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Abstract
Toxic, viral and surgical injuries can pose medical indications for liver transplantation. The number of patients waiting for a liver
transplant still increases, but the number of organ donors is insufficient. Hepatocyte transplantation was suggested as a promising
alternative to liver transplantation, however, this method has some significant limitations. Currently, afterbirth tissues seem to be
an interesting source of cells for the regenerative medicine, because of their unique biological and immunological properties. It
has been proven in experimental animal models, that the native stem cells, and to a greater extent, hepatocyte-like cells derived
from them and transplanted, can accelerate regenerative processes and restore organ functioning. The effective protocol for
obtaining functional mature hepatocytes in vitro is still not defined, but some studies resulted in obtaining functionally active
hepatocyte-like cells. In this review, we focused on human stem cells isolated from placenta and umbilical cord, as potent
precursors of hepatocyte-like cells for regenerative medicine. We summarized the results of preclinical and clinical studies
dealing with the introduction of epithelial and mesenchymal stem cells of the afterbirth origin to the liver failure therapy. It
was concluded that the use of native afterbirth epithelial and mesenchymal cells in the treatment of liver failure could support
liver function and regeneration. This effect would be enhanced by the use of hepatocyte-like cells obtained from placental and/or
umbilical stem cells.
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Introduction

The number of patients waiting for a liver transplant increases
every year. This is caused, among other reasons, by clinically
justified transplant indications and insufficient number of or-
gan donors. As a consequence, the waiting time for the trans-
plantation is getting longer, leading to a shorter transplant func-
tioning time, and lower patient survival rate [1]. Another un-
favorable prognostic phenomenon is an increase in donors'

age, resulting in transplantation of organs with a shorter ex-
pected functioning time [2]. A partial solution for the growing
demand for liver transplantations was the introduction of a
‘split’ procedure, in which two parts of the graft are separated:
left lateral segment graft and right extended liver lobe graft.
Due to this procedure, it is possible to partially meet the de-
mand and also to obtain the transplants of reduced volume for
pediatric recipients [3]. Another promising alternative to the
whole organ transplantation procedure is the hepatocyte trans-
plantation. It is currently being evaluated in some clinical trials,
where hepatocytes are transplanted to patients with hepatic
failure, thus restoring their population [4]. However, the use
of this method is very limited. Among the limitations are:
difficulties with obtaining high-quality hepatocytes, insuffi-
cient colonization of the liver by transplanted cells (in particu-
lar in case of cirrhosis), and the lack of reliable data describing
a long-term effect. Currently, there are only two clear indica-
tions for this procedure: inborn errors of metabolism such as
Crigler-Najjar syndrome, and acute liver damage [5].

The growing demand for liver transplantation, caused
by its failure and/or the need to maintain its function until
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the transplantation procedure, is a strong stimulus to look
for alternative therapies, such as the stem cell therapy.
Afterbirth tissues, i.e. placenta and umbilical cord are
abundant sources of cells, that meet the biological criteria
of good transplantable material, and can be isolated in a
manner that does not raise moral and ethical controversies.
Some of afterbirth cell populations are successfully used in
clinical trials, including the treatment of type 1 diabetes,
systemic lupus erythematosus and ischemic stroke [6–11].
Both in vivo and in vitro studies have shown that cells
derived from these sources, e.g. amniotic epithelial cells,
have potential for proliferation and differentiation, and
show some efficacy in the treatment of liver failure. The
use of amniotic cells in therapy of hepatic failure in animal
models resulted in organ functioning improvement.
Positive effect of human amnion cells (hAC) was observed
in case of acquired failure caused by chemical damage and
also in congenital failure caused by inborn errors of me-
tabolism [12]. The expression profile of surface antigens
enables the use of these cells in treatment of liver failure in
humans without the need for immunosuppression, since
they are characterized by the lack of expression of class
II histocompatibility antigens. They express the CD47 an-
tigen responsible for "don't eat me signal", and also com-
plement antigen complex CD44/CD59 [13]. It seems that
the positive effect is greater, when the used cells are close
to the mature hepatocytes [14]. Therefore, the preliminary
ex vivo differentiation of stem cells may be crucial for the
effectiveness of the therapy of damaged organ applied
resulting in its in vivo regeneration.

Liver Development and Regeneration

The mature liver has considerable capacity for spontaneous
regeneration. Several cell populations participate in this pro-
cess. These are mainly hepatocytes, but also multiple
multipotent and bipotent stem cell populations expressing en-
dodermal or mesenchymal markers [15–20].

In the process of liver regeneration, the sequence of cellular
changes refers to changes occurring during its embryonic de-
velopment. Models of liver development are comparable
among mammal species, including mice, rats, and humans
[21]. Inmice, hepatoblast differentiation to hepatocytes occurs
between the 14th and 16th day of embryo development. In
humans, this process begins around 56-58 days of pregnancy
and ends around day 210 [22].

In the developing liver, there is a continuous cross-talk be-
tween endodermal, mesendodermal, andmesenchymal cells, as a
result of direct action as well as paracrine signaling. These pop-
ulations also stimulate hematopoietic cells inhabiting the fetal
liver [17]. Liver stem cells, hepatic stellate (Ito) cells, endothelial
cells, and presumably mesenchymal cells secrete growth factors

stimulating hepatoblasts to proliferate and differentiate into he-
patocytes or cholangiocytes [23]. At early stages of embryonic
development, hepatogenesis depends on such factors, as FGF
(fibroblast growth factor), BMP (bone morphogenetic protein),
WNT [24], HGF (hepatocyte growth factor), MAPK9 (mitogen-
activated protein kinase 9) and TGFβ (transforming growth fac-
tor β) [25]. At later stages of the prenatal period, liver develop-
ment dependsmore onHGF-related signaling pathways, but also
on insulin, cAMP (cyclic adenosine monophosphate), TGFα
(transforming growth factorα), PI3K (phosphatidylinositol-3 ki-
nase), mTOR (mechanistic target of rapamycin) and MAPK/
ERK kinases [26].

Human hepatic stem cells (hHpSC) seem to be the primary
population of cells with the greatest potential of proliferation
and differentiation in the hepatic direction. hHpSC have been
characterized as multipotent precursors to fetal hepatic pro-
genitor cells - hepatoblasts, located in ductal plates in fetal
and neonatal livers, and also in the canals of Hering in adult
livers of all donor ages [27].

A population of cells with a similar or perhaps identical
phenotype to the hHpSCs are biliary tree stem/progenitor cells
(BTSC). BTSC are multipotent stem cells located in
peribiliary glands of large intrahepatic and extrahepatic bile
ducts and can be differentiated into hepatic and pancreatic
lineages [28, 29]. BTSC populations are characterized by the
expression of classic endodermal transcription factors:
FOXA2, HNF6 (hepatic nuclear factor 6), PROX1, SLL4,
SOX9, SOX17, and markers specific for endodermal progen-
itors: EpCAM (epithelial cell adhesion molecule), NCAM
(neural cell adhesion molecule), CD133, and CXCR4. They
are negative or express low levels of hepatic markers: AFP
(alpha-fetoprotein), ALB (albumin), GGT (gamma-glutamyl
transferase) and endocrine pancreas (insulin, glucagon), as
well as mesenchymal, endothelial, and hematopoietic markers
[29]. BTSC are available from all age donors and it was sug-
gested that they may be involved in the regeneration of the
liver, pancreas, and bile ducts [28].

