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The use of embryonic cells for the therapy of insufficiency in vitally important organs is a
promising approach of transplantation medicine. Transplantation of fetal cells can restore liver
functions during severe failure of various geneses. We review modern notions about histoge-
nesis, structure, and mechanisms of functioning of low differentiated hepatocytes and extra-
hepatic cells that can be used for transplantation. Methods for ex vivo isolation of fetal cells

for transplantation are described.
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Much progress in culturing of somatic cells, genetic
engineering, and molecular biology was achieved in
the last 25-30 years, which offers new scope for di-
rected modulation of physiological functions. Intra-
and interspecies transfer of cells is the most promising
field of biology and medicine. Transplantation of cells
opens up new approaches to studies of embryogenesis
and organogenesis. Transplantation of specialized so-
matic cells is method for replacement cellular therapy
of immune deficiency, hereditary abnormalities in cell
metabolism, and acute functional insufficiency of
organs. This procedure is widely used for intrauterine
correction of hereditary defects [1].

The therapeutic effects of transplantation are me-
diated by embryo-specific growth factors, cytokines,
or signal molecules capable of stimulating regene-
ration and survival of liver cells in the organism of
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recipients. The mechanisms underlying therapeu-
tic activity of transplanted cells are extensively
studied. The effect of fetal cells is probably associated
with the activation of specialized and precursor cells.
Donor cells and recipient regenerating cells partially
or completely normalize molecular and cellular ho-
meostasis.

Transplantation of Liver Cells:
General Concept and
Substantiation of Approaches

As noted by the World Health Organization, chronic
liver failure ranks 5th among mortality factors in the
Earth. In 80% patients acute liver failure (ALF) leads
to a lethal outcome. Plasmapheresis, hemodialysis,
ultrafiltration, and hemosorption used over the past 25
years did not produce desirable results in the therapy
of patients with ALF. Plasmapheresis and hemoper-
fusion in the absence of biologically active cells did
not decrease the mortality rate in patients with this
disease. Radical therapy of these patients suggests
transplantation of histocompatible liver.
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The transplantation register of the United Nations
Organization shows that the incidence of liver trans-
plantations to adult patients and children performed in
1988-1991 increased by 85 and 30%, respectively.
Then the number of surgeries decreased slightly due
to inadequate supply of donor organs. More than 25,000
transplantations were performed in the United States
in 1967-1997. Some patients with donor livers live
10-20 years and retain the ability to work [1].

Transplantation of somatic cells in clinical prac-
tice is limited due to insufficient abilities of organ
transplantation, low quality and deficiency of donor
tissues. In the United States and Europe only 15-25%
patients receive adequate therapy (organ transplanta-
tion). Ten donor organs per 1 million patients are re-
quired annually to satisfy the current demand for livers.
Not more than 20% patients survive up to surgery. The
number of patients requiring organ transplantation by
vital prescriptions increases with demographic aging
and distribution of chronic viral diseases. Transplan-
tation of somatic cells is a promising alternative to
organ transplantation [1].

Various hereditary metabolic defects of the liver
can be compensated by transplantation of 3-5% hepa-
tocytes. Despite high rejection rate for donor hepato-
cytes in the liver of recipients, implanted donor cells
undergo division, form hepatocyte steems, and stimu-
late regeneration of the remaining liver parenchyma.
The advantage of cell transplantation is that it allows
repeated treatment with cryopreserved cells (e.g., im-
mortalized human and porcine hepatoblasts) standardi-
zed for medical purposes. Organ transplantation has
considerable technical difficulties: parenchymal or-
gans may not be cryopreserved, the vascular endothe-
lium is irreversibly damaged during heat and cold
ischemia, and parenchymal cells rapidly die in situ.

Development of the Method
for Hepatocyte Transplantation

Hepatocyte transplantation is an alternative to trans-
plantation of the liver. This method originates from
operations when surgeons decreased the volume of
grafted tissues to attenuate rejection. Initially, the ther-
apeutic effect was achieved after transplantation of the
liver lobe. Then transplantation of 10-15% liver pro-
duced the desired effect. Transplantation of small seg-
ments is used for supportive therapy of patients, when
appropriate donor liver is not availible [32].

