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    Abstract     The liver possesses a remarkable ability to restore, through compensatory 
hyperplasia or regeneration, its original mass following partial or massive parenchymal 
cell loss. However, this ability is compromised in most relevant pathological condi-
tions of clinical interest, with liver transplantation being at present the only resolutive 
treatment for severe acute liver failure (ALF), chronic inborn, or acquired end-stage 
liver diseases. 

 Replacing diseased hepatocytes and stimulating endogenous and exogenous 
regeneration by stem cells represent the main aims of liver-oriented cell therapy. 
Recent developments in stem cell technology have raised the hopes of identifying 
new expandable sources of liver cells for use in regenerative medicine and prompted 
studies on the best support for their growth. 

 In this chapter    we will offer an overview of concept and data from available 
current literature by focusing the attention fi rst on liver regeneration and the role of 
liver progenitor cells or adult liver stem cells and to then analyze current status of 
the therapeutic use of extrahepatic stem cells for liver diseases in either preclinical 
or clinical studies.  
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   Abbreviations

   AAT    α1-antitrypsin defi ciency   
  ALF    Acute liver failure   
  α-FP    Alpha-fetoprotein   
  BDEC    Bile duct epithelial cells   
  BM    Bone marrow   
  BM-SCs    Bone marrow stem cells   
  CK-18    Cytokeratin 18   
  CLD    Chronic end-stage liver diseases   
  COX2    Cyclooxygenase type 2   
  EGF    Epidermal growth factor   
  ESCs    Embryonic stem cells   
  FGF-1    Fibroblast growth factor 1   
  FH    Familial hypercholesterolemia   
  GSD1    Glycogen storage disease type 1a   
  HAL    Hybrid-type artifi cial liver   
  HASC    Hepatic adult stem cells   
  HCC    Hepatocellular carcinoma   
  HCM    Hepatocyte culture medium   
  HCV    Hepatitis C virus   
  HF    Hollow fi ber   
  HGF    Hepatocyte growth factor   
  HPCs    Hepatic progenitor cells   
  IFNγ    Interferon γ   
  IL-6    Interleukin 6   
  iPSCs    Induced pluripotent stem cells   
  LIF    Leukemia inhibitory factor   
  LPCs    Liver progenitor cells   
  MELD    Model for end-stage liver disease   
  MFs    Myofi broblast-like cells   
  MSCs    Mesenchymal stem cells   
  NAFLD    Nonalcoholic fatty liver disease   
  NOD-SCID mice    Non-obese diabetic-severe combined immune defi ciency mice   
  NPCs    Non-parenchymal cells   
  OLT    Orthotopic liver transplantation   
  OSM    Oncostatin M   
  SCF    Stem cell factor   
  SDF-1    Stromal cell-derived factor 1   
  STAT3    Signal transducer and activator of transcription 3   
  TGFα    Transforming growth factor α   
  TGFβ    Transforming growth factor β   
  TNFα    Tumor necrosis factor α   
  UCMSCs    MSCs from human umbilical cord   
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1           The “Clinical” Liver Scenario and the Need 
for Hepatic Regenerative Medicine 

1.1     Acute and Chronic End-Stage Liver Diseases: 
Epidemiological Data 

 As it is well known, the liver possesses a remarkable ability to restore its original 
mass following partial or massive parenchymal cell loss by ensuing compensatory 
hyperplasia or regeneration. However, in most relevant pathological conditions of 
clinical interest orthotopic liver transplantation (OLT) is indeed the only resolutive 
treatment for severe acute liver failure (ALF), chronic inborn, or acquired end-stage 
liver diseases [ 1 ]. 

 Along these lines, ALF is commonly defi ned as a multi-organ syndrome 
occurring in previously healthy subjects (that is, in the absence of underlying liver 
disease) which is characterized by severe hepatocellular dysfunction and often rapid 
progression to death. Major causes of ALF are represented by acetaminophen or 
non-acetaminophen drug-induced toxicity, prominent in Western countries, as well 
as by hepatitis viruses (mainly developing countries). Although the last two decades 
have been characterized by a consistent overall improvement in critical care and 
OLT, ALF is still associated with high mortality rate (30–100 %) and the USA data 
indicate that ALF has an incidence of 3.5 deaths per million population, then 
accounting for approx. 5–6 % of all OLT [ 2 ,  3 ]. 

 Epidemiological data for chronic end-stage liver diseases (CLD) are more relevant 
and outline a global scenario dominated by an increasing worldwide prevalence of 
liver cirrhosis, mostly related to chronic infection by hepatitis C or B virus, alcohol 
consumption and nonalcoholic fatty liver disease (NAFLD) [ 4 – 8 ]. At present, 
approx. 170 million patients worldwide are estimated to be affected by a form of 
CLD and 25–30 % of these patients are expected to develop with time signifi cant 
fi brosis and eventually cirrhosis and related complications. The latter scenario has a 
relevant clinical impact since, among disease of the GI tract, liver cirrhosis now 
represents the most common non-neoplastic cause of death in Europe and USA, as 
well as the seventh most common cause of death in Western countries. Moreover, 
particularly in Western countries, cirrhosis also represents the main predisposing 
cause for hepatocellular carcinoma (HCC), accounting for 85–90 % of primary liver 
cancers and representing the fi fth most common human cancer and the third most 
common cause of cancer mortality worldwide [ 9 ]. 

