenic 
infusion [12].

Improving hepatocyte isolation 
and preservation

Hepatocytes are isolated from cadaveric donors, primarily in 
the form of resected segments recovered after hepatectomy. 
Several parameters are critical in this process, affecting both 
the quality and yield of hepatocyte prepartion. This includes 
the donor’s medical history, preservation conditions, and the 
isolation procedure [159]. Generally, parenchymal and non-
parenchymal cells are isolated from the liver by collagenase 
perfusion with a low-speed centrifugation, density gradient 
centrifugation, and magnetic-activated cell sorting. This 
yields cell populations of high purity and quality [160].

Although freshly isolated primary human hepatocytes 
(PHHs) are the gold standard for various cell-based mod-
eling and for in vivo transplant, they are limited by scarcity 
and ‘shelf life’. Therefore, current strategies have focused on 
improving cryopreservation media and protocols to preserve 
hepatocyte phenotype. Being able to cryopreserve human 
hepatocytes will allow for the repeated use of the same pre-
characterized hepatocyte lots in different studies [161], per-
mitting lab to lab comparisons [161].

Cryopreservation refers to the processes required to main-
tain the health and function of biologics outside the body, 
and to ensure a return to function post-resuscitation. Cellular 
damage occurs due to the freezing process [162] which is 
reduced when hepatocytes are suspended in human plasma 
[163]. Hepatocyte pre-incubation with medium supplements 
such as, sugars, insulin, reduced glutathione (GSH) and 
N-acetyl-L-cysteine prior to cryopreservation has also been 
shown improve cell recoveries after thawing [162]. The cryo-
protectants used in freezing medium include, glycerol, dime-
thyl sulfoxide, polyvinylpyrrolidone and polyethylene glycol 
[162]. Trehalose has also been used in combination with 10% 
DMSO to stabilize the plasma membrane [164]. Post thawing, 
3D approaches have been developed to maintain the long-term 
function of PHHs [161]. Recently, Nguyen et al. developed a 
bioprinting approach to building 3D liver tissue culture in a 
24-well  Transwell® plate using PHHs, human hepatic stellate 
cells, and human umbilical vein endothelial cells [165].
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Routes of cell delivery and associated 
challenges

In liver cell therapy, studies have defined the critical compo-
nents for the optimal repopulation by transplanted cells. This 
includes their isolation, characterisation, and storage prior 
to their engraftment in the liver (or extrahepatic sites) [16]. 
This requires an ideal route of transplantation that assures 
maximal cells delivery with the best engraftment. In addi-
tion, transplanted cells must survive over defined period of 
time and proliferate to impart therapeutic benefit. This may 
require preconditioning of recipients before or after cell 
transplantation and development of suitable regimens to 
control for allograft rejection [16].

LPCs, PHH, and human iPS-HLCs have been trans-
planted into the rodents with liver injury, by intrasplenic 
or portal venous infusion [166, 167]. A suspension of BM-
derived HLCs (0.5 × 106–2 × 108) has been also injected 
intravenously, intrasplenically or intrahepatically with 
ultrasonographic guidance [124]. The most common sites 
of ectopic hepatocyte transplantation in patients with major 

hepatectomy or liver cirrhosis are the spleen. The spleen can 
be accessed by direct injection into the splenic artery through 
a catheter inserted through the femoral artery [168]. Because 
of a high mortality rate-associated intrasplenic injection in 
NSG mice, human PSC-derived HLCs [111] or primary 
MSCs [73] were transplanted via tail vein injection. Other 
potential routes of cell administration are depicted in Fig. 1 
and those include: subcutaneous cell implantation and 
immune isolation, transplanting human HLCs into immuno-
competent mice following co-aggregation with stromal cells 
and encapsulation in a biocompatible hydrogel [169]. Algi-
nate has also been employed to encapsulate the cells prior 
to implantation in the abdominal cavity [170]. The structure 
of formed microbeads is porous allowing for efficient mass 
transfer and protection from the immune system [171].

Cell tracking

Tracking cells during regenerative cytotherapy is crucial for 
monitoring their engraftment, safety, and efficacy. A reliable, 
clinically applicable cell-tracking agent would be a powerful 

Fig. 1  Directed differentiation of pluripotent stem cells (PSCs) and 
their potential applications. PSCs were maintained on laminin extra-
cellular matrix (ECM) and differentiated toward hepatic tissue using 
a four-stage process employing Activin A (ACTA), Wnt3a, and 
using differentiation medium (80% knockout DMEM (KO-DMEM), 
20% knockout serum replacement (KSR), GlutaMAX, non-essential 
amino acids, β-mercaptoethanol, 1% Dimethyl sulfoxide (DMSO), 
and penicillin/streptomycin), and HepatoZYME maturation medium 

supplemented with  Oncostatin M (OSM) and human hepatocyte 
growth factor (HGF). Following differentiation and tissue engineer-
ing, monolayer, co-culture, sphere and organoids could be applied in 
the future to model human biology, generate artificial liver devices, 
and used as cell-based therapies in vivo. The liver is shown in brown, 
the spleen in reddish-brown, and the liver bandage as a patch on the 
liver. Arrows (red) point to the site of cell delivery



1318 S. M. Alwahsh et al.

1 3

tool to study cell biodistribution, viability, performance, 
and differentiation. Superparamagnetic iron oxide nanopar-
ticles (SPIONs) have been used to label macrophages for 
MRI-based cell tracking in vivo [172]. Similarly, magnetic 
labeling of primary and stem cell-derived pig hepatocytes 
has been employed for MRI-based cell tracking [173]. In 
addition, PLGA encapsulated magnetic nano- and micro-
particles and photoconvertible near-infrared lipophilic cell 
membrane dyes have also been employed [174, 175].

Long-term in vivo monitoring of ADHLPCs has been per-
formed to determine differences in biodistribution following 
intrasplenic and intrahepatic transplantation in immunodefi-
cient/beige mice. In this experiment [176], ADHLPCs were 
transduced with a lentiviral vector expressing a triple fusion 
reporter comprising renilla luciferase, monomeric red fluo-
rescent protein, and truncated HSV-1 thymidine kinase and 
were monitored by bioluminescence imaging, positron emis-
sion tomography, and contrast-enhanced computed tomog-
raphy. It has been concluded that ADHLPCs could be moni-
tored by bioluminescence imaging for up to 4 weeks with 
widespread biodistribution following intrasplenic injection 
[176]. These techniques and others such as bioluminescence 
and fluorescence have also aided the study of cell biodistri-
bution and engraftment post-transplantation.

Clinically, cell labeling with 111In-oxine is a safe and 
suitable method for tracking the biodistribution of trans-
planted cells. A short-term biodistribution of ADHLPCs 
has been assessed over 5 days post portal vein infusion in 
a patient with glycogen storage disease type 1A. Defresne 
et al. labeled ADHLPCs with 111-Indium and single-photon 
emission computed tomography used for whole body imag-
ing. No signal was detected in extrahepatic organs, con-
firming retention of the transplanted cells [14]. A patient 
suffered from hemophilia A has been injected over 50 days 
with 1.21 × 109 111In-DTPA radiolabelled ADHLPCs via 
the humeral vein. Biodistribution analysis revealed an initial 
temporary entrapment of the cells in the lungs, followed by 
homing to the liver and to a joint afflicted with hemarthrosis 
[15]. In vivo tracking of 111In-oxine labeled MSCs follow-
ing intravenous infusion in patients with advanced cirrhosis 
revealed an accumulation of radioactivity in the lungs at 
first, and then it gradually increased in the liver and spleen 
in all patients within 10 days [17].

Long-term function and o�-target e�ects

Cell delivery is not the only concern when designing cell-
based therapies. It is also important to monitor whether or 
not cells proliferate appropriately following engraftment 
[177]. Although several groups have administered human 
iPS-HLCs intrasplenically or intraperitoneally [111, 178], 

their engraftment efficiencies were limited. Using con-
ventional cell administration methods, it is quite diffi-
cult to control for efficient engraftment and avoid off-
target engraftment in other organs [12, 179]. Therefore, 
in addition to improving cell phenotype, precondition-
ing the liver niche may aid transplanted cells to engraft, 
function and persist [39]. Such approaches include PHx, 
portal embolization, liver irradiation, and repeated cell 
infusion [180]. Bile acids have been reported to acceler-
ate liver regeneration [32, 181] as have growth factors 
[182] and the thyroid hormone  T3 [183]. Several studies 
also demonstrate a key role of adiponectin during tissue 
regeneration [184, 185].

Cell modeling and cell utility

Freshly isolated primary hepatocytes, cryopreserved hepato-
cytes, immortalized cancer cell lines, liver tissue slices and 
animal models broadly categorize the liver models avail-
able to study the human pathophysiology of the liver [186]. 
More recently, PSCs have been used to model human biol-
ogy successfully recapitulating key features of the cellular 
pathology seen in liver disease [187]. Recent transcriptomic 
analysis of human NAFLD, cirrhosis, HCC and hepatitis B 
virus-infected tissue was compared to cultured cells, demon-
strated a strong similarity between cell modeles and human 
disease [188].

In addition to genetic diseases, drug-induced liver injury 
is a complex problem which accounts for approximately 65% 
of ALF cases in the United States [189]. This demonstrates 
the requirement for a step change in current cell-based safety 
systems. There have been reports where human PSC-derived 
HLCs are capable of modeling drug-induced liver injury [95, 
190]. Most recently, hepatoblasts, derived from pluripotent 
stem cells, have been employed to better understand in utero 
exposure to maternal smoking [191].