It is necessary to obtain maximum number of he-
patocytes per unit of volume during the development
of artificial liver. This is achieved by culturing of
hepatocyte monolayers on each side of an artificial
filter. The relationship between monolayers of paren-
chymal cells forming bile canaliculi in the hepatic tra-
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becula was studied. A three-dimensional structure of
artificial livers approaches the structure of hepatic
lobules. Hepatocyte monolayers are separated from the
blood flow with a semipermeable membrane allowing
active and passive transport of substances between the
external and internal space. In the culture with high
density of cells, hepatocytes and endothelium survive
and retain specific functions for 25 days [79].

Apart from studies of extracorporal bioartificial
liver, a method of microtransplantation of liver tissues
for the correction of ALF in animals was elaborated.
Preference was given to fetal hepatocytes. These cells
were characterized by high survival and proliferation
rates. Rejection of fetal hepatocytes was insignificant.
For example, the survival rate in animals with lethal
ALF increased on day 7 after intraomental transplan-
tation of fetal hepatocytes from rats or pigs. It should
be emphasized that 0.5-cm® fragments of the fetal liver
were most effective [32]. Administration of donor
hepatocytes into the omentum improved survival in
rats with liver failure. The omentum contains con-
siderable amounts of loose connective tissue with nu-
merous capillaries and stem compartments. To in-
crease the survival rate of non-rejected cells, hepato-
cytes were implanted into the omentum using polymeric
carriers [41]. Inoculation of donor hepatocytes into the
abdominal cavity in rats with lethal ALF also pre-
vented death of animals. Administration of syngeneic
hepatocytes into the abdominal cavity improved sur-
vival of rats with ALF produced by D-galactosamine.
Biochemical parameters of the blood improved in 25%
survived animals. The suspension of freshly isolated
hepatocytes was most effective, while cells embedded
into gel produced a less pronounced effect [38].

These data indicate that transplantation of hepato-
cytes holds much promise for the correction of func-
tional insufficiency of the liver. The dynamics of pro-
tooncogene expression showed that the transplanted
liver is characterized by active regeneration and con-
tains proliferating hepatocytes. It is important that
regeneration of hepatocytes in transplanted livers can
compensate post-operative rejection of the transplant
due to immunological incompatibility.

Therefore, successive transplantation requires the
selection of suitable donor hepatocytes. The criteria
for selecting these cells are described below.

Stem Cells as the Material
for Transplantation

The use of isolated hepatocytes is associated with 2
difficulties. First, the therapy of liver failure requires
a considerable number of mature hepatocytes (25 bil-
lion cells) [6]. And second, these hepatocytes are char-
acterized by very low division rate. Normal adult hepato-
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cytes do not proliferate in the culture without epider-
mal growth factor or hepatocyte growth factor [23,48].
Proliferation and differentiation are interrelated pro-
cesses. The higher is the degree of hepatocyte diffe-
rentiation (i.e., their ability to perform specialized
functions), the lower is the rate of their proliferation
[40]. Transplantation should be performed with a con-
siderable number of differentiated hepatocytes capable
of proliferating (mutually exclusive conditions). For
the present, only one approach can solve the problem.
This method suggests the use of stem liver cells (SLC)
that retain the ability to undergo proliferation and dif-
ferentiation into specialized cells. Three type of SLC
can be used:

— embryonic SLC, or embryonic bipotent stem
precursor cells of the liver (BSPCL), differen-
tiate into hepatocytes or bile duct cells depen-
ding on culturing conditions;

— mature hepatocytes that sometimes regain the
ability to proliferate;

— oval cells are nonparenchymal liver cells with
pronounced proliferative activity [26].