 The overall liver scenario, as for current epidemiological analysis, needs to take 
into account a peak for advanced CLD which is predicted to occur in the next 
decade, resulting then in a signifi cant increase of the numbers of patients reaching 
end-stage disease and potentially requiring OLT that should face a predictable 
shortage of donor livers. Moreover, current knowledge suggests that OLT procedures 
can be further complicated by immunological incompatibilities and by the fact that 
OLT is not always effective. Clinical evidence has outlined the existence of a subset 
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of patients, particularly within those undergoing OLT for hepatitis C virus 
(HCV)-related cirrhosis, which can develop fulminant fi brotic progression to cir-
rhosis within a relatively short period of time (i.e., 2–3 years) [ 4 – 7 ]. Although 
OLT could be considered as an essentially successful surgical procedure, it should 
be emphasized that, in addition to the problem of the shortage of donor organs, OLT 
still suffers from operative damage. Therefore, recent attention has been focused on 
the ability to use cellular resources to bridge patients until transplantation or to 
restore liver mass and function [ 10 ].  

1.2     The Need for Hepatic Regenerative Medicine: 
Introductory Remarks 

 Liver transplantation is the gold standard procedure for treating acute and chronic 
end-stage liver disease and the demand for treatment of end-stage liver disease will 
continue to rise and will drive development of alternatives [ 1 ]. Hepatocyte trans-
plantation has been proposed to replace whole liver transplantation at least for 
selected cases of inherited liver disorders, but there are several limitations for the 
use of liver cell therapies. Studies on stem cells and on their potential sources have 
been intensifi ed in recent years, given the promise of their clinical application, espe-
cially in regenerative medicine [ 11 ]. The behavior and composition of both multi-
potent and pluripotent stem cell populations are exquisitely controlled by a complex 
interplay of extracellular matrix and cell–cell interaction. An interesting review was 
recently published on developments of arrayed cellular environments and their con-
tribution and potential in stem cells and regenerative medicine. Arrayed cellular 
environments provide a set of experimental elements with variation of one or sev-
eral classes of stimuli across elements of the array with the capability to provide an 
understanding of the molecular and cellular events that underlie expansion and 
specifi cation of stem cell and therapeutic cell populations [ 12 ]. 

 Success for stimulating stem cells to differentiate into hepatocytes and other liver 
cell types has been reported; however, it appears that it is very diffi cult to obtain 
differentiated human hepatocytes from human cord blood or human cord mesen-
chymal stem cells. These cells only mimic the hepatocyte function and are usually 
called hepatocyte-like cells [ 13 ]. 

 Replacing diseased hepatocytes and stimulating endogenous and exogenous 
regeneration by stem cells represent the main aims of liver-oriented cell therapy 
[ 14 ,  15 ]. Recent developments in stem cell technology have raised the hopes of 
identifying new expandable sources of liver cells for use in regenerative medicine 
[ 16 ] and prompted studies on the best support for their growth. Embryonic stem 
cells can be considered the best model of multipotency, but their use is limited due 
to ethical concerns [ 17 ] and the neoplastic risks after their in vivo use [ 18 ] have led 
to adult stem cells being considered a more acceptable source. 

 Adult stem cells have consequently been widely explored in recent years as 
a more acceptable source of cells, including the mesenchymal stem cells (MSCs), 
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a population of multipotent progenitors capable of differentiating towards 
adipogenic, osteogenic [ 19 ], and hepatogenic lineages [ 20 ,  21 ] with a low immuno-
genicity [ 22 ]. 

 Cell transplantation is a practical procedure compared with organ transplanta-
tion. It can be performed with much less risk to the patient and much reduced cost 
for the healthcare system. Furthermore, given the little invasiveness of systemic 
administration, this method could be also applied to patients who are severely ill 
and would not be able to tolerate organ transplantation. 

 Recently, we have characterized a novel MSC population obtained from human 
umbilical cord (UCMSCs) and we have induced their differentiation towards hepatic 
lineages in vitro seeking the best cell support for this purpose. The main aim of our 
study was to evaluate the therapeutic potential of adult UCMSCs in a murine model 
of acute liver injury using carbon tetrachloride, a potent hepatotoxic chemical. 
Phenotypic analysis showed a profi le compatible with MSCs and the simultaneous 
high expression of CD166, CD105, and CD73 demonstrated that our cells were a 
novel MSCs population. The morphological features, loss of MSC phenotype, gene 
expression changes, immune-cytochemical staining, albumin secretion, urea pro-
duction, and glycogen storage all suggested that these cells can grow and differentiate 
into functional hepatocyte-like cells without any biological support [ 23 ]. 