Conclusions

There have been important advances in human liver regen-
erative medicine. This includes the development of scalable 
cell sources that offer potential to overcome the shortages 
of donor organs and hepatocyte instability, and challenges 
associated with the immune system. Despite those advances, 
stem cell-derived liver cells require further development 
before they are suitable for the clinic. On-going efforts 
are exploring numerous avenues to improve cell function, 
engraftment and stability in vitro and in vivo, offering an 
exciting future for the field.



1319Liver cell therapy: is this the end of the beginning?  

1 3

Acknowledgements The authors thank Dr. Wei-Yu Lu, MRC Centre 
for Regenerative Medicine, The University of Edinburgh for his helpful 
advices and comments.

Compliance with ethical standards 

Funding The project was funded by awards from the Medical Research 
Council MR/K026666/1 and MR/L022974/1.

Conflict of interest Dr. David Hay is a founder, shareholder and direc-
tor of Stemnovate Limited.

Open Access This article is distributed under the terms of the Creative 
Commons Attribution 4.0 International License (http://creativecom-
mons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

 1. Mokdad AA, Lopez AD, Shahraz S et al (2014) Liver cirrho-
sis mortality in 187 countries between 1980 and 2010: a sys-
tematic analysis. BMC Med 12:145. https://doi.org/10.1186/
s12916-014-0145-y

 2. Williams R (2006) Global challenges in liver disease. Hepatology 
44:521–526. https://doi.org/10.1002/hep.21347

 3. Hata K, Tolba RH, Wei L et al (2007) Impact of polysol, a newly 
developed preservation, on cold storage of steatotic rat livers. 
Liver Transpl 13:114–121

 4. Marsman WA, Wiesner RH, Rodriguez L et al (1996) Use of fatty 
donor liver is associated with diminished early patient and graft 
survival. Transplantation 62:1246–1251

 5. Zamboni F, Franchello A, David E et al (2001) Effect of mac-
rovescicular steatosis and other donor and recipient charac-
teristics on the outcome of liver transplantation. Clin Transpl 
15:53–57

 6. Alexander JW, Zola JC (1996) Expanding the donor pool: use 
of marginal donors for solid organ transplantation. Clin Transpl 
10:1–19

 7. Müllhaupt B, Dimitroulis D, Gerlach JT, Clavien P-A (2008) Hot 
topics in liver transplantation: organ allocation—extended crite-
ria donor—living donor liver transplantation. J Hepatol 48(suppl 
1):S58–S67. https://doi.org/10.1016/J.Jhep.2008.01.013

 8. Attia M, Silva MA, Mirza DF (2008) The marginal liver 
donor an update. Transpl Int 21:713–724. https://doi.
org/10.1111/j.1432-2277.2008.00696.x

 9. Brown RS, Russo MW, Lai M et al (2003) A survey of liver 
transplantation from living adult donors in the United States. N 
Engl J Med 348:818–825

 10. Soltys KA, Setoyama K, Tafaleng EN et al (2017) Host condi-
tioning and rejection monitoring in hepatocyte transplantation 
in humans. J Hepatol 66:987–1000. https://doi.org/10.1016/j.
jhep.2016.12.017

 11. Tafaleng EN, Chakraborty S, Han B et al (2015) Induced pluri-
potent stem cells model personalized variations in liver disease 
resulting from α1-antitrypsin deficiency. Hepatology 62:147–
157. https://doi.org/10.1002/hep.27753

 12. Nagamoto Y, Takayama K, Ohashi K et al (2016) Transplantation 
of a human iPSC-derived hepatocyte sheet increases survival in 
mice with acute liver failure. J Hepatol 64:1068–1075. https://
doi.org/10.1016/j.jhep.2016.01.004

 13. Cantz T, Sharma AD, Ott M (2015) Concise review: cell thera-
pies for hereditary metabolic liver diseases-concepts, clinical 
results, and future developments. Stem Cells 33:1055–1062. 
https://doi.org/10.1002/stem.1920

 14. Defresne F, Tondreau T, Stéphenne X et al (2014) Biodistri-
bution of adult derived human liver stem cells following intra-
portal infusion in a 17-year-old patient with glycogenosis type 
1A. Nucl Med Biol 41:371–375. https://doi.org/10.1016/j.
nucmedbio.2014.01.010

 15. Sokal EM, Lombard CA, Roelants V et al (2017) Biodistribution 
of liver-derived mesenchymal stem cells after peripheral injec-
tion in a hemophilia A patient. Transplantation 101:1845–1851. 
https://doi.org/10.1097/TP.0000000000001773

 16. Forbes SJ, Gupta S, Dhawan A (2015) Cell therapy for liver 
disease: from liver transplantation to cell factory. J Hepatol 
62:S157–S169. https://doi.org/10.1016/j.jhep.2015.02.040

 17. Gholamrezanezhad A, Mirpour S, Bagheri M et al (2011) In vivo 
tracking of 111 In-oxine labeled mesenchymal stem cells follow-
ing infusion in patients with advanced cirrhosis. Nucl Med Biol 
38:961–967. https://doi.org/10.1016/j.nucmedbio.2011.03.008

 18. Tolosa L, Caron J, Hannoun Z et al (2015) Transplantation of 
hESC-derived hepatocytes protects mice from liver injury. Stem 
Cell Res Ther 6:246. https://doi.org/10.1186/s13287-015-0227-6

 19. Liu Z, Meng F, Li C et al (2014) Human umbilical cord mesen-
chymal stromal cells rescue mice from acetaminophen-induced 
acute liver failure. Cytotherapy 16:1207–1219. https://doi.
org/10.1016/j.jcyt.2014.05.018

 20. Dienstag JL, Cosimi AB (2012) Liver transplantation—a vision 
realized. N Engl J Med 367:1483–1485. https://doi.org/10.1056/
NEJMp1210159

 21. Alwahsh SM, Xu M, Schultze FC et al (2014) Combination 
of alcohol and fructose exacerbates metabolic imbalance in 
terms of hepatic damage, dyslipidemia, and insulin resistance 
in rats. PLoS One 9:e104220. https://doi.org/10.1371/journal.
pone.0104220

 22. Alwahsh SM, Xu M, Seyhan HA et al (2014) Diet high in fruc-
tose leads to an overexpression of lipocalin-2 in rat fatty liver. 
World J Gastroenterol 20:1807–1821. https://doi.org/10.3748/
wjg.v20.i7.1807

 23. Deroose JP, Kazemier G, Zondervan P et al (2011) Hepatic 
steatosis is not always a contraindication for cadav-
eric liver transplantation. HPB 13:417–425. https://doi.
org/10.1111/j.1477-2574.2011.00310.x

 24. Seifalian AM, Piasecki C, Agarwal A, Davidson BR (1999) The 
effect of graded steatosis on flow in the hepatic parenchymal 
microcirculation. Transplantation 68:780–784

 25. Ijaz S, Yang W, Winslet MC, Seifalian AM (2003) Impairment of 
hepatic microcirculation in fatty liver. Microcirculation 10:447–
456. https://doi.org/10.1038/sj.mn.7800206

 26. Fukumori T, Ohkohchi N, Tsukamoto S, Satomi S (1997) Why is 
fatty liver unsuitable for transplantation? Deterioration of mito-
chondrial ATP synthesis and sinusoidal structure during cold 
preservation of a liver with steatosis. Transpl Proc 29:412–415. 
https://doi.org/10.1016/S0041-1345(96)00158-3

 27. Behrns KE, Tsiotos GG, DeSouza NF et al (1998) Hepatic stea-
tosis as a potential risk factor for major hepatic resection. J Gas-
trointest Surg 2:292–298

 28. Xiao Z, Banan B, Xu M et al (2016) Attenuation of ischemia–rep-
erfusion injury and improvement of survival in recipients of stea-
totic rat livers using CD47 monoclonal antibody. Transplantation 
100:1480–1489. https://doi.org/10.1097/TP.0000000000001186

 29. Banan B, Xiao Z, Watson R et  al (2016) Novel strategy to 
decrease reperfusion injuries and improve function of cold-
preserved livers using normothermic ex vivo liver perfusion 
machine. Liver Transpl 22:333–343. https://doi.org/10.1002/
lt.24352

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/s12916-014-0145-y
https://doi.org/10.1186/s12916-014-0145-y
https://doi.org/10.1002/hep.21347
https://doi.org/10.1016/J.Jhep.2008.01.013
https://doi.org/10.1111/j.1432-2277.2008.00696.x
https://doi.org/10.1111/j.1432-2277.2008.00696.x
https://doi.org/10.1016/j.jhep.2016.12.017
https://doi.org/10.1016/j.jhep.2016.12.017
https://doi.org/10.1002/hep.27753
https://doi.org/10.1016/j.jhep.2016.01.004
https://doi.org/10.1016/j.jhep.2016.01.004
https://doi.org/10.1002/stem.1920
https://doi.org/10.1016/j.nucmedbio.2014.01.010
https://doi.org/10.1016/j.nucmedbio.2014.01.010
https://doi.org/10.1097/TP.0000000000001773
https://doi.org/10.1016/j.jhep.2015.02.040
https://doi.org/10.1016/j.nucmedbio.2011.03.008
https://doi.org/10.1186/s13287-015-0227-6
https://doi.org/10.1016/j.jcyt.2014.05.018
https://doi.org/10.1016/j.jcyt.2014.05.018
https://doi.org/10.1056/NEJMp1210159
https://doi.org/10.1056/NEJMp1210159
https://doi.org/10.1371/journal.pone.0104220
https://doi.org/10.1371/journal.pone.0104220
https://doi.org/10.3748/wjg.v20.i7.1807
https://doi.org/10.3748/wjg.v20.i7.1807
https://doi.org/10.1111/j.1477-2574.2011.00310.x
https://doi.org/10.1111/j.1477-2574.2011.00310.x
https://doi.org/10.1038/sj.mn.7800206
https://doi.org/10.1016/S0041-1345(96)00158-3
https://doi.org/10.1097/TP.0000000000001186
https://doi.org/10.1002/lt.24352
https://doi.org/10.1002/lt.24352