Human hHpSC and hepatoblasts overlap in their phenotyp-
ic markers (Table 1) with prominent participation of EpCAM.
EpCAM (CD326) is a multifunctional transmembrane protein
that is mainly involved in intercellular adhesion. In neoplastic
cells and cancer stem cells, it participates in mediating the
signal for proliferation andmaintaining the stem-like character
of cells [30]. However, during the differentiation of hHpSC
into hepatoblasts, the expression of EpCAM on their surface
decreases. At the same time, on the surface of hepatoblasts the
expression of NCAM (CD56) completely disappears, and it is
replaced by ICAM-1 (intercellular adhesion molecule 1,
CD54). Moreover, the expression of AFP, CD133, and some
other markers, increases [24, 27, 31, 32]. Along with the prog-
ress of stem cell differentiation into hepatoblast, the enhanced
expression of AFP, albumin, and fetal P450 isoenzymes, eg.
CYP3A7, was noted in mice [33]. On the other hand, hHpSC
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and hepatoblasts do not express markers specific for adult
hepatic progenitor cells (HPC), also known in rodents as oval
cells, eg. CD34 and CD117 [27, 34].

The roles of the various markers associated with liver stem
and progenitor potential for differentiation was confirmed in
the iPSC-based model of liver development. Elevated expres-
sion of EpCAM and HNF4-α (as well as GATA4, claudin,
and NCAM) was observed in early hepatic differentiation, at
the stage of hepatic stem cell right after definitive endoderm,
while increased expression of AFP and CD133, as well as
ICAM1, CK19 (cytokeratin 19), and SOX9 was specific for
a later stage of hepatoblast-like hepatic progenitors [24].

Hepatoblasts are defined as bipotent and give rise to
liver precursors for hepatocyte or cholangiocyte cell lines.
Process of hepatoblast maturation is associated with
changes in the expression profile of many transcription
factors [25]. Mature hepatocytes are entirely negative for
progenitor markers such as EpCAM, AFP, and Dlk1 (delta-
like 1 homolog). In contrast, during differentiation the ex-
pression of proteins specific for mature liver, such as albu-
min, alpha-1 antitrypsin (A1AT), cytokeratin 18, cyto-
chrome P450, transferrin, and tyrosine aminotransferase
(TAT), increases. Moreover, these matured cells acquire
the ability to synthesize and store glycogen [24]. A similar
phenomenon of the loss of progenitor cell markers occurs
during hepatoblasts differentiation into cholangiocytes. As
a result, mature bile duct epithelial cells become positive
for markers such as CK7, CK19, osteopontin, GGT and
CFTR [39, 40].

Attempts to use human liver fetal cells in clinical trials have
shown their safety and long-term effect in the treatment of
liver cirrhosis of various etiologies, resulting in the improve-
ment of organ function expressed by a decrease in MELD
score [41]. However, the cells used in this clinical trial did
not represent a homogeneous hepatoblast population.
Patients received an isolated mixture of cells consisting of
hepatocytic, hematopoietic and mesenchymal cell lines, ex-
pressing such markers as vimentin, CD90, and CD29.
Therefore, it is not possible to give an unambiguous answer
whether human hepatoblasts support adult liver regeneration
in humans, or it may be the consequence of an action of other
liver stem/progenitor populations. Moreover, it should be tak-
en into consideration that the main limitation in the use of fetal
liver stem cells in the treatment of liver failure on a large scale
is the ethical controversy related to obtaining these cells from
human fetuses.

The capability of the adult liver to regenerate after partial
hepatectomy reflects the proliferative activity of the existing
hepatocytes [18]. Mature hepatocytes are in the G0 phase of
the cell cycle [42, 43]. Valizadeh et al. distinguish three phases
in liver regeneration following a mechanical injury of the liv-
er. Initially, it is the phase of TNFα (tumor necrosis factor-
alpha) and IL-6 (interleukin 6) secretion by Kupffer cells and
sinusoidal endothelial cells. As a result of their interaction,
hepatocytes pass from phase G0 to G1, and then from G1 to
S. Finally, under the influence of the initiating growth factors:
HGF and TGFα, hepatocytes go into phase M, which results
in their proliferation. In the regeneration phase, the activated

Table 1 Human hepatic stem cells (hHpSC) and hepatoblasts

Positive markers Negative markers Ref.

Human hepatic stem cells

EpCAM, NCAM, CD44H, CD133, CK8/18/19,
claudin-3, CXCR4, FOX2, SOX9, SOX17,
telomerase, ALB (weak or negligible)

ICAM1, AFP, CD45, CYP450,
desmin, VEGFr,

[27, 35]

Hepatoblasts

EpCAM, ICAM-1, AFP, ALB, CD29, CD44H,
CD133, CK8, CK19, CYP3A7, DLK1

NCAM, α-SMA, CD14, CD34, CD38,
CD45, CD90, CD146, CYP3A4, desmin

[17, 27, 35]

EpCAM, AFP, ALB, DLK1, GPC3 NCAM, CD45, CD235a, CK7 [36]

EpCAM, CD26, CD49f, CD324, CK18, CK19 CD34, CD45, CD133 [37]

EpCAM, ICAM-1, AFP, ALB, CK8, CK18, CK19,
CYP3A7, IHH, PTC1, SHH, SOX-9, SOX-17

CD34, CD45 [31]

EpCAM, ICAM-1, AFP, ALB, CK8, CK18, CK19 NCAM, CD31, CD34, CD38, CD45, CD90,
CD105, CD146, claudin-3, CYP3A4,
desmin, VEGFr

[38]

hHpSC are multipotent and self-renewing precursors for bipotent prenatal hepatoblasts giving rise to mature hepatocytes and cholangiocytes, as well as
to other endodermal cell types. hHpSC, hepatoblasts, and most cholangiocytes express EpCAM, whereas mature hepatocytes are EpCAM- . Both
hHpSC and hepatoblasts do not express hematopoietic, endothelial or mesenchymal markers. In general, they are different from each other in that
hHpSC are NCAM+ /ICAM1- /AFP- , while hepatoblasts are NCAM- /ICAM1+ /AFP+

Abbreviations: α-SMA α-smooth muscle actin, IHH Indian hedgehog, SHH Sonic hedgehog.
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liver cells pass from the G1 toM phase [42]. The regeneration
phase is maintained and stimulated by direct and indirect
growth factors [44]. The most important direct factors promot-
ing this process are ligands for EGFR (epidermal growth fac-
tor receptor), namely HGF, EGF, TGFα and HB-EGF; FGF
(fibroblast growth factor) and its receptors, as well as Ras-
MAPK and PI3K/ACT pathways [42]. Mentioned above, di-
rect factors promote mitosis of hepatocytes in vitro and
in vivo. Among the auxiliary factors involved in liver regen-
eration and differentiation of hepatocytes are: bile acids, es-
trogens, IGF-1 (insulin-like growth factor 1), insulin, TNFα
and TNFR1 (tumor necrosis factor receptor 1), IL-6, STAT3,
norepinephrine, FXR receptor, TFR5 receptor, VEGF (vascu-
lar endothelial growth factor), as well as Wnt/β-catenin and
Hedgehog signaling pathways [43]. Auxiliary factors do not
stimulate the divisions of mature hepatocytes, but they inten-
sify and accelerate the action of direct factors [45].

After partial hepatectomy, the liver is able to restore a
significant part of its original volume (in rat liver, up to
70% of its mass may be restored) as a result of the prolif-
eration of hepatocytes, bile duct epithelium, Kupffer cells,
endothelial cells, Ito cells and fibroblasts [46, 47]. This
proliferation, however, occurs not due to mechanical dam-
age, but it is a reaction to a decrease in organ size [46]. It is
known that after partial hepatectomy, human liver regen-
erates within 3-12 months, and the rate of regeneration is
proportional to the volume of the resected fragment [48].
In the study of healthy living donors’ livers, their liver
volume after right-sided hemihepatectomy increased by
94% after seven days (liver volume after surgery was
35% of the original volume), while in patients after left
lateral sectionectomy the volume increased by 22% seven
days after surgery (with a postoperative volume of 81% of
the original one) [49]. The mechanisms for maintaining a
constant liver mass have been termed "hepatostat" [46, 50,
51]. Despite restoring normal cell numbers and organ
weight, the amount of liver lobules is not increased [51].
Stoppage of regenerative processes occurs mainly through
the Yap protein associated with the Hippo pathway, and
pathways associated with the integrin α3/β1 [43].