 However, we had previously reported that stem cell differentiation can be stimu-
lated by growth factors and extracellular matrix components used as a cell culture 
support. Using a homologous acellular matrix derived from surgical specimens rep-
resents an interesting tissue engineering approach since the matrix is biocompatible, 
contains adhesion molecules and growth factors, and is obtained from a healthy 
organ [ 24 ,  25 ]. 

 Interestingly enough, more recently, the fi eld of cell microencapsulation technol-
ogy has opened many new perspectives. The immobilization of cells into polymeric 
scaffolds releasing therapeutic factors, such as alginate microcapsules, has been 
widely employed as a drug delivery system for numerous diseases for many years. 
Stem cells represent an ideal tool for cell immobilization and so does alginate as a 
biomaterial of choice in the elaboration of these biomimetic scaffolds [ 26 ]. 

 Bone marrow (BM) is considered the main source of MSCs [ 27 ], but their 
number decreases signifi cantly with age [ 28 ,  29 ] and this has led to the evaluation 
of alternative sources such as adipose tissue [ 30 ] and embryo-derived tissues, 
e.g., placenta [ 31 ], amniotic fl uid [ 32 ], umbilical cord blood [ 33 ], and umbilical 
cord [ 34 ]. 

 Moreover, regenerative medicine methods and technologies are currently being 
developed to manufacture different segments of the entire digestive tube [ 35 ]. 
The conveyance of these results into clinical practice would need to be considered 
with caution because more information is needed on cell behavior in vivo before 
any clinical applications can be hypothesized. 

 Continued research in this area and continued industry attention focused on 
developing liver support and cellular therapies should accelerate because of the ever 
pressing demand. It is this demand that has and will continue to drive us to push the 
limits, test new hypotheses, and take new risks [ 1 ]. 
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 In this chapter we will offer an overview of concept and data from available 
current literature by focusing the attention fi rst on liver regeneration and the role 
of liver progenitor cells or adult liver stem cells and to then analyze current status of 
the therapeutic use of extrahepatic stem cells for liver diseases in either preclinical 
or clinical studies.   

2     Liver Regeneration and Liver Progenitor Cells/Adult 
Liver Stem Cells 

 The liver has a remarkable capacity for regeneration [ 36 ]. This capacity is known 
since the ancient Greek myth of Titan Prometheus and his punishment for deceiv-
ing Zeus and protecting mankind. The myth of Prometheus is known to most mem-
bers of the scientifi c community who study hepatic diseases, mainly because 
Prometheus’s liver was the target of torture. The Myth of Prometheus is also known 
and cherished by many, because, according to one version, Prometheus created the 
fi rst man. The ancient poet Hesiod (eighth century BC) [ 37 ] records that Prometheus 
twice tricked the gods. First, he offered mortals the best meat from a slaughtered 
cow and gave the fat and bones to the gods. Then, when an infuriated Zeus pun-
ished man by taking fi re, Prometheus stole it back for mankind. Accordingly, Zeus 
punished Prometheus binding him on the mountain Caucasus. More explicitly, for 
students of the liver, an eagle fed from his liver each day, but the liver regenerated 
overnight [ 38 ,  39 ]. Self-renewal of hepatocytes is the main mechanism responsible 
for liver mass homeostasis and for liver regeneration after acute (moderate) liver 
injury and reduction of liver mass [ 40 ]. However, in conditions of chronic liver 
injury or submassive liver cell loss, such capacity for self-renewal is overwhelmed, 
exhausted, or impaired, leading to liver failure or insuffi ciency. In those conditions, 
hepatic progenitor cells (HPCs), which are dormant and found in periportal 
location in a healthy liver, actively proliferate and yield transit-amplifying cells 
(or oval cells). Since the 1950s, when Opie and Farber described a category of 
small hepatic cells that they called oval cells, emerging from the canal of Hering, 
where bile canaliculi connect with bile ducts, it has become a hackneyed term used 
to defi ne a highly heterogeneous population of cells whose fate is classically bipo-
tent giving rise to both hepatocytes and cholangiocytes at least in vitro and at least 
in rodents [ 41 ]. 

 This reaction is known as ductular reaction in human beings or oval cell prolif-
eration in rodents [ 42 – 44 ]. Although the initiating mechanisms of liver regeneration 
may be similar in rodents and humans, the time course of the process differs among 
species. Nevertheless, in rats and mice, the original liver mass is restored to approxi-
mately 100 % in 7–10 days. In humans, there is a very rapid increase in liver mass 
during the fi rst 7 days after partial liver transplantation, leading to complete restoration 
by 3 months [ 45 ]. 
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2.1    Cellular Mechanisms of Liver Regeneration 

 As already mentioned before, what is unique to the liver is that differentiated hepa-
tocytes constitute the fi rst line of response to injury or resection, while progenitor 
cells function as a reserve compartment. This differs from other tissues, such as 
skeletal muscle, in which differentiated myocytes do not replicate, but regeneration 
after injury can occur through the proliferation of precursor cells (satellite cells) 
[ 46 ] or the heart, in which there is little if any proliferation of differentiated myo-
cytes or immature precursors [ 47 ]. 