BSPCL originate from endodermal cells forming
the hepatic diverticulum, which appears on the perito-
neal side of the anterior endoderm in human embryos
on day 22 of intrauterine development [17,34]. BSPCL
form hepatic trabeculae by spreading in the septal
mesenchyma [17,34]. BSPCL can be detected in the
liver of human and rat embryos from the end of the
4th week and days 10-12, respectively [25]. These
cells designated as hepatoblasts proliferate and diffe-
rentiate into hepatocytes or bile duct cells. This pro-
cess proceeds over several months in humans and by
the end of the 2nd week in rats. At this stage differen-
tiation of hepatocytes and bile duct cells is reversible.
Hepatoblasts can differentiate into ductal cells [77].
Ductal cells are transformed into oval cells, non-dif-
ferentiated elements capable of developing into hepa-
tocytes, bile duct cells, and cells of other organs (en-
terocytes and pancreatic cells) [77]. Bipotency of SLC
was thoroughly studied in culture, since they can be
isolated from rat and mouse embryonic liver by the
end of 2 weeks gestation [28]. Under various condi-
tions of culturing SLC differentiate into hepatocytes
or bile ductal cells. These cells may be easily distin-
guished by ultrastructural and specific markers (albumin,
o-fetoprotein, and cytokeratins 1 and 18 in hepatocytes;
cytokeratins 7 and 18 and y-glutamyltransferase in duct
cells) [28,66]. There are a variety of markers for iden-
tification of SLC. The major pathways for evolution
of these cells were characterized [77].

Endodermal cells not differentiated into BSPCL
express hepatocyte nuclear factor 3 (hepatocyte growth
factor 3). This is an early transcriptional factor de-
tected in the hepatic diverticulum [81]. This factor is
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expressed earlier than other proteins modulating trans-
cription [18,70,81] and, probably, regulates the for-
mation of the endoderm and differentiation of liver
cells [70].

SLC used for the therapy of liver failure can be
isolated after interruption of pregnancy by medicinal
prescriptions. The objections against treatment with
embryonic hepatocytes are associated with ethical
principles. Moreover, embryonic hepatocytes differ
from mature hepatocytes. Gluconeogenesis in human
liver starts only on the 4th month of embryogenesis
[34]. Polarity of rat hepatocytes disappears several
weeks after birth. Moreover, the embryonic liver ex-
presses o-fetoprotein, but not albumin [62]. Therefore,
embryonic hepatocytes can proliferate, but do not
compensate functional activity of the organ. An at-
tempt was made to use embryonic hepatocytes for the
therapy of patients with fulminant liver failure [31].
Seven patients intraperitoneally received human em-
bryonic hepatocytes. However, this attempt was un-
successful.

Recent experiments were performed embryonic
cells isolated from human liver. Their differentiation
into hepatocytes or bile duct cells was studied [47].
Precursor cells of rat embryonic liver isolated on day
14 were distributed in the liver of adult rats and for-
med hepatic trabeculae and bile ducts [10]. The po-
pulation of precursor cells spreading in the liver and
differentiating into mouse liver parenchyma can be ob-
tained by flow cytofluorometry [71]. This finding pro-
vides a way for elaborating an alternative approach to
liver transplantation. Despite great interest to these
results [65], the use of human liver precursor cells is
still a difficult problem.

Mature hepatocytes are slowly dividing cells.
Normal liver contains 0.10-0.01% mitotic cells
[16,23]. The ratio of mitoses sharply increases during
liver regeneration after partial hepatectomy in rats
[23,48]. However, in this experimental model the po-
pulation of liver cells is replenished with proliferating
(differentiated) hepatocytes [2,48,77]. In other words,
mature hepatocytes are unipotent stem cells. As diffe-
rentiated from other stem cells [59], they differentiate
only into one type of cells.

The question arises: whether differentiated adult
hepatocytes can populate the affected liver? Studies on
transgenic mice with severe disorders of the liver sti-
mulating its regeneration for a long time showed that
transplantation of normal adult hepatocytes into mouse
liver provides its complete repopulation [55, 60].
Under these conditions adult hepatocytes are capable
of proliferating. Mature cells undergo up to 77 divi-
sions (which is comparable with division potential of
hemopoietic stem cells) [56]. This approach was used
on the model of acquired liver diseases. Complete
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repopulation of the liver with adult hepatocytes pro-
ceeded in rats, when the cell cycle was suppressed with
alkaloid retrosine after partial hepatectomy [42]. Ex-
periments on analbuminemic Nagase rats revealed al-
bumin in the liver of animals after liver transplanta-
tion. In these rats plasma albumin concentration retur-
ned to normal 4 months after hepatocyte transplanta-
tion [53]. Transplanted mature hepatocytes contact
with hepatocytes in hepatic lobules and bile duct cells
[42,56]. Moreover, transplanted hepatocytes retain
morphological and functional characteristics of adult
hepatocytes and do not undergo transformation into
ductal or tumor cells [56].