It is generally accepted that liver regeneration after partial
hepatectomy is mediated by hepatocytes, however in the
chronic liver diseases of various etiologies the regenerative
potential of hepatocytes is limited, and multipotent or bipotent
resident stem/progenitor cells are activated.

Multipotent hepatic stem cells can be isolated from both
healthy and diseased adult human livers [52]. They are char-
acterized by the expression of mesenchymal markers, as well
as some hepatocytic, cholangiocytic and neuronal markers,
integrins and adhesion molecules (Table 2). There are only
few studies confirming expression of pluripotent markers in
these cells. In turn, they do not express hematopoietic and
endothelial markers [53, 54].

In in vitro culture stem cells expressing mesenchymal
markers have spindle-shaped morphology resembling that
of mesenchymal stem cells (MSC) isolated from other
human tissues. Their location within the liver parenchyma
is not precisely determined, and an origin is not known. It
was hypothesised that these stem cells are the descen-
dants of resident MSC persisting in the liver, circulating
MSC or bone marrow mesenchymal stem cells (BM-
MSC), hepatic pericytes or Ito cells, or dedifferentiated
hepatocytes by the process of epithelial-to-mesenchymal
transition [15].

In vitro liver mesenchymal stem cells divide intensive-
ly reaching the confluence required for passage after
about 3-5 days of culture. They are able to differentiate
in vitro not only towards the hepatocytic lineage [52, 59,
60, 64, 65], but also osteocytic [52, 59, 65], chondrocytic
[61], endothelial [52, 53] lineages, and insulin-producing
islet cells of the pancreas [52, 56], but not to the
adipocytic lineage [52, 59, 61]. On the other hand, one
study demonstrated that liver mesenchymal stem cells are
able the differentiate into adipocyte-like cells [65].
Following intrasplenic administration to mice, hepatic
stem cells were localized in the liver and differentiated
into hepatocytes in vivo, thus acquiring the ability to syn-
thesize albumin [64].

The therapeutic potential of human liver stem cells and
extracellular vesicles (EVs) derived from these cells has been
reported in numerous preclinical animal trials, and subse-
quently also in human clinical trials. Preclinical trials with
the use of human liver stem-like cells (HLSC) revealed in-
creased survival of mice with Crigler-Najjar syndrome type
1 [60] and acute liver failure [52, 55], and alleviated the symp-
toms of nonalcoholic fatty liver disease in mice [57, 68].
Moreover, HLSC improved the function of acutely damaged
kidneys of various etiologies [69]. Animal models showed the
protective effect of HLSC-EVs in chronic kidney disease and
the lower expression of genes responsible for kidney fibrosis
[70]. EVs reduced liver damage in a mouse model of liver
injury associated with hepatic perfusion disorders [71] and
reversed kidney damage in mice with diabetic nephropathy
[72]. The therapeutic potential of HLSC-EVs was demonstrat-
ed also in cancer cell research. When applied in vivo to mice,
HLSC-EVs influenced human kidney cancer cells by reducing
their activity, inducing apoptosis and inhibiting proliferation.
Furthermore, by reducing the degree of tumor vascularization,
the EVs increased the time needed to the occurrence of me-
tastases [58, 73, 74].

Successful preclinical trials of the use of HLSC in cell
therapy resulted in their admission to the first phase of clinical
trials in a study of metabolic hyperammonemia in children.
The results confirmed the safety of HLSC administration to
humans. No significant negative side effects were observed,
and no need for immunosuppression was demonstrated [59].
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Several human clinical trials using HLSC are currently ongo-
ing. Attempts are being made to use them in various liver
diseases: congenital, as well as acquired, such as chronic liver
failure or NASH (NCT03884959, NCT02946554,
NCT03963921, NCT01765283) [75].

Human bipotent hepatic progenitor cells (HPC) are often
referred to as oval cells due to their shape in rodents livers.
HPC are quiescent in healthy liver and become precursors of
hepatocytes and cholangiocytes in injured liver [76, 77]. This
is a reason that many markers of HPC are only expressed in
the liver after chemical or viral injury, when these facultative
progenitor cells are activated. The number of HPC correlates
with the severity of liver disease [78].

Oval cells/HPC are located in the wall of canals of Hering
in periportal areas. Proliferation and differentiation of oval
cells was observed in rat and mouse models of chronic liver
injury in which hepatocyte proliferation is inhibited. HPC ex-
pand in human chronic liver diseases, mainly chronic inflam-
mations of various etiologies and tumorigenesis [79–81]. In
humans, a minimum 50% hepatocyte loss is required for sig-
nificant activation of the HPC compartment [78]. Wnt path-
way plays a significant role in HPC expansion, while the
Notch pathway is involved in the HPC differentiation towards
the cholangiocytic lineage [82].

The process of the liver regeneration dependent on
oval cells/HPC is often referred to as ductal reaction.
Besides its activation, ductal reaction also includes im-
mune cell infiltration, Ito cells activation and remodeling
of the extracellular matrix - ECM [83]. In a damaged
liver, Kupffer cells secrete pro-inflammatory cytokines
such as TNFα and IL-6 in response to complement acti-
vation or under the influence of the superantigen - LPS
(lipopolysaccharide). These ligands, by connecting with
their IL-6R and TNFR1 receptors on progenitor cells,
stimulate their proliferation [84], and lead to activation
of MAPK and PI3K/AKT signaling pathways [42] in-
volved, among others, in hepatogenic differentiation
[84, 85]. Progenitor cells proliferate and then migrate to
Disse's space or even liver parenchyma [86], where they
differentiate into hepatocytes or cholangiocytes [87].
Concentration of proinflammatory cytokines including
INFɣ (Interferon-gamma), increases in damaged liver pa-
renchyma. Inflammatory cytokines stimulate M1 macro-
phages to secrete pro-inflammatory and profibrotic cyto-
kines. In contrast, M2 cells secrete IL-4 and IL-13 fac-
tors, that inhibit the inflammatory response and partici-
pate in extracellular matrix degradation [88].

The cellular origin of heterogenous population of HPC
is still not clarified. The relationship between HPC that
appear in the adult liver and fetally derived hHpSC remains
unresolved. In turn, based on the comparison of HPC and
fetal hepatoblasts , which both are prol iferat ing,
clonogenic, bipotential, and share the same markers such

as Dlk-1, and alpha-fetoprotein, as well as are able to re-
populate in vivo, it has been suggested that hepatoblasts are
precursors to HPC. On the other hand, in some studies the
cells expressing Dlk-1 and AFP have not been observed in
the healthy, uninjured liver, what argues against the rela-
tionship between fetal hepatoblast and adult HPC [78].
Furthermore, HPC differ phenotypically and functionally
from human liver multipotent stem cells expressing mes-
enchymal markers [52, 59]. These contradictory findings
regarding the origin of HPC may also suggest their multi-
ple maturational stages [38, 78].

A pattern of specific markers for HPC determined in pa-
tients with chronic liver injury or submassive hepatic necrosis
was shown to be similar to those of rodent oval cells.
Commonly used markers for the identification of oval cells
in rodents are, among others: adult hepatocyte markers
(A1AT, ALB, CK8, CK18, HNF4), hepatoblast markers
(AFP, CD26, CD29, CD49f, GGT, MPK, and some other),
cholangiocyte markers (A6 antigen, CD133, C-met, CK7,
CK19, EpCAM, OV-1, OV-6), hematopoetic markers
(CD34, c-Kit, CXCR4, Thy-1), and neuroepithelial markers
as chromogranin A. Besides, on their surface, there are recep-
tors for HGF, EGF, and TNFα, which are involved in signal
transmission to proliferate and differentiate [22, 76, 77]. A
distinct pattern of HPC surface markers was found between
acute and chronic liver diseases [89]. Most of the molecular
markers for oval cells are also expressed in cholangiocytes
[76]. As a consequence, there are no specific markers to dif-
ferentiate HPC from cholangiocytes and the application of the
above markers seems to be limited by their lack of cell-type
specificity [83].