 Furthermore in highly proliferating tissues such as the skin and the gut, progeni-
tor cells continuously produce transit-amplifying cells that differentiate and replen-
ish short-lived mature cells [ 48 ,  49 ]. By contrast, the liver has very low levels of cell 
turnover, and it primarily relies on replication of highly differentiated parenchymal 
hepatocytes to regenerate in response to loss of liver mass [ 50 – 52 ]. 

 Physiological turnover of liver parenchyma was originally proposed to follow 
the model of the “streaming liver,” an hypothesis suggesting that young hepatocytes 
are formed in the portal area and then migrate towards the central vein to progres-
sively replace older cells [ 53 ]. Although this concept has received some confi rma-
tion [ 54 ] other data do not support this hypothesis [ 43 ]. Whatever the mechanism or 
model involved, two concepts are widely acknowledged: (1) physiological hepato-
cyte turnover is slow, with a reported average life span of approx. 200–300 days, 
and (2) liver parenchyma turnover mostly depends on proliferation of adult hepato-
cytes and bile duct epithelial cells (BDEC), with a still debated, presumably minor, 
contribution by progenitor or stem cells [ 43 ]. 

 Liver regeneration involves coordinated action of distinct cytokines and growth 
factors, which regulate three temporal stages of hepatocyte proliferation, namely, 
priming, DNA synthesis, and cell division, followed by growth termination. Tumor 
necrosis factor α (TNFα) and interleukin 6 (IL-6) are critical priming factors, which 
facilitate G0 to G1 transition of hepatocytes, rendering them competent to respond 
to growth factors. Mice lacking TNF receptor 1 show delayed liver regeneration, 
which could be reversed by administration of IL-6, whereas IL-6 defi ciency induces 
severe apoptosis because IL-6-induced STAT3 activation is essential for liver regen-
eration. Following priming, growth factors provide mitogenic signals that facilitate 
competent hepatocytes to progress through the cell cycle [ 55 – 57 ]. For example, 
under the standard experimental conditions of 2/3 partial hepatectomy, any hepato-
cyte may undergo one or two rounds of cell division (sustained by HGF, IL-6, TNF, 
TGFα, EGF) within 24–48 h. This is followed by wave of proliferation involving 
other hepatic cell populations called non-parenchymal cells (NPCs). 

 NPCs in the liver include stellate cells/myofi broblasts, which are the main pro-
ducers of collagen; macrophages, which are involved in tissue remodeling and 
fi brosis resolution after extensive damage; endothelial cells, which are able to form 
new vessels; and other leukocytes recruited by local infl ammation. NPCs produce 
cytokines and growth factors, like transforming growth factor β, that infl uence oval 
cells/HPCs and hepatocyte proliferation, but most of the signals they exchange with 
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the oval cell/HPC compartment and their role in regulating oval cell/LPC behavior 
has yet to be fully elucidated. Moreover, studies have demonstrated that in liver 
injury a proportion of myofi broblasts and macrophages are recruited from the BM. 
It has been claimed that oval cells are of BM origin; however, other studies have 
found that oval cells are intrinsic to the liver and not of BM origin [ 58 – 60 ].  

2.2    Liver Progenitor Cells 

 Impairment of the replicative capacity of most remnant hepatocytes induces an 
alternate regenerative process from HPCs. These cells (also called oval cells in 
rodent) are located in the most peripheral branches of the biliary tree (canal of 
Hering). 

 Once activated, HPCs proliferate in the portal region and migrate into the hepatic 
lobule where they undergo further differentiation into hepatocytes or bile duct cells 
to repopulate the hepatic parenchyma (Fig.  1 ). This proliferative response charac-
terized by the appearance of bile duct-like structures in humans is referred to as 
atypical ductular reaction [ 61 ].

   While the term oval cell is widely used to describe liver progenitors, investigators 
do not agree on the phenotype and molecular signature of these cells. The terminal 
bile ductular system (i.e., the canal of Hering) is thought to be the main source of 
oval cells [ 62 ]. 

 The oval cell compartment can probably not be attributed to a single cell type 
[ 63 ]. In order to avoid misunderstandings, the term oval cell activation is used to 
describe the heterogeneous cellular changes accompanying the appearance of 
progenitor cells, whereas the term oval cells refer to the progenitors themselves. 
Oval cells are considered bipotential transit-amplifying cells derived from normally 
quiescent “true stem cells” that reside in the biliary tree [ 62 ]. Proliferating oval cells 
constitute a heterogeneous population justifying the different names used to describe 

  Fig. 1    Immune-histochemistry for cytokeratin 7 (CK-7, used as a marker to identify HPCs and 
cells derived from HPCs) in a human liver specimen obtained from a HCV-related cirrhotic patient. 
Positive stain is found in cholangiocytes and ductular-like structures (either typical or atypical) as 
well as in HPCs at the border of fi brotic septa or hepatocyte-like cells within the pseudo-lobule. 
Original magnifi cation is indicated       
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them: ductular progenitor cells, atypical ductular cells, periductular liver progenitor 
cell, or individual progenies [ 63 ]. 