1320 S. M. Alwahsh et al.

1 3

 30. Tolosa L, Pareja E, Gómez-Lechón MJ (2016) Clinical applica-
tion of pluripotent stem cells: an alternative cell-based therapy 
for treating liver diseases? Transplantation 100:2548–2557. 
https://doi.org/10.1097/TP.0000000000001426

 31. Font-Burgada J, Shalapour S, Ramaswamy S et al (2015) Hybrid 
periportal hepatocytes regenerate the injured liver without giv-
ing rise to cancer. Cell 162:766–779. https://doi.org/10.1016/j.
cell.2015.07.026

 32. Forbes SJ, Newsome PN (2016) Liver regeneration—mecha-
nisms and models to clinical application. Nat Rev Gastroenterol 
Hepatol 13:473–485. 10.1038/nrgastro.2016.97

 33. Wang B, Zhao L, Fish M et al (2015) Self-renewing diploid 
Axin2+ cells fuel homeostatic renewal of the liver. Nature 
524:180–185

 34. Best J, Dollé L, Manka P et al (2013) Role of liver progenitors in 
acute liver injury. Front Physiol 4:258. https://doi.org/10.3389/
fphys.2013.00258

 35. Planas-Paz L, Orsini V, Boulter L et al (2016) The RSPO–
LGR4/5–ZNRF3/RNF43 module controls liver zonation and 
size. Nat Cell Biol 18:467–479. https://doi.org/10.1038/ncb3337

 36. Carpino G, Renzi A, Onori P, Gaudio E (2013) Role of hepatic 
progenitor cells in nonalcoholic fatty liver disease develop-
ment: cellular cross-talks and molecular networks. Int J Mol Sci 
14:20112–20130. https://doi.org/10.3390/ijms141020112

 37. Lorenzini S, Bird TG, Boulter L et al (2010) Characterisation of 
a stereotypical cellular and extracellular adult liver progenitor 
cell niche in rodents and diseased human liver. Gut 59:645–654. 
https://doi.org/10.1136/gut.2009.182345

 38. Dalgetty DM, Medine CN, Iredale JP, Hay DC (2009) Progress 
and future challenges in stem cell-derived liver technologies. Am 
J Physiol Gastrointest Liver Physiol 297:G241–G248. https://doi.
org/10.1152/ajpgi.00138.2009

 39. Yovchev MI, Xue Y, Shafritz DA et al (2014) Repopulation of the 
fibrotic/cirrhotic rat liver by transplanted hepatic stem/progenitor 
cells and mature hepatocytes. Hepatology 59:284–295. https://
doi.org/10.1002/hep.26615

 40. Schmelzer E, Wauthier E, Reid LM (2006) The phenotypes of 
pluripotent human hepatic progenitors. Stem Cells 24:1852–
1858. https://doi.org/10.1634/stemcells.2006-0036

 41. Libbrecht L, Desmet V, Van Damme B, Roskams T (2000) Deep 
intralobular extension of human hepatic “progenitor cells” cor-
relates with parenchymal inflammation in chronic viral hepa-
titis: can “progenitor cells” migrate? J Pathol 192:373–378. 
https://doi.org/10.1002/1096-9896(2000)9999:9999<:AID-
PATH700>3.0.CO;2-5

 42. Sancho-Bru P, Altamirano J, Rodrigo-Torres D et al (2012) Liver 
progenitor cell markers correlate with liver damage and predict 
short-term mortality in patients with alcoholic hepatitis. Hepatol-
ogy 55:1931–1941. https://doi.org/10.1002/hep.25614

 43. Lu W-Y, Bird TG, Boulter L et al (2015) Hepatic progenitor cells 
of biliary origin with liver repopulation capacity. Nat Cell Biol 
17:971–983. https://doi.org/10.1038/ncb3203

 44. Rodrigo-Torres D, Affò S, Coll M et al (2014) The biliary epi-
thelium gives rise to liver progenitor cells. Hepatology 60:1367–
1377. https://doi.org/10.1002/hep.27078

 45. Gadd VL, Skoien R, Powell EE et al (2014) The portal inflammatory 
infiltrate and ductular reaction in human nonalcoholic fatty liver dis-
ease. Hepatology 59:1393–1405. https://doi.org/10.1002/hep.26937

 46. Yanger K, Knigin D, Zong Y et al (2014) Adult hepatocytes 
are generated by self-duplication rather than stem cell differ-
entiation. Cell Stem Cell 15:340–349. https://doi.org/10.1016/j.
stem.2014.06.003

 47. Jörs S, Jeliazkova P, Ringelhan M et al (2015) Lineage fate of 
ductular reactions in liver injury and carcinogenesis. J Clin Inves-
tig 125:2445–2457. https://doi.org/10.1172/JCI78585

 48. Turner R, Lozoya O, Wang Y et al (2011) Human hepatic stem 
cell and maturational liver lineage biology. Hepatology 53:1035–
1045. https://doi.org/10.1002/hep.24157

 49. Erbert H, Ilg T, Nna A et al (2000) Cytokines in alcoholic and 
nonalcoholic steatohepatitis. N Engl J Med 343:1467–1476

 50. Español-Suñer R, Carpentier R, Van Hul N et al (2012) Liver pro-
genitor cells yield functional hepatocytes in response to chronic 
liver injury in mice. Gastroenterology 143(1564–1575):e7. 
https://doi.org/10.1053/j.gastro.2012.08.024

 51. Huch M, Gehart H, Van Boxtel R et al (2015) Long-term culture 
of genome-stable bipotent stem cells from adult human liver. Cell 
160:299–312. https://doi.org/10.1016/j.cell.2014.11.050

 52. Kim K-H, Chen C-C, Alpini G, Lau LF (2015) CCN1 induces 
hepatic ductular reaction through integrin αvβ5-mediated acti-
vation of NF-κB. J Clin Investig 125:1886–1900. https://doi.
org/10.1172/JCI79327

 53. Hsieh W-C, Mackinnon AC, Lu W-Y et al (2015) Galectin-3 
regulates hepatic progenitor cell expansion during liver injury. 
Gut 64:312–321. https://doi.org/10.1136/gutjnl-2013-306290

 54. Boulter L, Govaere O, Bird TG et al (2012) Macrophage-derived 
Wnt opposes Notch signaling to specify hepatic progenitor cell 
fate in chronic liver disease. Nat Med 18:572–579. https://doi.
org/10.1038/nm.2667

 55. Tarlow BD, Pelz C, Naugler WE et  al (2014) Bipotential 
adult liver progenitors are derived from chronically injured 
mature hepatocytes. Cell Stem Cell 15:605–618. https://doi.
org/10.1016/j.stem.2014.09.008

 56. Raven A, Lu W-Y, Man TY et al (2017) Cholangiocytes act as 
facultative liver stem cells during impaired hepatocyte regenera-
tion. Nature 547:350–354. https://doi.org/10.1038/nature23015

 57. Oertel M (2011) Fetal liver cell transplantation as a poten-
tial alternative to whole liver transplantation? J Gastroenterol 
46:953–965. https://doi.org/10.1007/s00535-011-0427-5

 58. Sandgren EP, Palmiter RD, Heckel JL et al (1991) Complete 
hepatic regeneration after somatic deletion of an albumin-plas-
minogen activator transgene. Cell 66:245–256

 59. Ohshita H, Tateno C (2017) Propagation of human hepatocytes in 
uPA/SCID mice: producing chimeric mice with humanized liver. 
In: Methods in molecular biology (Clifton, N.J.), pp 91–100

 60. Dusséaux M, Darche S, Strick-Marchand H (2014) Animal 
models to test hiPS-derived hepatocytes in the context of inher-
ited metabolic liver diseases. In: Methods in molecular biology 
(Clifton, N.J.), pp 81–88

 61. Harding MJ, Lepus CM, Gibson TF et al (2010) An implant-
able vascularized protein gel construct that supports human 
fetal hepatoblast survival and infection by hepatitis C virus 
in mice. PLoS One 5:e9987. https://doi.org/10.1371/journal.
pone.0009987

 62. Walsh CM, Matloubian M, Liu CC et al (1994) Immune func-
tion in mice lacking the perforin gene. Proc Natl Acad Sci USA 
91:10854–10858

 63. Komori J, Deward AD, Gramignoli R et al (2014) Potential barri-
ers to human hepatocyte transplantation in MUP-uPAtg(+/+)Rag2
−/−gammaC−/− mice. Cell Transpl 23:1537–1544. https://doi.org
/10.3727/096368913X672046

 64. Sakai Y, Yamanouchi K, Ohashi K et al (2015) Vascularized 
subcutaneous human liver tissue from engineered hepatocyte/
fibroblast sheets in mice. Biomaterials 65:66–75. https://doi.
org/10.1016/j.biomaterials.2015.06.046