The application of HPC to cell therapy is an attractive so-
lution, because HPC can be isolated even from diseased livers,
expanded in culture without losing its bidirectional differenti-
ation potential, and transplanted back to the patient without
the need for immunosuppression [78]. Unfortunately, the ef-
ficiency of HPC repopulation and engraftment is still relative-
ly low compared to primary hepatocyte transplantation.
Current protocols fail to differentiate HPC into fully mature
hepatocytes in culture, and it is not known whether HPC can
be tumorigenic in the recipient [78, 83].

It should be taken into consideration that the thesis that
facultative liver stem cells are an important source of new
hepatocytes and cholangiocytes in chronically injured liver
is being challenged [16, 90–92]. It cannot be excluded that
also the plasticity of both hepatocytes and cholangiocytes can
account for tissue repair in the liver and biliary regeneration,
including highly replicative hepatocyte subpopulations, hy-
brid hepatocytes, hepatocytes characterized by high expres-
sion of telomerase, as well as so-called small cholangiocytes.
Finally, transdifferentiation of both hepatocytes and
cholangiocytes into the other compartment when one com-
partment is significantly damaged was observed [83, 93]. It
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also was suggested that hepatocytes can dedifferentiate into
HPC in response to liver injury [78].

As in many other cells with a stemness potential, the acti-
vation of hepatoprogenitors carries the risk of neoplastic trans-
formation, that gives rise to an immortal cell line [77].
However, the regenerating liver has inhibitory mechanisms
necessary to avoid excessive proliferation resulting in neopla-
sia. Inhibitory factors include TGFβ and - belonging to the
same family: BMP and Activin A. The inhibitory effect of
TGFβ on hepatocyte proliferation is balanced by the
profibrotic effects of Activin A and Activin B, as well as
BMPs. At high concentrations, profibrotic factors from the
TGFβ family affect Ito cells and stimulate them to transform
into myofibroblasts, which results in increased liver fibrosis,
cirrhosis and hepatocyte death [94]. Activin A often appears
as a supplement in hepatocyte differentiating media, despite
its proven proapoptotic properties against hepatocytes [95].

Differentiation of Afterbirth Cells Towards
Hepatocytes

To date, a number of attempts have been made to differentiate
stem cells into hepatocytes, with the intention of using them in
organ regeneration. Some satisfactory results have been ob-
tained in in vitro differentiation of cells such as human em-
bryonic stem cells (hESC) [96, 97], human dental pulp stem
cells (hDPSC) [98, 99] and bone marrow mesenchymal stem
cells [100–102], as well as placental and umbilical cord stem
cells (Tables 3, 4 and 5).

Characteristics of Human Epithelial and Mesenchymal
Afterbirth Cells

Human amniotic membrane is a source of both: epithelial
(hAEC; human amniotic epithelial cells), and mesenchymal

Table 3 Protocols for in vitro hAEC differentiation towards hepatocytes, ordered by culture time. Observed changes in gene and protein expression are
included

Culture time & surface Differentiating medium Gene up-regulation Gene down-
regulation

Protein
expression

Cell activity Ref.

14 days Matrigel IMDM, 10% Fetal bovine serum
(FBS), 100 mM non-essential
amino acids (NEAA), 2 mM
L-glutamine, 10 ng/ml EGF,
10 ng/ml bFGF, 20 ng/ml
HGF, 1 μM dexamethasone
(dex), 20 ng/ml oncostatin M
(OSM), 55 μM
β-mercaptoethanol, 1% ITS
Premix

A1AT, AFP, ALB,
CK19, CYP: 1A2,
2B6, 3A4, 7A1

NANOG, OCT-4,
SSEA4

ALB Indocyanine green uptake,
glycogen storage,
albumin and urea
secretion

[113]

18 days plastic DMEM/B27, 10ng/mL FGF2,
20ng/ml HGF, 100ng/ml
Activin A, 20ng/ml OSM,
100μm/L Sodium
Taurocholate Hydrate,
20ng/ml BMP4

AFP, CYP7A1,
FOXA1, TAT

OCT-4 A1AT, ALB,
HNF-4α

Indocyanine green and
LDL uptake, CYP450
inducible activity

[14]

20 days Collagen type-I DMEM/IDMEM, 10% FBS,
20ng/ml EGF, 10-7M dex,
100ng/ml Activin-A, 0,5% m
Hu-alb (Human albumin)

A1AT, ALB, CAR,
C/EBPa, C/EBPb,
CK8, CK18, CK19,
c-MET, CYP: 1A2,
2B6, 2C8, 2C9,
2C19, 2D6, 3A4,
3A7, 7A1, HNF-1α,
HNF-4α, OATP,
PPAR, PXR,
RAR, RXR,

BRCP, OCT-4 Not given Not given [114]

~21 days L-ECM IDMEM, 5% FBS, 10ng/ml
EGF, 10ng/ml FGF2,
10ng/ml HGF, 10−6 M dex,
100ng/ml Activin A

ALB, CYP: 2B6, 2D6,
3A4, 3A7, UGT1A1

Not given ALB, CYP2E1,
CYP3A1

Ammonia metabolism,
CYP450 inducible
activity

[115]

~28 days plastic IMDM, 10% FBS, 1 mM
NEAA, 4 mM L-glutamine,
10 ng/ml EGF, 0.1 μM dex,
1 mM pyruvate

A1AT, ALB, AFP,
CCND1, CYP7A1

NANOG, OCT-4, P21,
P53, SOX-2

CYP3A4,
CYP7A1,

Increased ERK 1/2 phos-
phorylation

[85]

~35 days Collagen type-I DMEM/F12, 10% FBS, 10ng/ml
EGF, FGF-4, HGF, 0,1μM
dex, 10% HepG2
cell-conditioned medium,
0,1μM insulin

ABCA2, ABCB11,
ASS1, CYP3A4,
CYP7A1

EPHX1, SLC27A ALB, HNF-4α LDL and glycogen
presence, Indocyanine
green uptake, urea
synthesis

[116]
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cells (hAM-MSC; human amniotic mesenchymal stromal
cells). Population of epithelial cells can be obtained as a result
of trypsinization of the amniotic membrane [103–106]. A part
of hAEC has surface markers of pluripotency, such as SSEA-3,
SSEA-4, TRA-1-60, TRA-1-81, and is characterized by the
expression of the OCT4, KLF4, REX1 genes [107, 108].
hAEC originate from the epiblast, which gives rise to three
germ layers. This means, that isolated amnion epithelial cells
can potentially give rise to tissues derived from all germ layers.
The observed features of pluripotency make amnion epithelial
cells similar to hESC. Furthermore, for ethical reasons and be-
cause of their biological properties, hAEC are an interesting
alternative to embryonic cells in regenerative medicine. In con-
trast to hESC (or induced pluripotent stem cells - iPSC), they
have low expression of MHC-I (major histocompatibility
complex-I) antigens, and they lack MHC-II (major
histocompatibility complex-II) antigens, what eliminates the

possibility of inducing the recipient's immune system response.
hAEC have low telomerase expression, and therefore do not
exhibit tumorigenicity when used in vivo [12].

Amniotic mesenchymal cells, show much lower expression
of markers for pluripotency than hAEC, and have higher ex-
pression of multipotency markers: CD44, CD49e, CD90, and
CD105 [109]. Expression of multipotency markers can be ob-
served also in other mesenchymal cells isolated from the after-
birth tissues. Their ability to differentiate into other cells is
greater at the early stages of embryonic development and de-
creases over time. In general, afterbirth’s MSC potential to
differentiate is higher than suggested by the presence of
multipotency or pluripotency markers [110, 111]. In vitro stud-
ies have proved effective differentiation, particularly of hAM-
MSC and hUC-MSC, towards adipocytic, chondrocytic,
osteocytic, myogenic, angiogenic, cardiomyogenic,
hepatocytic, pancreatocytic and neurocytic cell lines [111, 112].