These interesting results raise a number of ques-
tions. It remains unclear whether all adult hepatocytes
or only individual cells can proliferate. Fractionation
of cells showed that medium and large hepatocytes
(but not small cells) display the ability to proliferate
[56]. Medium and large hepatocytes are localized in
the medial and central zones of hepatic lobules, while
small cells are present around the periportal space.
Because of periportal localization, some authors hypo-
thesized that small hepatocytes are adult stem cells of
the liver [64,69]. However, experiments with liver
regeneration after partial hepatectomy showed that all
hepatocytes can proliferate independently on their lo-
calization in the lobule [4,23].

Further investigations should be performed to
evaluate factors initiating hepatocyte proliferation.
Growth factors play an important role in this process.
Continuous perfusion of hepatocyte growth factor in
mice was followed by liver weight gain, stimulation
of hepatocyte proliferation, and increase in the life-
span of cells carrying exogenous structures [57]. Pro-
liferation of hepatocytes can be stimulated without
partial hepatectomy. One year after administration of
carnosine to rats, nearly all hepatocytes in recipients
were replaced with donor cells without surgeries [43].

Oval cells (OC) are small nonparenchymal cells
with the poor cytoplasm and large nucleus and nucleo-
lus. These cells are detected after chronic treatment of
animals with hepatic carcinogens or toxins [24,52,78].
OC appear in the periportal space and then occupy the
hepatic lobule. It should be emphasized that the rate
of invasion depends on hepatotoxicity [24]. OC are
good candidates for the role of SLC: they are charac-
terized by high proliferation capacity and can diffe-
rentiate into hepatocytes and ductal cells under in vivo
conditions and during culturing [22,29,51,73,80]. OC
express proteins of hepatocytes and bile duct cells, in-
cluding albumin, a-fetoprotein, cytokeratins 8 and 18
(for hepatocytes), and cytokeratins 7 and 19 (for bile
duct cells) [67]. Abundance of OC simplifies their
isolation and culturing [67]. Some authors believe that
OC originate from cells of the Herring channel con-
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necting hepatocytes with bile duct cells [2]. Others
authors reported that these cells develop from periductal
cells or unknown precursors (probably, from small he-
patocytes) [64].

Due to their ability to proliferate and undergo
transformation into the epithelium OC would be a
good source for transplantation into affected liver.
However, these attempts led to the development of
cholangiocarcinoma and hepatocarcinoma [30,68].
Therefore, OC should be premodified. Transfectants
of OC with the phenotype of normal hepatocytes were
obtained [80].

Specific markers confirmed the presence of OC in
patients with various liver diseases [8,9,61,64]. The
more severe was the disease, the higher was the num-
ber of these cells [46]. Probably, affected hepatocytes
are substituted with facultative stem cells, but not with
unipotent committed cells (mature hepatocytes).

Stem cells of non-liver origin. Embryonic pluri-
potent stem cells are a promising source of prolife-
rating stem cells. Depending on culturing conditions,
these cells are transformed into muscle, nerve, or epi-
thelial cells [21]. Neurons developing from embryonic
stem cells are capable of invading affected mouse
brain [11]. Transfection of hepatocyte growth factor-3
into mouse embryonic stem cells is followed by the ap-
pearance of endodermal cells expressing albumin (si-
milarly to hepatocytes) [45] and transcriptional factors
that regulate transformation of these cells into hepato-
blasts. Human embryonic stem cells differentiating
into intestinal cells during culturing were isolated [76].