 We summarize the current complexity of terminology as follows:

    (a)    Hepatic adult stem cells (HASC), normally quiescent and otherwise termed 
“oval” or HPC-precursor cells [ 43 ] that reside in portal areas within the canals 
of Hering, envisaged as the hepatic niche for progenitor cells.   

   (b)    Activation of the HASC compartment (as in ALF or chronic liver injury) leads 
to the appearance of oval cells, described as bipotential transient-amplifying 
cells or as bipotential HPC.   

   (c)    The classic view implies that during activation of the stem/progenitor compart-
ment adult liver bipotential HPC can generate either hepatocytes or BDEC. 
A variant of this model hypothesizes the existence of different steps of maturation, 
with the most mature oval cell being bipotential and able to generate precursors 
of either hepatocytes or cholangiocytes, sometimes referred to as pre- hepatocytes 
or intermediate hepatocyte-like cells [ 58 ].     

 Furthermore oval cell activation can be envisaged as a process involving four 
distinct phases: [ 43 ] (1) activation, the phase in which the stem/precursor cell com-
partment is activated, leading to the emergence of oval cell or HPC, sustained and 
induced to proliferate by growth factors (Oncostatin M or OSM, IL-6, LIF) signal-
ing through the JAK/STAT and other factors (TNF, TWEAK, IFNγ, SCF, COX-2); 
(2) oval cell population is further amplifi ed by several polypeptide growth factors 
(TGFα, TGFβ, HGF, FGF-1, Sonic and Indian Hedgehog); (3) migration of pro-
genitor cells, in response to the chemokine SDF-1 (CXCL12) or factors like uPA 
and tPA of the plasmin activator cascade; and (4) differentiation, the fi nal step leading 
to either hepatocytes or BDEC in response again to LIF, OSM, or Dlk. This scenario 
has been recently implemented by an excellent in vivo study showing that in both 
human diseased liver and mouse models of the ductular reaction Notch and Wnt 
signaling are relevant in directing specifi cation of HPCs via their interactions with 
activated myofi broblasts or macrophages [ 64 ]. In particular, during biliary regen-
eration, expression of Jagged 1 (a Notch ligand) by myofi broblasts promoted Notch 
signaling in HPCs and thus their biliary specifi cation to cholangiocytes. Alternatively, 
during hepatocyte regeneration, macrophage engulfment of hepatocyte debris 
induced Wnt3a expression that resulted in canonical Wnt signaling in nearby HPCs, 
thus maintaining in these cells expression of the factor Numb and then promoting 
their specifi cation towards hepatocyte phenotype. It is suggested that indeed these 
two pathways can regulate and/or promote adult parenchymal regeneration during 
chronic liver injury [ 64 ]. Another very recent experimental study has investigated in 
vivo the capacity of HPC to differentiate into hepatocytes and to contribute to liver 
regeneration. By performing lineage-tracing murine experiments (involving either 
regeneration and/or injury of liver parenchyma) in order to follow the fate of HPC 
and biliary cells, authors were able to show that hepatobiliary precursors do not 
contribute to liver mass homeostasis or to liver regeneration in the healthy liver [ 44 ]. 
By contrast, in conditions of chronic liver injury expanded transit-amplifying cells 
(HPC) were able to give rise to a small proportion of hepatocyte-like cells that were 
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shown to be well differentiated, polarized, and respond to pro-mitogenic stimuli as 
normal hepatocytes. Repopulation effi ciency by HPC and/or biliary cells increased 
when extracellular matrix and laminin deposition were reduced. 

 However, it should be underlined that at present human HPCs have not been used 
in clinical trials. Although they can be differentiated in vitro into hepatocyte-like 
and cholangiocyte-like cells and effectively transplanted and engrafted into immune- 
compromised mice, HPCs exhibit phenotypical instability and in certain cases 
produce tumors in mice. Meanwhile, in vitro expansion of HPCs prior to the 
differentiation or transplantation into mice opens the prospect for development of 
liver stem cell therapy and exploitation of “humanized mouse models” [ 65 ].   

3     Therapeutic Use of Extrahepatic Stem Cells 
in Liver Diseases: Preclinical Studies 

 According to the previous section, one can say that the application in clinical prac-
tice of hepatocyte transplantation as well as the use of hepatocytes in bio-artifi cial 
livers still poses considerable problems, including also the intrinsic diffi culty of 
obtaining human hepatocytes as well as to maintain them viable and into the 
differentiate phenotype when cultured in vitro. These limitations have favored the 
alternative cell therapy approach consisting in the use of stem cells and growth 
factor. Indeed, a growing range of potential applications for therapeutic use of stem 
cells in liver diseases can be envisaged, with many pilot clinical studies already 
undertaken. As properly suggested in a recent editorial [ 66 ], one may identify a 
number of areas in which stem cell therapy could reasonably represent a future 
realistic aim, including the attempt: (a) to improve liver repopulation and reduce 
excess deposition of extracellular matrix and scarring by upregulating hepatic’s 
own regenerative processes; (b) to inhibit immune-mediated liver injury; and (c) to 
obtain hepatocyte-like cells from stem cells and to employ them either for cell trans-
plantation (i.e., to support or replace hepatocyte function) or in extracorporeal 
bio- artifi cial liver apparatus. The fi rst available literature data in this fi eld already 
suggest that a critical issue may be represented by the choice of therapeutic cell to 
be employed that may be tailored to the specifi c type of liver disease. 