 65. Huang P, Zhang L, Gao Y et al (2014) Direct reprogramming 
of human fibroblasts to functional and expandable hepato-
cytes. Cell Stem Cell 14:370–384. https://doi.org/10.1016/j.
stem.2014.01.003

 66. He Z, Zhang H, Zhang X et al (2010) Liver xeno-repopula-
tion with human hepatocytes in  Fah−/−Rag2−/− mice after 

https://doi.org/10.1097/TP.0000000000001426
https://doi.org/10.1016/j.cell.2015.07.026
https://doi.org/10.1016/j.cell.2015.07.026
https://doi.org/10.1038/nrgastro.2016.97
https://doi.org/10.3389/fphys.2013.00258
https://doi.org/10.3389/fphys.2013.00258
https://doi.org/10.1038/ncb3337
https://doi.org/10.3390/ijms141020112
https://doi.org/10.1136/gut.2009.182345
https://doi.org/10.1152/ajpgi.00138.2009
https://doi.org/10.1152/ajpgi.00138.2009
https://doi.org/10.1002/hep.26615
https://doi.org/10.1002/hep.26615
https://doi.org/10.1634/stemcells.2006-0036
https://doi.org/10.1002/1096-9896(2000)9999:9999%3c:AID-PATH700%3e3.0.CO;2-5
https://doi.org/10.1002/1096-9896(2000)9999:9999%3c:AID-PATH700%3e3.0.CO;2-5
https://doi.org/10.1002/hep.25614
https://doi.org/10.1038/ncb3203
https://doi.org/10.1002/hep.27078
https://doi.org/10.1002/hep.26937
https://doi.org/10.1016/j.stem.2014.06.003
https://doi.org/10.1016/j.stem.2014.06.003
https://doi.org/10.1172/JCI78585
https://doi.org/10.1002/hep.24157
https://doi.org/10.1053/j.gastro.2012.08.024
https://doi.org/10.1016/j.cell.2014.11.050
https://doi.org/10.1172/JCI79327
https://doi.org/10.1172/JCI79327
https://doi.org/10.1136/gutjnl-2013-306290
https://doi.org/10.1038/nm.2667
https://doi.org/10.1038/nm.2667
https://doi.org/10.1016/j.stem.2014.09.008
https://doi.org/10.1016/j.stem.2014.09.008
https://doi.org/10.1038/nature23015
https://doi.org/10.1007/s00535-011-0427-5
https://doi.org/10.1371/journal.pone.0009987
https://doi.org/10.1371/journal.pone.0009987
https://doi.org/10.3727/096368913X672046
https://doi.org/10.3727/096368913X672046
https://doi.org/10.1016/j.biomaterials.2015.06.046
https://doi.org/10.1016/j.biomaterials.2015.06.046
https://doi.org/10.1016/j.stem.2014.01.003
https://doi.org/10.1016/j.stem.2014.01.003


1321Liver cell therapy: is this the end of the beginning?  

1 3

pharmacological immunosuppression. Am J Pathol 177:1311–
1319. https://doi.org/10.2353/ajpath.2010.091154

 67. Seki A, Sakai Y, Komura T et al (2013) Adipose tissue-derived 
stem cells as a regenerative therapy for a mouse steatohepatitis-
induced cirrhosis model. Hepatology 58:1133–1142. https://doi.
org/10.1002/hep.26470

 68. Liu L, Yannam GR, Nishikawa T et al (2012) The microenvi-
ronment in hepatocyte regeneration and function in rats with 
advanced cirrhosis. Hepatology 55:1529–1539. https://doi.
org/10.1002/hep.24815

 69. Baimakhanov Z, Yamanouchi K, Sakai Y et al (2015) Efficacy 
of multilayered hepatocyte sheet transplantation for radiation-
induced liver damage and partial hepatectomy in a rat model. 
Cell Transpl 25:549–558. https://doi.org/10.3727/0963689
15X688669

 70. Guha C, Sharma A, Gupta S et al (1999) Amelioration of radi-
ation-induced liver damage in partially hepatectomized rats by 
hepatocyte transplantation. Cancer Res 59:5871–5874

 71. Guo D, Fu T, Nelson JA et al (2002) Liver repopulation after 
cell transplantation in mice treated with retrorsine and carbon 
tetrachloride. Transplantation 73:1818–1824

 72. Joshi M, Patil B, He Z et al (2012) Fetal liver-derived mesenchy-
mal stromal cells augment engraftment of transplanted hepato-
cytes. Cytotherapy 14:657–669. https://doi.org/10.3109/146532
49.2012.663526

 73. Ezquer F, Bahamonde J, Huang Y-L, Ezquer M (2017) Admin-
istration of multipotent mesenchymal stromal cells restores liver 
regeneration and improves liver function in obese mice with 
hepatic steatosis after partial hepatectomy. Stem Cell Res Ther 
8:20. https://doi.org/10.1186/s13287-016-0469-y

 74. Shi M, Zhang Z, Xu R et al (2012) Human mesenchymal stem 
cell transfusion is safe and improves liver function in acute-on-
chronic liver failure patients. Stem Cells Transl Med 1:725–731. 
https://doi.org/10.5966/sctm.2012-0034

 75. Yao J, Li C, Gong L et al (2014) Hepatic cytochrome P450s 
play a major role in monocrotaline-induced renal toxicity in 
mice. Acta Pharmacol Sin 35:292–300. https://doi.org/10.1038/
aps.2013.145

 76. Witek RP, Fisher SH, Petersen BE (2005) Monocrotaline, an 
alternative to retrorsine-based hepatocyte transplantation in 
rodents. Cell Transpl 14:41–47

 77. Chen H-L, Chen H-L, Yuan R-H et  al (2012) Hepatocyte 
transplantation in bile salt export pump-deficient mice: 
selective growth advantage of donor hepatocytes under 
bile acid stress. J Cell Mol Med 16:2679–2689. https://doi.
org/10.1111/j.1582-4934.2012.01586.x

 78. Fiegel HC, Kaufmann PM, Bruns H et al (2008) Hepatic tissue 
engineering: from transplantation to customized cell-based liver 
directed therapies from the laboratory. J Cell Mol Med 12:56–66. 
https://doi.org/10.1111/j.1582-4934.2007.00162.x

 79. Tong Z, Solanki A, Hamilos A et al (2015) Application of bio-
materials to advance induced pluripotent stem cell research 
and therapy. EMBO J 34:987–1008. https://doi.org/10.15252/
embj.201490756

 80. Bonavita AG, Quaresma K, Cotta-de-Almeida V et  al 
(2010) Hepatocyte xenotransplantation for treating liver 
disease. Xenotransplantation 17:181–187. https://doi.
org/10.1111/j.1399-3089.2010.00588.x

 81. Muraca M, Gerunda G, Neri D et al (2002) Hepatocyte transplan-
tation as a treatment for glycogen storage disease type 1a. Lancet 
359:317–318

 82. Zeilinger K, Freyer N, Damm G et  al (2016) Cell sources 
for in vitro human liver cell culture models. Exp Biol Med 
241:1684–1698

 83. Avior Y, Sagi I, Benvenisty N (2016) Pluripotent stem cells in 
disease modelling and drug discovery. Nat Rev Mol Cell Biol 
17:170–182. https://doi.org/10.1038/nrm.2015.27

 84. Takahashi K, Yamanaka S (2006) Induction of pluripotent stem 
cells from mouse embryonic and adult fibroblast cultures by 
defined factors. Cell 126:663–676. https://doi.org/10.1016/j.
cell.2006.07.024

 85. Medvedev SP, Shevchenko AI, Zakian SM (2010) Induced pluri-
potent stem cells: problems and advantages when applying them 
in regenerative medicine. Acta Nat 2:18–28

 86. Singh VK, Kalsan M, Kumar N et al (2015) Induced pluripotent 
stem cells: applications in regenerative medicine, disease mod-
eling, and drug discovery. Front Cell Dev Biol 3:1–18. https://
doi.org/10.3389/fcell.2015.00002

 87. Guha P, Morgan JW, Mostoslavsky G et  al (2013) Lack of 
immune response to differentiated cells derived from syngeneic 
induced pluripotent stem cells. Cell Stem Cell 12:407–412. 
https://doi.org/10.1016/j.stem.2013.01.006

 88. Yu J, Vodyanik MA, Smuga-Otto K et al (2007) Induced pluri-
potent stem cell lines derived from human somatic cells. Science 
318:1917–1920

 89. Beers J, Linask KL, Chen JA et al (2015) A cost-effective and 
efficient reprogramming platform for large-scale production of 
integration-free human induced pluripotent stem cells in chemi-
cally defined culture. Sci Rep 5:11319. https://doi.org/10.1038/
srep11319

 90. Sun P, Zhou X, Farnworth SL et al (2013) Modeling human 
liver biology using stem cell-derived hepatocytes. Int J Mol Sci 
14:22011–22021. https://doi.org/10.3390/ijms141122011

 91. Szkolnicka D, Farnworth SL, Lucendo-Villarin B et al (2014) 
Accurate prediction of drug-induced liver injury using stem cell-
derived populations. Stem Cells Transl Med 3:141–148. https://
doi.org/10.5966/sctm.2013-0146

 92. Sauer V, Tchaikovskaya T, Wang X et al (2016) Human urinary 
epithelial cells as a source of engraftable hepatocyte-like cells 
using stem cell technology. Cell Transpl 25:2221–2243. https://
doi.org/10.3727/096368916X692014

 93. Hay DC, Zhao D, Ross A et al (2007) Direct differentiation of 
human embryonic stem cells to hepatocyte-like cells exhibiting 
functional activities. Cloning Stem Cells 9:51–62. https://doi.
org/10.1089/clo.2006.0045