Published data show that hemopoietic cells can
differentiate into hepatocyte precursors [58,74,75].
Liver samples from female mice and rats were exa-
mined after transplantation of the bone marrow from
males. Moreover, liver samples of men after transplan-
tation of the liver from women were studied [75]. In
situ fluorescence hybridization assay was performed to
analyze chromosomes in interphase nuclei [35]. A
considerable number of OC, hepatocytes, and bile duct
cells contained the Y chromosome [58,74,75]. These
data indicate that hemopoietic stem cells are present in
the liver and develop into SLC and mature cells. Pre-
vious studies showed that hemopoietic stem cells can
populate the liver and recover its biochemical func-
tions in mice with type I hereditary tyrosinemia [44,55].

Isolation of Donor Hepatocytes

All methods for isolation of hepatocytes with colla-
genase impose mutually exclusive demands. The iso-
lation medium should contain Ca** in minimum con-
centration to destroy desmosomes. However, Ca*" ions
are required for functional activity of collagenase [54].
This difficulty can be obviated by performing the pro-
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cess in 2 stages. Initially the liver is washed with Ca*'-
free medium, which provides destruction of desmo-
somes. Then collagenase and Ca?* are added [63]. Ca®*
ions in a concentration of 1 pM provide the highest
rate of digestion [3].

Some researchers added 0.1-1.0 pM sodium salt
of ethylenediaminetetraacetic acid or ethylene glycol-
bis(B-aminoethyl ether) N,N,N,N’-tetraacetic acid
(EGTA) to remove Ca?, but high yield of cells is
possible without chelation of Ca*".

The method of L. C. Devirgiliis et al. [13] sug-
gests that the liver is removed from embryos, dis-
sected, placed in Ca?*- and Mg?*-free Hanks solution
containing 0.015% collagenase, 0.005% DNase, and
2% albumin, incubated 3 times in a rotating flask with
fresh enzymes and hepatocyte medium at 39°C for 15
min, and centrifuged at 40g. A more advanced method
is described below [3].

The liver is placed in a cold Petri dish with (Ca?*-
and Mg?*-free Hanks solution with 0.05 M EGTA (pH
7.2), minced, washed 2 times, and incubated in the
same solution at 37°C for 10 min under mixing to
remove the blood. The floating fraction is taken, and
incubation is performed under similar conditions. To
remove EGTA traces the suspension is incubated with
minimum Eagle medium (pH 7.2) under similar con-
ditions.

For enzymatic digestion the suspension is incu-
bated (at 37°C for 15 min) with modified Eagle me-
dium containing Ca?" in a physiological concentration,
type I collagenase (0.5 mg per liver), and 100 ul DNase
(1 mg/ml) under mixing. The mixture is passed through
a filter (90 p). The filtrate is centrifuged at 1000 rpm
for 1 min. The pellet is suspended in Eagle’s modified
medium containing 0.3% fetal bovine serum (FBS)
and placed on ice. This enzymatic treatment is per-
formed 3 times with 2-fold lower DNase concentra-
tion. Hepatocytes are filtered (60 p) and suspended in
Eagle medium with 0.3% FBS. The number and viabi-
lity of cells is estimated in the trypan blue test. This
method allows obtaining 10* cells per 1 g liver from
the embryo taken on day 21 of pregnancy. Viability
of these cells reaches 90%.

From the Experiment to Clinical Practice

Only normal adult hepatocytes were used for trans-
plantation to animals. The first results indicate that
transplantation improved functional activity of the
liver [33,50]. In clinical practice isolated hepatocytes
were tested by 2 methods. Hepatocytes in bioreactors
were placed in the artificial vascular bed in patients
or grafted into various areas of the body [7,15]. Bio-
reactors contained normal adult allogeneic hepato-
cytes, xenogenetic hepatocytes, human hepatoma
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cells, and human immortalized hepatocytes [7]. A bio-
artificial liver was tested in some patients with liver
failure [20,37]. The results of observations indicate
that transplantation of fetal cells produces a positive
effect in 22 patients with severe liver dysfunction.
Transplantation of SLC as monotherapy or in com-
bination with other treatments holds much promise for
medical practice. Further studies of the mechanisms
underlying differentiation and proliferation of em-
bryonic liver cells will form the basis for clinical trials
improving the state of patients with one of the most
severe diseases.

We are grateful to V. V. Belov for his help in
preparing this manuscript.
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