3.1     Stem Cells from Bone Marrow (BM-SCs) 
and Other Extrahepatic Sources 

 The rational suggestion to use autologous transplantation of BM-SCs as a putative 
strategy of intervention in liver diseases was initially proposed more than a decade 
ago on the basis of pioneer studies [ 67 – 69 ]. However, positive (although relatively 
modest) features from these initial experimental studies, some based on transplanta-
tion of hematopoietic stem cells and indicating recruitment to the injured liver of 
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these cells and their apparent differentiation into hepatocyte-like cells, were later 
shown to have resulted essentially from fusion between transplanted donor cells and 
resident recipient hepatocytes [ 70 – 72 ]. 

 Having established this relevant point, several laboratories adopted a different 
strategy and reported successful “in vitro” differentiation of extrahepatic multipo-
tent stem cells into hepatocyte-like cells (i.e., cells expressing defi ned hepatocellu-
lar antigens and functional properties). The list of multipotent cells employed for 
this purpose includes (1) so-called multipotent adult progenitor cells [ 73 ,  74 ], a 
unique population, originating from long-term culture of non-hematopoietic adher-
ent cells (i.e., mesenchymal stem cells [MSC)]) from bone marrow, displaying the 
ability to differentiate into multiple lineages [ 75 ]; (2) MSC derived from either bone 
marrow [ 21 ,  76 – 78 ] as well as adipose tissue [ 79 ,  80 ], umbilical blood cord [ 23 , 
 81 ], or even dental pulp [ 82 ]; and (3) multipotent stem cells from amniotic fl uid and 
membranes [ 83 ,  84 ]. 

 Whatever the source of multipotent stem cells, several laboratories reported suc-
cessful “in vitro” differentiation of these extrahepatic cells into hepatocyte-like 
cells, that is, cells expressing defi ned hepatocellular antigens and functional proper-
ties that should include at least the following: (a) phenotypic changes leading to the 
acquisition of a polygonal (i.e., polarized) morphology; (b) expression of specifi c 
proteins like albumin, alpha-fetoprotein (α-FP), and cytokeratin 18 (CK-18); (c) the 
ability to synthetize urea as well as to synthetize and store glycogen; (d) acquisition 
of further antigens and/or functional activities such as expression of isoforms of 
cytochrome P450 and of drug metabolism-related enzymes; and (e) expression/
activity of more selective proteins or enzymes, including glucose-6-phosphatase, 
tyrosine aminotransferase, triptophane-2,3-dioxygenase, hepatic nuclear factor 4, 
and canalicular antigen 9B2, to name just a few [ 58 ]. 

 In most of these studies “in vitro” differentiation was based on a rather common 
scheme of experimental protocol which typically required fi rst a so-defi ned differ-
entiation step followed then by a maturation step. The protocol established for 
human MSCs by Lee and coworkers [ 21 ] may serve as a paradigm. In this study the 
differentiation step was sustained by treatment of MSCs with hepatocyte growth 
factor (HGF), fi broblast growth factor (FGF), and nicotinamide; in the maturation 
cells were exposed to a medium containing oncostatin M (OSM), dexamethasone, 
insulin, transferrin, and selenium.    Once hepatocyte-like cells were obtained, several 
laboratories transplanted in vivo these cells to test their effi ciency in animal models 
of ALF or of CLD and most of these experimental studies have reported that trans-
planted cells can effectively engraft injured liver parenchyma [ 73 ,  84 – 90 ]. However, 
results in terms of repopulation were not numerically impressive, possibly depend-
ing on the specifi c protocol adopted [ 21 ,  73 – 79 ]. Best results were obtained in 
those experiments in which MSC-derived hepatocyte-like cells were transplanted. 
The overall scenario from these preclinical studies can be completed by a number 
of encouraging results reported in experimental protocols designed to prevent liver 
fi brosis [ 85 ,  86 ] or in studies that reported some improvement in parameters related 
to ALF [ 87 – 89 ]. Concerning prevention of liver fi brosis, however, it should be cau-
tionary recalled that at least two studies could not document any signifi cant 
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anti- fi brotic effect following transplantation of either murine MSC or human MSC 
(in NOD-SCID mice) [ 77 ,  90 ]. Moreover, at least three different laboratories have 
provided evidence indicating that BM-SCs engrafting the liver during the course of 
experimental model of chronic liver injury, in particular MSC [ 77 ,  91 ,  92 ] or fi bro-
cytes [ 93 ], have the potential to differentiate into hepatic myofi broblast-like cells 
(MFs). As originally proposed by Forbes and coworkers, these results envisage a 
potential risk for these transplanted cells to contribute to liver fi brogenesis, although 
several authors believe that such a contribution should be considered as minor with 
hepatic stellates and portal fi broblasts being by far the most relevant sources of 
hepatic MFs [ 94 – 96 ].  