 94. Hay DC, Fletcher J, Payne C et al (2008) Highly efficient dif-
ferentiation of hESCs to functional hepatic endoderm requires 
ActivinA and Wnt3a signaling. Proc Natl Acad Sci USA 
105:12301–12306. https://doi.org/10.1073/pnas.0806522105

 95. Takayama K, Inamura M, Kawabata K et al (2012) Generation 
of metabolically functioning hepatocytes from human pluripo-
tent stem cells by FOXA2 and HNF1α transduction. J Hepatol 
57:628–636. https://doi.org/10.1016/j.jhep.2012.04.038

 96. Lucendo-Villarin B, Rashidi H, Cameron K, Hay DC (2016) 
Pluripotent stem cell derived hepatocytes: using materials to 
define cellular differentiation and tissue engineering. J Mater 
Chem B Mater Biol Med 4:3433–3442. https://doi.org/10.1039/
c6tb00331a

 97. Baxter M, Withey S, Harrison S et al (2015) Phenotypic and 
functional analyses show stem cell-derived hepatocyte-like 
cells better mimic fetal rather than adult hepatocytes. J Hepatol 
62:581–589. https://doi.org/10.1016/j.jhep.2014.10.016

 98. Cameron K, Tan R, Schmidt-Heck W et al (2015) Recombinant 
laminins drive the differentiation and self-organization of hESC-
derived hepatocytes. Stem Cell Reports 5:1250–1262. https://doi.
org/10.1016/j.stemcr.2015.10.016

 99. Touboul T, Hannan NRF, Corbineau S et al (2010) Genera-
tion of functional hepatocytes from human embryonic stem 
cells under chemically defined conditions that recapitulate 

https://doi.org/10.2353/ajpath.2010.091154
https://doi.org/10.1002/hep.26470
https://doi.org/10.1002/hep.26470
https://doi.org/10.1002/hep.24815
https://doi.org/10.1002/hep.24815
https://doi.org/10.3727/096368915X688669
https://doi.org/10.3727/096368915X688669
https://doi.org/10.3109/14653249.2012.663526
https://doi.org/10.3109/14653249.2012.663526
https://doi.org/10.1186/s13287-016-0469-y
https://doi.org/10.5966/sctm.2012-0034
https://doi.org/10.1038/aps.2013.145
https://doi.org/10.1038/aps.2013.145
https://doi.org/10.1111/j.1582-4934.2012.01586.x
https://doi.org/10.1111/j.1582-4934.2012.01586.x
https://doi.org/10.1111/j.1582-4934.2007.00162.x
https://doi.org/10.15252/embj.201490756
https://doi.org/10.15252/embj.201490756
https://doi.org/10.1111/j.1399-3089.2010.00588.x
https://doi.org/10.1111/j.1399-3089.2010.00588.x
https://doi.org/10.1038/nrm.2015.27
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.3389/fcell.2015.00002
https://doi.org/10.3389/fcell.2015.00002
https://doi.org/10.1016/j.stem.2013.01.006
https://doi.org/10.1038/srep11319
https://doi.org/10.1038/srep11319
https://doi.org/10.3390/ijms141122011
https://doi.org/10.5966/sctm.2013-0146
https://doi.org/10.5966/sctm.2013-0146
https://doi.org/10.3727/096368916X692014
https://doi.org/10.3727/096368916X692014
https://doi.org/10.1089/clo.2006.0045
https://doi.org/10.1089/clo.2006.0045
https://doi.org/10.1073/pnas.0806522105
https://doi.org/10.1016/j.jhep.2012.04.038
https://doi.org/10.1039/c6tb00331a
https://doi.org/10.1039/c6tb00331a
https://doi.org/10.1016/j.jhep.2014.10.016
https://doi.org/10.1016/j.stemcr.2015.10.016
https://doi.org/10.1016/j.stemcr.2015.10.016


1322 S. M. Alwahsh et al.

1 3

liver development. Hepatology 51:1754–1765. https://doi.
org/10.1002/hep.23506

 100. Wang Y, Alhaque S, Cameron K et al (2017) Defined and scal-
able generation of hepatocyte-like cells from human pluripotent 
stem cells. J Vis Exp. https://doi.org/10.3791/55355

 101. Khalaj Z, Lotfi AS, Kabir-Salmani M (2016) Laminin matrix 
promotes hepatogenic terminal differentiation of human bone 
marrow mesenchymal stem cells. Iran J Basic Med Sci 19:34–42

 102. Lim KT, Lee SC, Gao Y et al (2016) Small molecules facilitate 
single factor-mediated hepatic reprogramming. Cell Rep 15:814–
829. https://doi.org/10.1016/j.celrep.2016.03.071

 103. Siller R, Greenhough S, Naumovska E, Sullivan GJ (2015) 
Small-molecule-driven hepatocyte differentiation of human 
pluripotent stem cells. Stem Cell Rep 4:939–952. https://doi.
org/10.1016/j.stemcr.2015.04.001

 104. Szkolnicka D, Hay DC (2016) Concise review: advances in gen-
erating hepatocytes from pluripotent stem cells for translational 
medicine. Stem Cells 34:1421–1426. https://doi.org/10.1002/
stem.2368

 105. Wang Z, Lu H, Wang YC, Cong XQ (2008) Human embry-
onic stem cells and liver diseases: from basic research to 
future clinical application. J Dig Dis 9:14–19. https://doi.
org/10.1111/j.1443-9573.2007.00319.x

 106. Payne CM, Samuel K, Pryde A et  al (2011) Persis-
tence of functional hepatocyte-like cells in immune-
compromised mice. Liver Int 31:254–262. https://doi.
org/10.1111/j.1478-3231.2010.02414.x

 107. Sampaziotis F, Segeritz C-P, Vallier L (2015) Potential of human 
induced pluripotent stem cells in studies of liver disease. Hepa-
tology 62:303–311. https://doi.org/10.1002/hep.27651

 108. Rashidi H, Alhaque S, Szkolnicka D et al (2016) Fluid shear 
stress modulation of hepatocyte-like cell function. Arch Toxicol 
90:1757–1761. https://doi.org/10.1007/s00204-016-1689-8

 109. Szkolnicka D, Lucendo-Villarin B, Moore JK et al (2016) Reduc-
ing hepatocyte injury and necrosis in response to paracetamol 
using noncoding RNAs. Stem Cells Transl Med 5:764–772. 
https://doi.org/10.5966/sctm.2015-0117

 110. Takayama K, Kawabata K, Nagamoto Y et al (2013) 3D sphe-
roid culture of hESC/hiPSC-derived hepatocyte-like cells for 
drug toxicity testing. Biomaterials 34:1781–1789. https://doi.
org/10.1016/j.biomaterials.2012.11.029

 111. Liu H, Kim Y, Sharkis S et al (2011) In vivo liver regeneration 
potential of human induced pluripotent stem cells from diverse 
origins. Sci Transl Med 3:82ra39. https://doi.org/10.1126/
scitranslmed.3002376

 112. Sana G, Lombard C, Vosters O et al (2014) Adult human hepat-
ocytes promote CD4(+) T-cell hyporesponsiveness via inter-
leukin-10-producing allogeneic dendritic cells. Cell Transpl 
23:1127–1142. https://doi.org/10.3727/096368913X666421

 113. Scheers I, Maerckx C, Khuu DN et al (2012) Adult-derived 
human liver progenitor cells in long-term culture maintain 
appropriate gatekeeper mechanisms against transformation. 
Cell Transpl 21:2241–2255. https://doi.org/10.3727/0963689
12X639026

 114. Sekiya S, Suzuki A (2011) Direct conversion of mouse fibroblasts 
to hepatocyte-like cells by defined factors. Nature 475:390–393. 
https://doi.org/10.1038/nature10263

 115. Huang P, He Z, Ji S et al (2011) Induction of functional hepato-
cyte-like cells from mouse fibroblasts by defined factors. Nature 
475:386–389. https://doi.org/10.1038/nature10116

 116. Song G, Pacher M, Balakrishnan A et al (2016) Direct repro-
gramming of hepatic myofibroblasts into hepatocytes in vivo 
attenuates liver fibrosis. Cell Stem Cell 18:797–808. https://doi.
org/10.1016/j.stem.2016.01.010

 117. Liu W, Song F, Ren L et al (2015) The multiple functional roles 
of mesenchymal stem cells in participating in treating liver 

diseases. J Cell Mol Med 19:511–520. https://doi.org/10.1111/
jcmm.12482

 118. Vaghjiani V, Vaithilingam V, Saraswati I et al (2014) Hepatocyte-
like cells derived from human amniotic epithelial cells can be 
encapsulated without loss of viability or function in vitro. Stem 
Cells Dev 23:866–876. https://doi.org/10.1089/scd.2013.0485

 119. Kharaziha P, Hellström PM, Noorinayer B et al (2009) Improve-
ment of liver function in liver cirrhosis patients after autologous 
mesenchymal stem cell injection: a phase I–II clinical trial. Eur 
J Gastroenterol Hepatol 21:1199–1205. https://doi.org/10.1097/
MEG.0b013e32832a1f6c

 120. Stock P, Brückner S, Ebensing S et al (2010) The generation 
of hepatocytes from mesenchymal stem cells and engraftment 
into murine liver. Nat Protoc 5:617–627. https://doi.org/10.1097/
MOT.0b013e3283424f5b