Table 4 Protocols for in vitro differentiation of placental MSC towards hepatocytes, ordered by culture time and cell type. In hepatocyte-like cells
obtained after hAM-MSC differentiation, a decreased expression of the alpha-fetoprotein, a marker of fetal hepatocytes, was also observed [111]

Culture time &
surface

Differentiating medium Gene up-
regulation

Increased protein
expression

Cell activity Ref.

human amniotic mesenchymal stromal cells (hAM-MSC)

3 weeks plastic DMEM/LG, 15% FBS, 20 ng/ml HGF, 10-7 M dex, 10
ng/ml OSM, ITS

Not given AFP, CK18 Not given [129]

collagen 1st step: basal medium, 2% FBS, 10 ng/ml bFGF, 20
ng/ml HGF, 0.61 g/L nicotinamide

- - - [111]

2nd step: basal medium, 2% FBS, 1 mM dex, 20 ng/ml
OSM, 50 mg/ml ITS+ premix

ALB, CYP3A4 ALB, HGF Glycogen storage,
cellular uptake of
indocyanine green

collagen type-I α-MEM, 10% FBS, 10 ng/mL hFGF-2, 20 ng/mL
hHGF, 0.1 mmol/L dex, 10 ng/mL OSM

A1AT, AFP,
CK18,

HNF-4α

A1AT, ALB,
CK18,

Glycogen storage [112]

human amniotic fluid mesenchymal stem cells (hAF-MSC)

3 weeks plastic 1st step: IMDM, 10 ng/ml bFGF,
20 ng/ml HGF, 0.1% DMSO

- - - [130]

2nd step: IMDM, 1 M dex, 20ng/ml OSM,
50 mg/ml ITS+ premix

ALB Not given LDL uptake

4 weeks
collagen type-I

1st step: 60% DMEM, 40% MCDB-201, 2% FBS,
1.623 mM glutamine, 0.03 mM nicotinamide, 1
mg/ml linoleic-acid, 0.1 mM L-ascorbic acid,
0.25 mM sodium pyruvate

- - - [131]

2nd step: basal medium, 10 ng/ml FGF-4 - - -

3rd step: basal medium, 20 ng/ml HGF
4th step: basal medium, 20 ng/ml HGF, 20 mg/l dex,

ITS, 1 mM trichostatin A

AFP, ALB,
C/EBPa, CK18,
CYP1A1,
HNF1-α

AFP, ALB,
C/EBPa, CK18,
CYP1A1,
HNF1-α

Glycogen storage,
urea synthesis

human chorionic mesenchymal stem cells (hCMSC)

3 weeks plastic α-MEM, 12% FBS, 2 mM L-glutamine, 10 ng/ml
FGF-4, 20 ng/ml HGF, 10-7 M dex, 10 ng/ml OSM,
ITS, 10 mM N-acetyl-L-cysteine

A1AT, AFP, ALB A1AT, AFP, ALB Not given [132]

collagen 1st step: basal medium, 2% FBS, 10 ng/ml bFGF, 20
ng/ml HGF, 0.61 g/L nicotinamide

- - - [111]

2nd step: basal medium, 2% FBS, 1 mM dex,
20 ng/ml OSM, 50 mg/ml ITS+ premix

ALB, CYP3A4 ALB, HGF, SCF Glycogen storage,
cellular uptake of
indocyanine green
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Differentiation of Amniotic Epithelial Cells

Differentiation of hAEC towards functional hepatocytes can
be performed by several methods, but the effectiveness of
differentiation is difficult to compare between the research
centers. Each of the leading research centers determines the
degree of cell differentiation in a different way (Table 3).
Although, the cells with features of fully mature hepatocytes
have not been obtained yet, it has been indicated which one of
the many signaling pathways is involved in this process [85].

Summing up publications describing the differentiation of
amnion epithelial cells towards hepatocytes, the following
conclusions can be made:

& So far, attempts to differentiate epithelial amnion
cells have resulted in obtaining cells with features
similar to fetal hepatocytes. It was proven based on
exper imenta l da ta of the CYP7A1/CYP3A4

expression ratio [114], and bigger secretion of
alpha-fetoprotein over albumin [14, 114].

& Expression of genes characteristic for hepatocyte-like
cells obtained in differentiation process is higher than in
native hAEC, but definitely lower than in the positive
control - HepG2 hepatic cell line [117].

& Culture on plates coated with extracellular matrix pro-
motes hAEC differentiation into hepatocytes [115].

The presence of pluripotency markers, and the expression
of genes responsible for differentiation and proliferation make
amnion cells similar to induced pluripotent stem cells [118].
This similarity suggests the possibility of differentiating am-
nion cells with in vitromethods effective for iPSC [119–121].
Adopting effective differentiation protocols seems to be a
promising methodological approach for hAEC differentiation
[14, 122]. The first stage of this process is iPSC differentiation
towards definitive endoderm cells, characterized by increased

Table 5 Protocols for in vitro differentiation of mesenchymal stem cells isolated from human umbilical cord (hUC-MSC/hWJ-MSC) towards
hepatocytes, ordered by culture time

Culture time &
surface

Differentiating medium Gene up- regulation Increased protein
expression

Cell activity Ref.

7 days plastic liver homogenate supernatant -
(150 mg of liver with 1 mL of DMEM/F12)

Not given AFP, CK18, TPH CYP3A activity,
albumin and urea
synthesis

[133]

18 days
collagen type-IV

1st step: low-glucose DMEM,
40% MCDB 201 medium, 2% FBS, 10
ng/ml bFGF, 20 ng/ml HGF

- - - [134]

2nd step: low-glucose DMEM, 40% MCDB
201 medium, 2% FBS, 1 μM dex, 20 ng/ml
OSM, ITS+ Premix

A1AT, ALB, CYP3A4,
HNF1-α

Not given Indocyanine green
uptake

3 weeks
collagen

1st step: basal medium, 2% FBS, 10 ng/ml
bFGF, 20 ng/ml HGF, 0.61 g/L nicotinamide

- - - [111]

2nd step: basal medium, 2% FBS, 1 mM dex,
20 ng/ml OSM, 50 mg/ml ITS+ premix

ALB, CYP3A4 ALB, HGF Glycogen storage,
cellular uptake of
indocyanine green

plastic IDMEM, 1% FBS, 10 ng/mL FGF-4, 40 ng/mL
HGF

AFP, ALB, CK18 AFP, ALB, CK8 LDL uptake,
glycogen synthesis

[135]

22 days
plastic

1st step: ADMEM, 2% FBS, 20 ng/ml hHGF - - - [136]
2nd step: ADMEM 2% FBS, 10 nmol/l dex, 10

ng/ml OSM, 1% ITS mix
ALB, HNF-4α ALB, HNF-4α Glycogen storage,

urea synthesis,
LDL uptake

4 weeks
plastic

1st step: 5 mM valproic acid - - - [137]
2nd step: 2% FBS, 10 ng/mL FGF-4,

25 ng/mL HGF
- - -

3rd step: 2% FBS, 25 ng/mL HGF,
40 mg/mL dex, 20 ng/mL OSM, ITS premix

A1AT, A1AT, AFP,
ALB, CK18, CYP1A1,
CYP3A4, G6P,

HNF-4α,
TAT

ALB, CYP3A4 Glycogen storage,
albumin and
urea synthesis

1st step: IMDM, 10 ng/ml bFGF,
20 ng/ml HGF, 0.61 g/ml nicotinamide

- - - [100]

2nd step: 1 μmol/l dex, 20 ng/ml OSM,
50 mg/ml ITS

A1AT, AFP, ALB,
CYP3A4, G6P, TAT

AFP, ALB, CYP3A4 Albumin secretion,
increased blood
urea nitrogen
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expression of FOXA2 and SOX17 genes [122, 123]. The fol-
lowing stages are: obtaining hepatoblasts, and their transfor-
mation into mature hepatocytes [124]. The cells obtained in
this three-step protocol were described as functionally mature
hepatocytes, however, different criteria for assessing the ob-
tained cells have been used. Nevertheless, the obtained cells
possess secretion, storage, metabolic abilities, and are able to
repopulate a damaged liver in animal models [125]. Some
preclinical trials have confirmed their usefulness in the treat-
ment of acute liver failure [126] and congenital metabolic
disorders associated with impaired protein synthesis [127].
On the other hand, there are concerns about the use of
hepatic-like cells (HLC) obtained from iPSC in humans. It is
uncertain, if the changes induced in the cell genomewould not
cause further spontaneous mutations leading to cancer.
However, such concerns are not raised by the use of amnion
epithelial cells [11] and, as it can be assumed, HLC obtained
from them. Preclinical studies on mice [14, 113] using HLC
obtained from hAEC have shown, that their use in the treat-
ment of liver failure in humans does not require the use of
immunosuppressive treatment [13].