3.2    The Use of Induced Pluripotent Stem Cells 

 A more recent approach for producing hepatocyte-like cells has taken advantage of 
induced pluripotent stem cells (iPSCs), one of the most exciting recent discoveries 
in the fi eld of biology.    iPSC cells by defi nition are somatic cells (of either murine or 
human origin) that are engineered (and then reprogrammed) in order to express 
combinations of defi ned transcription factors and to become pluripotent, remark-
ably resembling embryonic stem (ES) cells [ 97 – 100 ]. iPSCs are typically generated 
by retroviral induction of transcription factors such as Oct3/4, Sox2, KLF4, and 
c-Myc, in fi broblasts. Lentivirus and adenovirus induction, induction with other gene 
combinations and virus-free approaches such as using plasmids, small molecules, 
and recombinant proteins have also been reported (reviewed in [ 100 ]). In addition, 
it has been shown that iPSCs can be generated from a variety of cell types such as 
pancreatic cells, meningiocytes, keratinocytes, hematopoietic cells differentiated 
from ESCs, and primary human hepatocytes [ 101 – 103 ]. 

 iPSCs are indeed very promising cells potentially able to overcome controversies 
and ethical concerns associated with the use of human embryonic stem (ES) cells 
and their availability has theoretically opened the way to their use for a number of 
perspectives and applications, including the possibility to use these cells in order to 
(1) design and test patient-customized (i.e., autologous) cell therapy with no need 
for immune suppression; (2) modeling inherited metabolic human diseases and 
investigate in detail pathogenic mechanisms; (3) drug discovery and testing, possi-
bly patient customized. Unfortunately, at present the use of iPSCs for regenerative 
medicine is limited by two major and still unresolved concerns, the oncogenic 
potential of these cells and the so-called epigenetic transcriptional memory of 
somatic cells, that can affect the desired differentiation into the desired specifi c 
lineages [ 99 ,  100 ,  104 ,  105 ]. 

 Whether the use of iPS cells in relation to liver diseases is concerned, different 
laboratories have used protocol similar to those designed for ES cells in order to 
obtain hepatocyte like cells from human [ 106 – 108 ] or murine [ 109 ,  110 ] somatic 
cells. This protocol usually requires from three to four steps with the following 
sequence: (a) endodermal differentiation step following exposure to activin A; 
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(b) hepatic specifi cation step as for exposure to fi broblast growth factor-2 (FGF-2) 
and bone morphogenetic protein-4 (BMP-4); (c) proliferation step elicited by HGF; 
and (d) maturation step by a specifi cally designed hepatocyte culture medium 
(HCM) containing oncostatin M (OSM) [ 111 ]. 

 According to limitations for the use of iPS cells previously described, attempts 
to obtain engraftment and proliferation of hepatocytes-like cells from iPS cells led 
to limited and mostly disappointing results (reviewed in [ 111 ]) with just one appar-
ent exception for a murine study [ 112 ]. In the latter study murine somatic cells were 
reprogrammed to iPSCs and when transplanted in vivo in the experimental model of 
mice carrying fumaryl-acetoacetate hydrolase defi ciency (FAH −/− mice), these iPS 
cells apparently underwent normal ontogenic development into mature hepatocytes 
[ 111 ]. In particular, these murine iPSCs cells were injected into blastocysts of 
FAH −/− mice originating a generation of chimeric mice in which iPSC-derived 
hepatocytes proliferated (even responding to two/third partial hepatectomy) and 
repopulated the liver rescuing the chimeric mice. However, the FAH −/− mice is a 
rather unique and favorable model in the scenario of hepatic regenerative medicine 
and one should emphasize the fact that such a procedure (i.e., to inject iPS cells into 
blastocysts) is rather irrelevant for regenerative medicine if the fi nal goal is to obtain 
safe and adult/mature hepatocyte-like cells to transplant under postnatal settings. 

 Literature indeed suggests that iPSC lines can be generated from patients suffering 
from specifi c diseases, providing a unique source for study and disease modeling. 
Along these lines, iPSC generation has been reported from individuals affected by 
several diseases, including neurodegenerative diseases, juvenile diabetes mellitus, 
muscular dystrophy, hematological diseases, Down syndrome, as well as ischemic 
heart failure [ 112 ]. In another recent study, human hepatocyte-like cells derived 
from iPSCs (obtained by reprogramming dermal fi broblasts) have been obtained 
from patients affected by inherited metabolic disorders like α1-antitrypsin defi -
ciency (AAT), glycogen storage disease type 1a defi ciency (GSD1), hereditary tyro-
sinemia type 1, Crigler–Najjar syndrome, and familial hypercholesterolemia (FH) 
[ 113 ]. Authors were able to generate a library of patient-specifi c human iPS cells 
to be then differentiated into hepatocyte-like cells and then characterized iPS cell-
derived hepatocytes from patients affected by AAT, GSD1, and FH. Of interest, 
hepatocyte-like cells obtained in this way exhibited all phenotypic abnormalities of 
primary hepatocytes from patients carrying these diseases and, as also suggested by 
other researchers in a different study, potentially used in order to investigate disease 
pathogenesis and to test drugs in a patient-customized manner [ 114 ]. 