 121. Mohamadnejad M, Alimoghaddam K, Bagheri M et al (2013) 
Randomized placebo-controlled trial of mesenchymal stem cell 
transplantation in decompensated cirrhosis. Liver Int 33:1490–
1496. https://doi.org/10.1111/liv.12228

 122. Harn H-J, Lin S-Z, Hung S-H et al (2012) Adipose-derived stem 
cells can abrogate chemical-induced liver fibrosis and facilitate 
recovery of liver function. Cell Transpl 21:2753–2764. https://
doi.org/10.3727/096368912X652959

 123. Li Y-H, Xu Y, Wu H-M et al (2016) Umbilical cord-derived 
mesenchymal stem cell transplantation in hepatitis b virus related 
acute-on-chronic liver failure treated with plasma exchange and 
entecavir: a 24-month prospective study. Stem Cell Rev 12:645–
653. https://doi.org/10.1007/s12015-016-9683-3

 124. Amer M-EM, El-Sayed SZ, El-Kheir WA et al (2011) Clinical 
and laboratory evaluation of patients with end-stage liver cell 
failure injected with bone marrow-derived hepatocyte-like cells. 
Eur J Gastroenterol Hepatol 23:936–941. https://doi.org/10.1097/
MEG.0b013e3283488b00

 125. Xu L, Wang S, Sui X et al (2017) Mesenchymal stem cell-seeded 
regenerated silk fibroin complex matrices for liver regeneration 
in an animal model of acute liver failure. ACS Appl Mater Inter-
faces 9:14716–14723. https://doi.org/10.1021/acsami.7b02805

 126. Deng L, Kong X, Liu G et al (2016) Transplantation of adipose-
derived mesenchymal stem cells efficiently rescues thioaceta-
mide-induced acute liver failure in mice. Transpl Proc 48:2208–
2215. https://doi.org/10.1016/j.transproceed.2016.02.077

 127. Liu W-H, Ren L-N, Wang T et al (2016) The involving roles 
of intrahepatic and extrahepatic stem/progenitor cells (SPCs) 
to liver regeneration. Int J Biol Sci 12:954–963. https://doi.
org/10.7150/ijbs.15715

 128. Godoy P, Hewitt NJ, Albrecht U et al (2013) Recent advances 
in 2D and 3D in vitro systems using primary hepatocytes, alter-
native hepatocyte sources and non-parenchymal liver cells and 
their use in investigating mechanisms of hepatotoxicity, cell 
signaling and ADME. Arch Toxicol 87:1315–1530. https://doi.
org/10.1007/s00204-013-1078-5

 129. Asai A, Aihara E, Watson C et  al (2017) Paracrine signals 
regulate human liver organoid maturation from induced pluri-
potent stem cells. Development 144:1056–1064. https://doi.
org/10.1242/dev.142794

 130. Li J, Tao R, Wu W et al (2010) 3D PLGA scaffolds improve 
differentiation and function of bone marrow mesenchymal stem 
cell-derived hepatocytes. Stem Cells Dev 19:1427–1436. https://
doi.org/10.1089/scd.2009.0415

 131. Villarin BL, Cameron K, Szkolnicka D et al (2015) Polymer 
supported directed differentiation reveals a unique gene signature 
predicting stable hepatocyte performance. Adv Healthc Mater 
4:1820–1825. https://doi.org/10.1002/adhm.201500391

 132. Liu M, Yang J, Hu W et  al (2016) Superior performance 
of co-cultured mesenchymal stem cells and hepatocytes in 
poly(lactic acid-glycolic acid) scaffolds for the treatment 

https://doi.org/10.1002/hep.23506
https://doi.org/10.1002/hep.23506
https://doi.org/10.3791/55355
https://doi.org/10.1016/j.celrep.2016.03.071
https://doi.org/10.1016/j.stemcr.2015.04.001
https://doi.org/10.1016/j.stemcr.2015.04.001
https://doi.org/10.1002/stem.2368
https://doi.org/10.1002/stem.2368
https://doi.org/10.1111/j.1443-9573.2007.00319.x
https://doi.org/10.1111/j.1443-9573.2007.00319.x
https://doi.org/10.1111/j.1478-3231.2010.02414.x
https://doi.org/10.1111/j.1478-3231.2010.02414.x
https://doi.org/10.1002/hep.27651
https://doi.org/10.1007/s00204-016-1689-8
https://doi.org/10.5966/sctm.2015-0117
https://doi.org/10.1016/j.biomaterials.2012.11.029
https://doi.org/10.1016/j.biomaterials.2012.11.029
https://doi.org/10.1126/scitranslmed.3002376
https://doi.org/10.1126/scitranslmed.3002376
https://doi.org/10.3727/096368913X666421
https://doi.org/10.3727/096368912X639026
https://doi.org/10.3727/096368912X639026
https://doi.org/10.1038/nature10263
https://doi.org/10.1038/nature10116
https://doi.org/10.1016/j.stem.2016.01.010
https://doi.org/10.1016/j.stem.2016.01.010
https://doi.org/10.1111/jcmm.12482
https://doi.org/10.1111/jcmm.12482
https://doi.org/10.1089/scd.2013.0485
https://doi.org/10.1097/MEG.0b013e32832a1f6c
https://doi.org/10.1097/MEG.0b013e32832a1f6c
https://doi.org/10.1097/MOT.0b013e3283424f5b
https://doi.org/10.1097/MOT.0b013e3283424f5b
https://doi.org/10.1111/liv.12228
https://doi.org/10.3727/096368912X652959
https://doi.org/10.3727/096368912X652959
https://doi.org/10.1007/s12015-016-9683-3
https://doi.org/10.1097/MEG.0b013e3283488b00
https://doi.org/10.1097/MEG.0b013e3283488b00
https://doi.org/10.1021/acsami.7b02805
https://doi.org/10.1016/j.transproceed.2016.02.077
https://doi.org/10.7150/ijbs.15715
https://doi.org/10.7150/ijbs.15715
https://doi.org/10.1007/s00204-013-1078-5
https://doi.org/10.1007/s00204-013-1078-5
https://doi.org/10.1242/dev.142794
https://doi.org/10.1242/dev.142794
https://doi.org/10.1089/scd.2009.0415
https://doi.org/10.1089/scd.2009.0415
https://doi.org/10.1002/adhm.201500391


1323Liver cell therapy: is this the end of the beginning?  

1 3

of acute liver failure. Biomed Mater 11:15008. https://doi.
org/10.1088/1748-6041/11/1/015008

 133. Wang B, Jakus AE, Baptista PM et al (2016) Functional matura-
tion of induced pluripotent stem cell hepatocytes in extracellular 
matrix—a comparative analysis of bioartificial liver microen-
vironments. Stem Cells Transl Med 5:1257–1267. https://doi.
org/10.5966/sctm.2015-0235

 134. Mazza G, Rombouts K, Rennie Hall A et al (2015) Decellular-
ized human liver as a natural 3D-scaffold for liver bioengineering 
and transplantation. Sci Rep 5:13079. https://doi.org/10.1038/
srep13079

 135. Cerec V, Glaise D, Garnier D et al (2007) Transdifferentiation of 
hepatocyte-like cells from the human hepatoma HepaRG cell line 
through bipotent progenitor. Hepatology 45:957–967. https://doi.
org/10.1002/hep.21536

 136. Higuchi Y, Kawai K, Kanaki T et al (2016) Functional polymer-
dependent 3D culture accelerates the differentiation of Hep-
aRG cells into mature hepatocytes. Hepatol Res. https://doi.
org/10.1111/hepr.12644

 137. Mccauley HA, Wells JM (2017) Pluripotent stem cell-derived 
organoids: using principles of developmental biology to grow 
human tissues in a dish. Development 144:958–962. https://doi.
org/10.1242/dev.140731

 138. Sato T, Vries RG, Snippert HJ et al (2009) Single Lgr5 stem 
cells build crypt-villus structures in vitro without a mesenchymal 
niche. Nature 459:262–265. https://doi.org/10.1038/nature07935

 139. Nichols J, Smith A, Nichols J et al (2009) Naive and primed 
pluripotent states. Cell Stem Cell 4:487–492. https://doi.
org/10.1016/j.stem.2009.05.015

 140. Huch M, Bonfanti P, Boj SF et al (2013) Unlimited in vitro 
expansion of adult bi-potent pancreas progenitors through 
the Lgr5/R-spondin axis. EMBO J 32:2708–2721. https://doi.
org/10.1038/cr.2009.28

 141. Huch M, Koo B (2015) Modeling mouse and human development 
using organoid cultures. Development 142:3113–3125. https://
doi.org/10.1242/dev.118570

 142. Huch M, Dorrell C, Boj SF et al (2013) In vitro expansion of 
single Lgr5+ liver stem cells induced by Wnt-driven regenera-
tion. Nature 494:247–250. https://doi.org/10.1038/nature11826

 143. Broutier L, Andersson-Rolf A, Hindley CJ et al (2016) Culture 
and establishment of self-renewing human and mouse adult liver 
and pancreas 3D organoids and their genetic manipulation. Nat 
Protoc 11:1724–1743. https://doi.org/10.1038/nprot.2016.097

 144. Takebe T, Sekine K, Enomura M et al (2013) Vascularized and 
functional human liver from an iPSC-derived organ bud trans-
plant. Nature 499:481–484. https://doi.org/10.1038/nature12271

 145. Gjorevski N, Sachs N, Manfrin A et al (2016) Designer matrices 
for intestinal stem cell and organoid culture. Nature 539:560–
564. https://doi.org/10.1038/nature20168