Differentiation of Afterbirth Mesenchymal Cells

Afterbirth mesenchymal cells are an interesting alternative to
hAEC for the purpose of hepatocyte differentiation (Tables 4
and 5). A certain limitation of their use on a larger scale is a
small number of mesenchymal amniotic cells [109], or mes-
enchymal umbilical cord cells [128] isolated from one placen-
ta as compared to hAEC [104].

Summing up the studies on differentiation of MSC isolated
from afterbirth tissues towards hepatocytes, the following
conclusions can be made:

& Media used in the differentiation of hAEC and MSC to-
wards hepatocytes are similar in composition in terms of
the growth factors used and their concentrations (Tables 3,
4 and 5). It is yet unknown whether hAEC or MSC have
greater differentiation potential towards hepatocytes and
this aspect requires further studies.

& Differentiated MSC display hepatocyte-like features
in vitro, including urea and albumin synthesis, and
CYP3A4 activity proven by proper diazepam andmidazo-
lammetabolism, which suggests functionality correspond-
ing to mature hepatocytes [133].

& The differentiation process may be more efficient in
afterbirth-derivedMSC than inMSC of other origin [111].

& Sequential differentiation without prolonged exposure of
MSC to HGF should be more effective than one step dif-
ferentiation protocols with high concentrations of HGF. It
is because prolonged exposure inhibits MSC proliferation
and promotes changes in their cytoskeleton [138].

& 3D culture conditions are more effective in the differenti-
ation process of MSC, than standard 2D culture [139].

Preclinical Studies on Using Human Afterbirth
Cells and Their Derivatives in Liver Failure
Treatment

The potential outcomes of effective cell therapy performed
with human stem cells isolated from the afterbirth tissues
and their derivatives obtained during its ex vivo differentiation
are: their documented potential to reduce inflammation, stim-
ulate cell division, inhibit apoptosis, prevent fibrosis, and un-
dergo further differentiation [105, 140]. A new scientific di-
rection in the area of liver failure therapy are studies on
exosomes secreted by stem cells into culture media.
Exosomes are molecules other than growth factors, cytokines
or hormones. They contain many microRNA, mRNA and
protein molecules [141]. In vivo studies demonstrated the ef-
fectiveness of exosomes secreted by damaged hepatocytes
[141], MSC [142] and hAEC [143] in suppression of toxic
liver damage and its hepatoprotective activity.

Preclinical Studies Conducted with hAEC

hAEC were used in the treatment of experimental liver failure
in several animal models with native amniotic epithelial cells
[144–147], hAEC culture media containing their secretory
products [143], and epithelial cells partially differentiated to-
wards human hepatocytes [113]. Each of these approaches has
its advantages and limitations, nevertheless, they resulted in
improved liver functioning (Table 6). Positive effects of ex-
perimental studies and the confirmed safety of amniotic epi-
thelial cells in preclinical studies in vivo, formed the basis for
conducting a case-control study in humans in which liver fail-
ure was treated with hAEC [11].

Summing up the results of experiments performed in ani-
mal models in vivo, it can be stated that hAEC and their de-
rivatives show the following effects in the acute and chronic
liver injury:

& hAEC reduce TGFβ synthesis. This leads to inhibition of
myofibroblasts derived fromHSC, thereby reducing ECM
production [145].

& Substances secreted by hAEC into their niche act anti-
fibrotically in a paracrine manner [148, 149]. hAECs stim-
ulate the transformation of macrophages into the M2 phe-
notype, which in contrast to M1, display immunomodula-
tory, anti-inflammatory and anti-fibrotic activity [143].

& The therapeutic effect of hAEC may be significantly de-
pendent on the number of cells given to the recipient, what
should constitute a subject of further studies (Table 6).
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Positive effects of hAEC and their derivatives, such as
improved liver function, reduction of fibrosis and inflamma-
tion, raise the question about the necessity of stem cells dif-
ferentiation towards hepatocytes, if the use of native amniotic
cells gives promising results. Unfortunately, it is not possible
to give a clear answer to this question, due to a small number
of scientific reports dealing with such cells in in vivo therapy.
Lin et al. administered hAEC, partially differentiated towards
hepatocytes to mice with chronic liver injury and achieved a
greater increase in serum albumin levels in animals, and gen-
erally a stronger liver function improvement compared to
those, that received native amniotic epithelial cells [14]. This
indicates, that pre-differentiation towards a specific cell line
may result in more effective regeneration and improvement of
liver function. A similar phenomenon has been observed in
case of preliminary in vitro differentiation of mesenchymal
stem cells derived from adipose tissue [150], hESC [151]
and iPSC [152]. Some researchers remark the aspect of the
involvement of mature target organ cells in the in vivo differ-
entiation of native hAEC [115, 153].

Preclinical Studies Conducted with Mesenchymal
Stem Cells

Mesenchymal cell populations isolated from the afterbirth tis-
sues are well characterized in terms of their positive

pleiotropic effect in the treatment of liver failure in animals
(Tables 7 and 8) and in humans [154, 155].

Attempts have been made to evaluate in vivo effects of
hepatocyte-like cells derived from afterbirth’s mesenchymal
stem cells (Table 9), however this issue requires further stud-
ies, ideally comparing the effectiveness of HLC derived from
mesenchymal stem cells and native MSC, in the treatment of
liver failure.

Summarizing the results of preclinical experiments in vivo,
the following conclusions can be made regarding the effect of
mesenchymal afterbirth cells in acute and chronic liver failure
therapy:

& MSC reduce the inflammatory process associated with
liver damage by reducing the expression and secretion of
inflammatory cytokines. Moreover, they increase the ex-
pression and thereby secretion of anti-inflammatory cyto-
kines [156, 175].

& Using MSC in therapy results in limited liver fibrosis
[110, 166, 167].

& MSC affect the phenotype of M1 macrophages and pro-
mote their change into M2 [175].

& Mesenchymal cells isolated from the postnatal tis-
sues reduce the cytokine storm phenomenon during
acute and chronic liver damage, thus reducing the
cell apoptosis and necrotic areas [133, 142, 157,
158, 176, 177].

Table 6 Animal models of the use of hAEC, hAEC-derived hepatocytes and exosomes (EVs) in the treatment of liver failure

Host Number of cells or
EVs per one
individual

Experimental model Results Ref.

Native hAEC

Rat 3 × 106 Acute injury – surgical BDL Decreased: fibronectin deposition, areas occupied by myofibroblasts, number
of cells positive for S100A4, TGFβ pathway activation, αvβ6 integrin
expression.

[145]

Mouse 5 × 106 Acute injury – CCl4 Decreased: levels of total bilirubin, ALAT, ASPAT, ALP;
areas of liver necrosis.

Increased: survival rate of mouse after lethal dose.

[113]

4 x 106 Chronic injury - NAFLD diet Decreased: liver fibrosis, activation of HSC, activation of TGFβ pathway,
amount and activity of liver parenchymal macrophages.

General anti-fibrotic effect.

[144]

0.5 x 106 MPS1-knockout
(Hurler syndrome)

Decreased: urinary GAG concentration,
Increased: liver α-L-iduronidase enzyme activity,
General therapeutic efficacy of hAEC for MPS1 Hurler syndrome.