 An even more interesting approach, with a potential future application in the 
fi eld of ALF, is the one recently published in a study in which iPSCs as well as 
ESCs have been injected into hollow fi ber (HF)/organoid culture in order to form 
organoid in the lumen of HF [ 115 ]. This study reported that the exposure of iPSCs 
and ESCs to agents able to promote differentiation resulted in upregulation of 
differentiation- related genes and a very effi cient cell proliferation and organoid 
formation inside HFs characterized by a high cell density and promising results in 
terms of gain of liver-specifi c functions. This may represent a critical report implying 
the use of these cells as source for obtaining a hybrid-type artifi cial liver (HAL).   
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4     Therapeutic Use of Extrahepatic Stem 
Cells in Liver Diseases: Clinical Studies 

 There is an increasing range of potential applications of stem cells in liver diseases, 
with many clinical studies already undertaken. Whilst there have been advances in 
our understanding of the role of stem cells in liver damage and repair as well as 
encouraging results using stem cells as cell therapy in preclinical animal models, the 
precise mode of action and optimal cell usage has not been completely defi ned. 

 Cell therapy can be defi ned as “the use of living cells to restore, maintain, or 
enhance tissue and organ function” [ 116 ] and has several potential advantages when 
compared to OLT, since transplantable cells can be (a) expanded in vitro and cryo-
preserved, thus abolishing the limit of organ shortage; (b) genetically manipulated, 
to correct inborn errors of metabolism; c) cryopreserved for future use and infused 
without major surgery; and (d) obtained from the same patient, avoiding risk of 
rejection and need for lifelong immune-suppression [ 117 ]. 

 Ideally, allogenic hepatocytes, ex vivo derived hepatocytes, or cells capable of 
hepatocyte differentiation could be administered directly and repopulate the failing 
liver. Allogenic hepatocyte transplantation has been explored as an alternative to 
OLT in ALF and metabolic liver diseases. However, diffi culties in harvesting and 
storing suffi cient quantities of hepatocytes and signifi cant cell loss following trans-
plantation have so far limited the potential of this therapy [ 118 ]. 

 Given the right environment and stimuli, stem cells and certain progenitor cells 
can differentiate into hepatocytes. Stem cells are undifferentiated cells capable of 
proliferation, self-maintenance, and differentiation into functional progeny with 
fl exibility or plasticity in these options [ 119 ]. Embryonic stem cells (ESCs) have 
pluripotency and unlimited capacity for self-renewal. In contrast, adult stem cells 
have a restricted differentiation capability and because of this they may be more 
correctly called progenitor cells. Despite the apparently limited differentiation 
capability of progenitor cells, given appropriate stimuli, progenitor cells can trans- 
differentiate into other cell lines. The ideal cell source to support hepatic regenera-
tion must be reliably identifi able, be able to generate hepatocytes effi ciently, evade 
the immune defenses, and behave predictably with a high safety profi le. 

 Successful cell therapy depends on the innate clonogenicity of the administered 
cells or on the favorable condition in which transplanted cells have a selective growth 
advantage over the indigenous population. In the diseased human liver there may not 
be the substantial selective growth advantage for transplanted cells that pertains in 
many rodent models where it is possible to enrich for cells that continue to expand in 
the recipient liver in the absence of a major growth stimulus. Such cells might simply 
be fetal cells or a subpopulation of antigenically distinct adult cells [ 120 ]. 

 Of the clinical studies published, the overwhelming data suggest that stem cell 
therapy is safe [ 121 ], although there are possible concerns regarding the route of 
delivery of cell therapy. Whilst no studies report superior outcomes when cells are 
directly injected into the liver (portal vein or hepatic artery), there have been com-
plications such as hepatic artery dissection [ 122 ] and increased portal hypertensive 
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bleeding [ 123 ] following this approach. Furthermore, the intravenous administration 
of autologous BM mononuclear cells resulted in hepatic homing of the injected 
cells suggesting this easier, safer route may be an adequate option for cell delivery 
[ 124 ,  125 ]. Assuming that delivery to the liver is important for stem cell infusions 
to exert their optimal effect, then developing a better understanding of the mecha-
nisms regulating their hepatic ingress may allow for further improvements to treat-
ment protocols. Whilst patients with a wide range of disease severity have been 
included in clinical trials, the priority remains to irrefutably confi rm the effi cacy 
of cell/stem cell therapy. In this regard, choosing patients in which the benefi t may 
be most reliably determined and of greatest value is important. Patients verging on 
the cusp of requiring a liver transplant (e.g., with MELD score approaching/just 
below 15) are good candidates as even a small percentage improvement in liver 
function may be suffi cient to signifi cantly delay or indeed remove altogether the 
need for liver transplant.     
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