 146. Ramachandran SD, Schirmer K, Münst B et al (2015) In vitro 
generation of functional liver organoid-like structures using adult 
human cells. PLoS One 10:e0139345. https://doi.org/10.1371/
journal.pone.0139345

 147. Mavila N, Trecartin A, Spurrier R et al (2017) Functional human 
and murine tissue-engineered liver is generated from adult stem/
progenitor cells. Stem Cells Transl Med 6:238–248. https://doi.
org/10.5966/sctm.2016-0205

 148. L’Heureux N, Pâquet S, Labbé R et al (1998) A completely 
biological tissue-engineered human blood vessel. FASEB J 
12:47–56

 149. Yeh J, Ling Y, Karp JM et al (2006) Micromolding of shape-con-
trolled, harvestable cell-laden hydrogels. Biomaterials 27:5391–
5398. https://doi.org/10.1016/j.biomaterials.2006.06.005

 150. Dean DM, Napolitano AP, Youssef J, Morgan JR (2007) Rods, 
tori, and honeycombs: the directed self-assembly of microtissues 

with prescribed microscale geometries. FASEB J 21:4005–4012. 
https://doi.org/10.1096/�.07-8710com

 151. Rytömaa M, Martins LM, Downward J (1999) Involvement of 
FADD and caspase-8 signalling in detachment-induced apopto-
sis. Curr Biol 9:1043–1046

 152. Ponder KP, Gupta S, Leland F et al (1991) Mouse hepatocytes 
migrate to liver parenchyma and function indefinitely after intras-
plenic transplantation. Proc Natl Acad Sci USA 88:1217–1221

 153. Baimakhanov Z, Yamanouchi K, Sakai Y et al (2016) Efficacy 
of multilayered hepatocyte sheet transplantation for radiation-
induced liver damage and partial hepatectomy in a rat model. 
Cell Transpl 25:549–558. https://doi.org/10.3727/0963689
15X688669

 154. Kim K, Ohashi K, Utoh R et al (2012) Preserved liver-specific 
functions of hepatocytes in 3D co-culture with endothelial cell 
sheets. Biomaterials 33:1406–1413. https://doi.org/10.1016/j.
biomaterials.2011.10.084

 155. Ohashi K, Tatsumi K, Tateno C et al (2012) Liver tissue engi-
neering utilizing hepatocytes propagated in mouse livers in vivo. 
Cell Transpl 21:429–436. https://doi.org/10.3727/0963689
11X605330

 156. Sakai Y, Koike M, Hasegawa H et al (2013) Rapid fabricating 
technique for multi-layered human hepatic cell sheets by force-
ful contraction of the fibroblast monolayer. PLoS One 8:e70970. 
https://doi.org/10.1371/journal.pone.0070970

 157. Ohashi K, Yokoyama T, Yamato M et al (2007) Engineering 
functional two- and three-dimensional liver systems in vivo 
using hepatic tissue sheets. Nat Med 13:880–885. https://doi.
org/10.1038/nm1576

 158. Inagaki NF, Inagaki FF, Kokudo N, Miyajima A (2015) Cell-
based therapy for preventing postoperative adhesion and promot-
ing regeneration after hepatectomy. J Hepatobiliary Pancreat Sci 
22:524–530. https://doi.org/10.1002/jhbp.247

 159. Najimi M, Defresne F, Sokal EM (2016) Concise review: updated 
advances and current challenges in cell therapy for inborn liver 
metabolic defects. Stem Cells Transl Med 5:1117–1125. https://
doi.org/10.5966/sctm.2015-0260

 160. Werner M, Driftmann S, Kleinehr K et al (2015) All-in-one: 
advanced preparation of human parenchymal and non-parenchy-
mal liver cells. PLoS One 10:e0138655. https://doi.org/10.1371/
journal.pone.0138655

 161. Zhuang XM, Lu C (2016) The past, current, and future applica-
tion of cryopreserved human hepatocytes in drug development. 
Int J Clin Pharmacol Pharmacother 1:120

 162. Hewitt NJ (2010) Optimisation of the cryopreservation of pri-
mary hepatocytes. Humana Press, New York, pp 83–105

 163. Lu C, Li P, Gallegos R et al (2006) Comparison of intrinsic 
clearance in liver microsomes and hepatocytes from rats and 
humans: evaluation of free fraction and uptake in hepatocytes. 
Drug Metab Dispos 34:1600–1605. https://doi.org/10.1124/
dmd.106.010793

 164. Katenz E, Vondran FWR, Schwartlander R et al (2007) Cryo-
preservation of primary human hepatocytes: the benefit of 
trehalose as an additional cryoprotective agent. Liver Transpl 
13:38–45

 165. Nguyen DG, Funk J, Robbins JB et al (2016) Bioprinted 3D 
primary liver tissues allow assessment of organ-level response to 
clinical drug induced toxicity in vitro. PLoS One 11:e0158674. 
https://doi.org/10.1371/journal.pone.0158674

 166. Tachibana A, Tateno C, Yoshizato K (2013) Repopulation of 
the immunosuppressed retrorsine-treated infant rat liver with 
human hepatocytes. Xenotransplantation 20:227–238. https://
doi.org/10.1111/xen.12037

 167. Yovchev MI, Dabeva MD, Oertel M (2013) Isola-
tion, characterization, and transplantation of adult liver 

https://doi.org/10.1088/1748-6041/11/1/015008
https://doi.org/10.1088/1748-6041/11/1/015008
https://doi.org/10.5966/sctm.2015-0235
https://doi.org/10.5966/sctm.2015-0235
https://doi.org/10.1038/srep13079
https://doi.org/10.1038/srep13079
https://doi.org/10.1002/hep.21536
https://doi.org/10.1002/hep.21536
https://doi.org/10.1111/hepr.12644
https://doi.org/10.1111/hepr.12644
https://doi.org/10.1242/dev.140731
https://doi.org/10.1242/dev.140731
https://doi.org/10.1038/nature07935
https://doi.org/10.1016/j.stem.2009.05.015
https://doi.org/10.1016/j.stem.2009.05.015
https://doi.org/10.1038/cr.2009.28
https://doi.org/10.1038/cr.2009.28
https://doi.org/10.1242/dev.118570
https://doi.org/10.1242/dev.118570
https://doi.org/10.1038/nature11826
https://doi.org/10.1038/nprot.2016.097
https://doi.org/10.1038/nature12271
https://doi.org/10.1038/nature20168
https://doi.org/10.1371/journal.pone.0139345
https://doi.org/10.1371/journal.pone.0139345
https://doi.org/10.5966/sctm.2016-0205
https://doi.org/10.5966/sctm.2016-0205
https://doi.org/10.1016/j.biomaterials.2006.06.005
https://doi.org/10.1096/fj.07-8710com
https://doi.org/10.3727/096368915X688669
https://doi.org/10.3727/096368915X688669
https://doi.org/10.1016/j.biomaterials.2011.10.084
https://doi.org/10.1016/j.biomaterials.2011.10.084
https://doi.org/10.3727/096368911X605330
https://doi.org/10.3727/096368911X605330
https://doi.org/10.1371/journal.pone.0070970
https://doi.org/10.1038/nm1576
https://doi.org/10.1038/nm1576
https://doi.org/10.1002/jhbp.247
https://doi.org/10.5966/sctm.2015-0260
https://doi.org/10.5966/sctm.2015-0260
https://doi.org/10.1371/journal.pone.0138655
https://doi.org/10.1371/journal.pone.0138655
https://doi.org/10.1124/dmd.106.010793
https://doi.org/10.1124/dmd.106.010793
https://doi.org/10.1371/journal.pone.0158674
https://doi.org/10.1111/xen.12037
https://doi.org/10.1111/xen.12037


1324 S. M. Alwahsh et al.

1 3

progenitor cells. Methods Mol Biol 976:37–51. https://doi.
org/10.1007/978-1-62703-317-6_4

 168. Allameh A, Kazemnejad S (2012) Safety evaluation of stem 
cells used for clinical cell therapy in chronic liver diseases; with 
emphasize on biochemical markers. Clin Biochem 45:385–396. 
https://doi.org/10.1016/j.clinbiochem.2012.01.017

 169. Song W, Lu Y-C, Frankel AS et al (2015) Engraftment of human 
induced pluripotent stem cell-derived hepatocytes in immuno-
competent mice via 3D co-aggregation and encapsulation. Sci 
Rep 5:16884. https://doi.org/10.1038/srep16884

 170. Jitraruch S, Dhawan A, Hughes RD et al (2014) Alginate micro-
encapsulated hepatocytes optimised for transplantation in acute 
liver failure. PLoS One 9:e113609. https://doi.org/10.1371/jour-
nal.pone.0113609

 171. Mitry RR, Jitraruch S, Iansante V, Dhawan A (2017) Alginate 
encapsulation of human hepatocytes and assessment of micro-
beads. In: Methods in molecular biology (Clifton, N.J.), pp 
273–281

 172. Sharkey J, Starkey Lewis PJ, Barrow M et al (2017) Functional-
ized superparamagnetic iron oxide nanoparticles provide highly 
efficient iron-labeling in macrophages for magnetic resonance-
based detection in vivo. Cytotherapy 19:555–569. https://doi.
org/10.1016/j.jcyt.2017.01.003

 173. Roach DR, Garrett WM, Welch G et al (2015) Magnetic cell 
labeling of primary and stem cell-derived pig hepatocytes for 
MRI-based cell tracking of hepatocyte transplantation. PLoS One 
10:e0123282. https://doi.org/10.1371/journal.pone.0123282