[146]

hAEC-derived hepatocytes

Mouse 5 × 106 Acute injury - CCl4 Decreased: levels of total bilirubin, ALAT, ASPAT, ALP;
areas of liver necrosis.

Increased: survival rate of mice after the lethal dose.

[113]

hAEC exosomes

Mouse 24 × 106 hAEC-EVs Chronic injury - CCl4 Decreased: TGFβ1 and α-SMA expression, collagen production, HSC
activation, activation of Kupffer cells and a change in their phenotype.

General immonomodulatory and anti-fibrotic effect.

[143]
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& HLC obtained fromMSC differentiation under 3D culture
conditions are more effective in lowering transaminase
levels after in vivo use, than those differentiated under
2D conditions [174].

& Hepatocytes derived from MSC improve liver function
and increase serum albumin levels more efficiently than
native MSC [173].

& In vivo use of MSC partially differentiated into hepato-
cytes appears to be safer than use of native MSC due to
the fact that the use of native MSC may result in their
differentiation into fibroblasts, which gather in fibrous
septa, thus acting profibrotically [172, 178].

Clinical Studies on Epithelial
and Mesenchymal Afterbirth Cells
in the Treatment of Liver Failure

Based on preclinical attempts to treat liver failure using stem
cells isolated from the afterbirth tissues, it can be concluded
that these cells support the natural regenerative mechanisms.
The use of afterbirth cells is intended to improve liver func-
tion, rather than to rebuild its structure. Native cells improve
liver function by reducing inflammation and fibrosis, and as a
consequence the remaining organ parenchyma has a chance to
regenerate itself and regain metabolic function including the

Table 7 Animal models of the use of mesenchymal stem cells isolated from human umbilical cord (hUC-MSC/(hWJ-MSC), their exosomes (EVs) and
umbilical cord blood (hUCB-MSC) in the treatment of liver failure

Host Number of cells or
exosomes per one
individual

Experimental model Results Ref.

human umbilical cord mesenchymal stem cells (hUC-MSC/(hWJ-MSC)

Rat 5 × 106 Dimethylnitrosamine-induced
liver fibrosis

Decreased: ALAT and ASPAT plasma levels, and fibrosis, cholestasis,
collagen deposition in the liver;

Increased: mobilization of Kupffer cells, transition from M1 to M2
phenotype, and IL-10 and IL-4 plasma levels.

[156]

5 × 106 Chronic injury – CCl4 Decreased: expression of α-SMA, TIMP-1, collagen type I and III, and
ALAT, ASPAT and plasma bilirubin levels; hepatocyte swelling,
necrosis, steatosis and centers of regeneration;

Increased: expression of vimentin, E-cadherin, α-catenin and MMP-13, and
ALB concentration.

[157]

3 x 106

hUC-MSC
-------------
2.85-3mg
hUC-MSC-EVs

Ischaemia/reperfusion
(I/R) injury

Decreased: ALAT, ASPAT, ALP, IL-1β, IL-6, and TNFα in plasma,
hepatocyte necrosis, number of hepatic infiltrating neutrophils, expression
of caspase 3 and mitochondrial reactive oxygen species levels, serum
serum IL-1β, IL-6, and TNFα levels (all in both groups -
hUC-MSC-treated and hUC-MSC-EVs-treated)

Decreased: mRNA levels for IL-1β, IL-6, TNFα, CCmotif ligand 12, IFN-γ
and TLR4 (in hUC-MSC-EVs-treated group)

[142]

2.2-2.5 x 106 Acute injury - D-GalN
(1000 mg/kg b.w.) and LPS
(10μg/kg b.w.)

Decreased: ALAT, ASPAT and bilirubin in plasma, hepatocyte necrosis and
inflammation, number of apoptotic hepatocytes;

Increased: number of proliferating hepatocytes.

[158]

1 x 106 Acute injury – CCl4 Decreased: ALAT, ASPAT and bilirubin levels in plasma, inflammation,
cell degeneration and necrosis.

[133]

Mouse 5 × 106 Acute injury - acetaminofen
i.p. 500mg/kg b.w.

Decreased: ALAT, ASPAT, ALP, GGTP and bilirubin in plasma, interstitial
inflammation.

[159]

3-5 x 106 Acute injury - CCl4 Decreased ALAT, ASPAT and bilirubin levels. [160]

2 x 106 Chronic injury – CCl4 Decreased: ALAT and ASPAT plasma levels, COL1, COL3, TGF-β1
mRNA expression, inflammation and swelling of liver cells, damage to
mitochondria and parenchyma;

Increased: TGFα mRNA expression.

[161]

1 × 106 Ischaemia/reperfusion
(I/R) injury

Decreased: ALAT and ASPAT in plasma, severity of damage. [162]

5 x 105 Fulminant injury – D-GalN Decreased: number of necrotic cells and inflammatory response cells,
reduced liver damage, extended survival time of animals.

[163]

2.5 x 105 Acute injury – CCl4 ALAT, MCP-1 and IP-10 serum levels were not significantly changed in-
dicating lack of therapeutic effect of stem cells.

[164]

human umbilical cord blood mesenchymal stem cells (hUCB-MSC)

Mouse 1 x 106 Chronic injury – CCl4 Decreased: bilirubin level, expression of ITGB1 and COL1A1, number of
SMA(+) cells and parenchymal fibrosis;

Increased: albumin synthesis.

[165]
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synthesis of proteins. However, the use of native cells resulted
in lesser improvement compared to partially differentiated
cells. Positive results and the lack of side effects of the use
of native hAEC in preclinical studies of liver failure therapy
resulted in their introduction into human studies. First stages
of clinical trials were carried out on patients in the terminal
stage of chronic liver failure. They aimed at the assessment of

safety of native hAEC, but not epithelial cells differentiated
into hepatocytes, in therapy of liver diseases in humans, but
their results have not yet been published [11, 13].

Over the last decade, the interest in mesenchymal cells
has increased significantly, and the total number of regis-
tered clinical trials using native hAM-MSC, hAF-MSC,
hWJ-MSC, hCP-MSC, hCV-MSC and hUC-MSC in the

Table 8 Animal models of the use of mesenchymal stem cells isolated from human placenta in the treatment of liver failure

Host Number of cells or
exosomes per one
individual

Experimental model Results Ref.

human amniotic mesenchymal stromal stem cells (hAM-MSC)

Rat 1 x 106 Sclerosing cholangitis,
ANIT-induced

Decreased: biliary hyperplasia, fewer necrotic changes, expression
of MMP-9, α-SMA, TGF-β, type I collagen, MMP-2 and TIMP-1,
Glisson score.

[166]

Chronic injury – CCl4 induced Decreased: expression of COL1, α-SMA, CD68 and TIMP-1;
Increased: expression of MMP-9 and HGF. General anti-fibrotic effect.

[167]

Mouse intrahepatic
administration,
number not given

Acute injury
- CCl4 induced

Decreased: ALAT, ASPAT, TNF and IFN-γ plasma levels, histological
markers of liver damage;

Increased: IL-10 plasma concentration.

[168]

human chorionic plate mesenchymal stem cells (hCP-MSC)

Rat 2 × 106 Chronic injury
- CCl4 induced

Decreased: expression of Shh, Smo, Gli2 and Gli3 (HH signaling pathway),
amount of hepatic hydroxyproline, number of collagen fibers and liver
progenitor cells;

Increased: expression of Ihh protein and miRNA-125b.

[169]

Decreased: IL-6 and IL-6 receptor methylation;
Increased: expression of cyclins E and A, albumin, and IL-6; methylation of

SOCS3 and STAT3.