 174. Granot D, Nkansah MK, Bennewitz MF et al (2014) Clinically 
viable magnetic poly(lactide-co-glycolide) (PLGA) particles 
for MRI-based cell tracking. Magn Reson Med 71:1238–1250. 
https://doi.org/10.1002/mrm.24741

 175. Carlson AL, Fujisaki J, Wu J et al (2013) Tracking single cells 
in live animals using a photoconvertible near-infrared cell mem-
brane label. PLoS One 8:e69257. https://doi.org/10.1371/journal.
pone.0069257

 176. Hsu M-J, Prigent J, Dollet P-E et al (2017) Long-term in vivo 
monitoring of adult-derived human liver stem/progenitor cells 
by bioluminescence imaging, positron emission tomography, 
and contrast-enhanced computed tomography. Stem Cells Dev 
26:986–1002. https://doi.org/10.1089/scd.2016.0338

 177. De Grandis M, Lhoumeau A-C, Mancini SJC, Aurrand-Lions 
M (2016) Adhesion receptors involved in HSC and early-B cell 
interactions with bone marrow microenvironment. Cell Mol Life 
Sci 73:687–703. https://doi.org/10.1007/s00018-015-2064-2

 178. Woo D, Kim S, Lim H et al (2012) Direct and indirect contribu-
tion of human embryonic stem cell-derived hepatocyte-like cells 
to liver repair in mice. Gastroenterology 142:602–611. https://
doi.org/10.1053/j.gastro.2011.11.030

 179. Gupta S, Rajvanshi P, Sokhi R et al (1999) Entry and integration 
of transplanted hepatocytes in rat liver plates occur by disrup-
tion of hepatic sinusoidal endothelium. Hepatology 29:509–519. 
https://doi.org/10.1002/hep.510290213

 180. Nicolas CT, Hickey RD, Chen HS et al (2016) Concise review: 
liver regenerative medicine: from hepatocyte transplantation to 
bioartificial livers and bioengineered grafts. Stem Cells 35:42–
50. https://doi.org/10.1002/stem.2500

 181. Huang W, Ma K, Zhang J et al (2006) Nuclear receptor-depend-
ent bile acid signaling is required for normal liver regeneration. 
Science 312:233–236

 182. Michalopoulos GK (2007) Liver regeneration. J Cell Physiol 
213:286–300. https://doi.org/10.1002/jcp.21172

 183. Forbes S, Themis M, Alison M et al (1998) Retroviral gene trans-
fer to the liver in vivo during tri-iodothyronine induced hyper-
plasia. Gene Ther 5:552–555

 184. Fiaschi T, Magherini F, Gamberi T et al (2014) Adiponectin 
as a tissue regenerating hormone: more than a metabolic func-
tion. Cell Mol Life Sci 71:1917–1925. https://doi.org/10.1007/
s00018-013-1537-4

 185. Ezaki H, Yoshida Y, Saji Y et al (2008) Delayed liver regen-
eration after partial hepatectomy in adiponectin knockout 
mice. Biochem Biophys Res Commun 378:68–72. https://doi.
org/10.1016/j.bbrc.2008.10.176

 186. Kia R, Sison RLC, Heslop J et al (2013) Stem cell-derived 
hepatocytes as a predictive model for drug-induced liver injury: 
are we there yet? Br J Clin Pharmacol 75:885–896. https://doi.
org/10.1111/j.1365-2125.2012.04360.x

 187. Rashid ST, Corbineau S, Hannan N et al (2010) Modeling inher-
ited metabolic disorders of the liver using human induced pluri-
potent stem cells. J Clin Investig 120:3127–3136. https://doi.
org/10.1172/JCI43122

 188. Godoy P, Widera A, Schmidt-Heck W et al (2016) Gene network 
activity in cultivated primary hepatocytes is highly similar to 
diseased mammalian liver tissue. Arch Toxicol 90:2513–2529. 
https://doi.org/10.1007/s00204-016-1761-4

 189. Polson J, Lee WM (2007) Etiologies of acute liver failure: loca-
tion, location, location! Liver Transpl 13:1362–1363

 190. Choudhury Y, Toh YC, Xing J et  al (2017) Patient-specific 
hepatocyte-like cells derived from induced pluripotent stem 
cells model pazopanib-mediated hepatotoxicity. Sci Rep 7:41238. 
https://doi.org/10.1038/srep41238

 191. Lucendo-Villarin B, Filis P, Swortwood MJ et al (2017) Model-
ling foetal exposure to maternal smoking using hepatoblasts from 
pluripotent stem cells. Arch Toxicol 91(11):3633–3643. https://
doi.org/10.1007/s00204-017-1983-0

 192. Chen J, Zhang X, Xu Y et al (2015) Hepatic progenitor cells 
contribute to the progression of 2-acetylaminofluorene/carbon 
tetrachloride-induced cirrhosis via the non-canonical Wnt path-
way. PLoS One 10:e0130310. https://doi.org/10.1371/journal.
pone.0130310

 193. Joseph B, Kumaran V, Berishvili E et al (2006) Monocrotaline 
promotes transplanted cell engraftment and advances liver repop-
ulation in rats via liver conditioning. Hepatology 44:1411–1420. 
https://doi.org/10.1002/hep.21416

 194. Carpentier A, Tesfaye A, Chu V et al (2014) Engrafted human 
stem cell-derived hepatocytes establish an infectious HCV 
murine model. J Clin Investig 124:4953–4964. https://doi.
org/10.1172/JCI75456

 195. Takayama K, Inamura M, Kawabata K et al (2012) Efficient gen-
eration of functional hepatocytes from human embryonic stem 
cells and induced pluripotent stem cells by HNF4α transduction. 
Mol Ther 20:127–137. https://doi.org/10.1038/mt.2011.234

 196. Mandal A, Raju S, Viswanathan C (2016) Long-term culture 
and cryopreservation does not affect the stability and function-
ality of human embryonic stem cell-derived hepatocyte-like 
cells. In Vitro Cell Dev Biol Anim 52:243–251. https://doi.
org/10.1007/s11626-015-9956-1

https://doi.org/10.1007/978-1-62703-317-6_4
https://doi.org/10.1007/978-1-62703-317-6_4
https://doi.org/10.1016/j.clinbiochem.2012.01.017
https://doi.org/10.1038/srep16884
https://doi.org/10.1371/journal.pone.0113609
https://doi.org/10.1371/journal.pone.0113609
https://doi.org/10.1016/j.jcyt.2017.01.003
https://doi.org/10.1016/j.jcyt.2017.01.003
https://doi.org/10.1371/journal.pone.0123282
https://doi.org/10.1002/mrm.24741
https://doi.org/10.1371/journal.pone.0069257
https://doi.org/10.1371/journal.pone.0069257
https://doi.org/10.1089/scd.2016.0338
https://doi.org/10.1007/s00018-015-2064-2
https://doi.org/10.1053/j.gastro.2011.11.030
https://doi.org/10.1053/j.gastro.2011.11.030
https://doi.org/10.1002/hep.510290213
https://doi.org/10.1002/stem.2500
https://doi.org/10.1002/jcp.21172
https://doi.org/10.1007/s00018-013-1537-4
https://doi.org/10.1007/s00018-013-1537-4
https://doi.org/10.1016/j.bbrc.2008.10.176
https://doi.org/10.1016/j.bbrc.2008.10.176
https://doi.org/10.1111/j.1365-2125.2012.04360.x
https://doi.org/10.1111/j.1365-2125.2012.04360.x
https://doi.org/10.1172/JCI43122
https://doi.org/10.1172/JCI43122
https://doi.org/10.1007/s00204-016-1761-4
https://doi.org/10.1038/srep41238
https://doi.org/10.1007/s00204-017-1983-0
https://doi.org/10.1007/s00204-017-1983-0
https://doi.org/10.1371/journal.pone.0130310
https://doi.org/10.1371/journal.pone.0130310
https://doi.org/10.1002/hep.21416
https://doi.org/10.1172/JCI75456
https://doi.org/10.1172/JCI75456
https://doi.org/10.1038/mt.2011.234
https://doi.org/10.1007/s11626-015-9956-1
https://doi.org/10.1007/s11626-015-9956-1

	Liver cell therapy: is this the end of the beginning?
	Abstract
	Introduction
	Current therapeutic options and on-going trials
	Regeneration of the normal liver
	Liver progenitor cell niche
	Controversies in the role of the LPCs in liver regeneration
	Injured livers and the response of LPCs
	Ductular reactions

	Animal models to study liver repopulation following cell transplantation
	Genetically modified models
	Models of induction liver and biliary injury
	Limitations of modeling liver disease in rodents

	Potential cell sources to treat liver disease
	Novel cell sources for transplantation
	Pluripotent stem cells
	PSCs-derived hepatic cells
	Improving of HLC differentiation and function
	Stem cell-derived hepatic cells: post-transplant challenges

	Induced hepatocyte (iHep) transdifferentiation in vivo
	Mesenchymal stem cells (MSCs)
	Intrahepatic and extrahepatic MSC transplantation


	Could bioengineering approaches be exploited in improving cell-based therapy?
	Extracellular matrix: 2D and 3D cultures

	Organoid cell culture
	Co-culture

	Modular biofabrication
	Improving hepatocyte isolation and preservation
	Routes of cell delivery and associated challenges
	Cell tracking
	Long-term function and off-target effects

	Cell modeling and cell utility
	Conclusions
	Acknowledgements 
	References