[170]

Decreased: lymphocyte infiltration, expression of PARP, caspase 3/7,
proteins of the pathway associated with autophagy (PI3K class III,
Beclin1, ATG7, ATG5-12, and LC3 II), and phosphorylated
m-TOR kinase;

Increased: HIF-1α expression and its translocation to the nucleus, protein
expression of Bcl-2, Bax, factors associated with proliferation (Jak1,
PI3K p110a, phosphorylated ERK1/2, and Smad2/3), cyclin E and A,
PTTG1, IL-6, gp130, ABCG1 and ABCG2, and proliferation
index (Ki67).

[171]

Table 9 Animal models of the
use of hepatocyte-like cells de-
rived from human umbilical cord
and umbilical cord blood in the
treatment of liver failure

Host Number of
HLCsper one
individual

Experimental model Results Ref.

human umbilical cord-derived hepatocyte-like cells

Rat 1 x 106 Acute injury - CCl4 Decreased: bilirubin, ALAT and ASPAT
serum levels, reduced liver damage;

Increased: serum albumin level. survival
rate of rats after lethal dose.

[172]

Mouse Decreased: ALAT and ASPAT serum
levels, reduced liver damage;

Increased: serum albumin level.

[173]

human umbilical cord blood-derived hepatocyte-like cells

Mouse 1 x 106 Chronic injury – CCl4 Decreased: ALAT and ASPAT plasma
levels, fibrotic index. Reduced
liver damage.

[174]
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treatment of various diseases, exceeded 100 [75].
According to the U.S. National Library of Medicine data-
base, 20 clinical trials using hUC-MSC are registered for
the treatment of liver diseases, including 15 in cirrhosis (as
of 12/03/2020). In the study of Xu et al., hUC-MSC (1 x
105 cells/kg b.w. twice or four times, depending on the
group) were administered to patients with acute hepatic
failure overlapping chronic failure caused by HBV infec-
tion. The decrease in ALAT, ASPAT and bilirubin in plas-
ma, as well as in MELD score, was observed [154]. In the
pilot study of Shi et al., patients after liver transplantation
with acute transplant rejection received hUC-MSC (1 x 106

cells/kg b.w.) together with standard immunosuppression.
Patients after hUC-MSC infusion had lower ALAT plasma
levels, and increased levels of the TGFβ1 and PGE2, in
comparison to the control group. Moreover, improved liver
morphology and a higher number of regulatory T lympho-
cytes in peripheral blood, were observed. No side effects of
stem cell infusions were identified [179]. Zhang et al. ex-
amined the effects of hUC-MSC in patients with decom-
pensated cirrhosis in the course of chronic hepatitis B.
Patients received 0.5 x 106 cells/kg b.w. and were followed
up for two years after administration. Increased levels of
plasma albumin, prothrombin and cholinesterase, together
with reduced total bilirubin level were observed in patients
in the study group. The authors concluded about possible
improvements in liver function and thrombin functionality
in these patients. The decrease in the MELD Na score was
faster in the patients in the study group, and a significant
reduction in ascites was observed. The concentration of
liver fibrosis markers (serum laminin, hyaluronic acid,
PIIINP and type IV collagen) decreased and HGF level
(fibrosis inhibiting factor) increased compared to the con-
trol group [155]. Unfortunately, trials using afterbirth MSC
other than hUC-MSC or MSC partially differentiated into
hepatic cells are not registered for the treatment of liver
diseases [75].

Summary

Previous in vitro and in vivo studies indicate that cells isolated
from the afterbirth tissues may play an important role in the
supportive therapy for acute and chronic liver failure. Their
advantages include multilineage potential for differentiation,
no need for immunosuppression after administration, and no
tumor formation in recipient organisms [147, 180]. The het-
erogeneous population of these cells comprises the cells of
different stages of differentiation, namely: pluripotent,
multipotent, progenitor, and mature cells, characterized by
the expression of specific transcription factors and surface
markers [181]. The expression of epithelial, or mesenchymal
markers, as well as lineage-associated markers of early

differentiation, varies among hAEC and afterbirth MSC
reflecting their potential to proliferation, self-renewal, and dif-
ferentiation towards the cells representing three germ lineages.
Both hAEC and MSC express embryonic stem cell and
pluripotency markers, however the level of marker expression
remains variable. Furthermore, hAEC express epithelial cell
markers such as cytokeratins, E-cadherin, and EpCAM. In
turn, mesenchymal cell markers are more specific to afterbirth
MSC but they have also been reported on the surface of hAEC
[182, 183]. A very small amount or none of the studied hAEC
and afterbirth MSC express hematopoietic markers. However,
both these populations express various endodermal markers,
as GATA-4, HNF-3β, AFP, ALB (in hAEC), GLUT-2,
CK18, A1AT, and HNF-4α. After the culture of amnion cells
with the hepatic differentiation protocol, they expressed high
mRNA levels of both fetal and adult hepatocyte markers:
AFP, CYP7A1, ALB, and A1AT [85]. It should be noted, that
there are discrepancies in the data presented by authors in the
literature concerning the pattern of markers expressed by ep-
ithelial and mesenchymal afterbirth cells [109, 181].

Native human afterbirth cells share some phenotypic fea-
tures comparable with human hepatic multipotent stem cells
(hHpSC) and bipotent hepatoblasts: EpCAM, CK19, CD133
[17, 27, 35, 181], adult multipotent stem cells expressing mes-
enchymal markers: CD44, CD73, CD90, CD105, CK19,
SSEA-4, NANOG, OCT-4 [15, 52, 66, 67, 181, 53–60] and
adult bipotent hepatic progenitor cells (HPC): DLK-1 [78,
184]. EpCAM expression, characteristic of hepatoblasts, but
not of mesenchymal liver cells, has been confirmed in after-
birth cells only in few studies [181, 183–185].

Experimental data indicate that stem cell pre-differentiation
towards a specific cell line may result in more effective regen-
eration and improvement of liver function [14]. So far, at-
tempts to differentiate afterbirth cells toward hepatocytes re-
sulted in obtaining cells with features of hepatoblasts, charac-
terized by elevated expression of fetal hepatocyte-specific
genes (Fig. 1). It is yet unknown whether hAEC or afterbirth
MSC have greater hepatocytic differentiation potential. It can-
not be excluded that the differentiation process may be more
efficient in afterbirth-derived MSC than in MSC of other or-
igins. Sequential differentiation without prolonged exposure
of MSC to HGF should be more effective than one step dif-
ferentiation protocols with high concentrations of HGF.
Culturing the afterbirth cells on plates coated with extracellu-
lar matrix or 3D culture conditions promote differentiation
into hepatocytes. A similar phenomenon of enhanced liver
regeneration by pre-differentiated stem cells [14] has been
observed during preliminary in vitro differentiation of adipose
tissue-derived mesenchymal stem cells, hESC, and iPSC
[126]. Perhaps the use of a three-step differentiation protocol
for the differentiation of the fetal MSC and/or hAEC will
result in fully functional hepatocytes, as has been described
earlier in iPSC cultures [122].
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Preclinical trials using the native afterbirth MSC and
hAEC resulted in improved liver function in animals, and
the cells given became similar to hepatocytes over time,
thus, to some extent, restored its structure [180].
Afterbirth cells reduced the inflammatory process associ-
ated with liver damage by inhibiting the production of in-
flammatory cytokines and secretion of anti-inflammatory
cytokines, thus reducing the cell apoptosis and necrotic
areas, and inhibited liver fibrosis [145, 156, 175].
Positive effects observed in animals led to clinical trials
in humans. In the case of native hUC-MSC, beneficial
effects on liver function were observed, whereas results
of the use of native hAEC are yet unknown [11, 13].

The use of pre-differentiated human liver cells in pre-
clinical studies resulted in noticeably better improvement
in liver function, compared to the native cells [14].
However, the protocols for in vitro obtaining hepatocytes

from afterbirth stem cells are not optimized and require
further improvements and subsequent evaluation of the
usefulness of these cells in in vivo liver regeneration
models. To date, no clinical trial using hepatocyte-like
cells obtained by differentiation of afterbirth cells, based
on effective, safe, and GMP-compliant protocol cells, has
been registered.
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