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INTRODUCTION

After validation in several animal models, liver cell trans-
plantation (LCT) is actually in its clinical phase develop-
ment. As documented in more than 20 human case re-
ports, the technique is well tolerated, feasible and safe.
LCT is moreover less invasive than orthotopic liver trans-
plantation as the native liver remains preserved avoiding
early technical complications and consequences of long
term progressive graft damages. LCT addresses ideally
patients with inborn errors of metabolism, either as a full
treatment option, or in more severe situations, as a bridge
to transplantation. In these patients, it can bring metabolic
control for variable period of time, up to 18 months follo-
wing infusions. The technique is still facing many hurdles
and efforts are currently focused on its improvement.
This includes the use of alternatives cell sources-essen-
tially stem or progenitor cells- that may have a higher re-
population potential in the recipient liver, while helping
also to solve the problem of organ shortage thanks to in
vitro expansion. In parallel, efforts aim at improving the
viability and quality of cryopreserved mature hepatocytes
as well as to prevent the rejection and/or loss of trans-
planted hepatocytes.

PHYSIOLOGY OF LCT

LCT procedure supposes the transfer of isolated hepa-
tocyte suspension into the diseased liver via an intact por-
tal vein system (fig. 1). Hepatocyte isolation was perfor-
med on a liver or a liver segment non used for orthotopic
liver transplantation. Hepatocyte isolation is carried out
by qualified people in clean rooms according to GMP
(Good Manufacturing Practices) guidelines. Hepatocytes
are obtained from cadaveric donor livers using the two-

step collagenase perfusion technique1, modified by Se-
glen2. The first liver perfusion is performed with a pre-
warmed buffer containing EGTA, which aids to the disso-
lution of intercellular junctions between the hepatic cells
whereas the second perfusion buffer contains calcium and
collagenase. Recovered hepatocytes are submitted to a se-
ries of quality control tests for sterility, viability and me-
tabolic activity. Isolated hepatocytes can be infused im-
mediately after isolation, being kept in a cold solution of
University of Wisconsin, or cryopreserved for further use.
Transplantation efficiency is evaluated by engraftment, in
situ metabolic functionality of the transplanted cells and
repopulation of the recipient parenchyma at the long term
level. Hence, the quality of the transplanted cells and in
particular their ability to recover after isolation, cold sto-
rage and cryopreservation remain key and limitant factors
for the success of the technique.

DONOR ORGANS

Liver cells are often isolated from resected liver segments
obtained after reduction hepatectomy for size matching of
orthotopic liver transplantation donor and recipients3.
Such liver segment allows to recover sufficient hepatocy-
te mass for a transplantation series in newborn infants and
children. Since 2003, 64 livers or liver segments were
used in our centre for hepatocyte isolation with a mean
viability and efficiency of plating of 83% and 65% res-
pectively. Supply of donor livers remains a major pro-
blem in LCT programs. Traumatic livers unsuitable for
surgical procedures are perfect sources to be used for he-
patocyte isolation. On the contrary, hepatocytes isolated
from fatty livers, disregarded for transplantation, are of
poorer viability. Living donor liver transplantation is
another alternative source of organs for orthotopic liver
transplantation4 but cannot be ethically considered for
LCT as long as the procedure has not been clinically vali-
dated. Hence and because of the high costs of organ pro-
curement, hepatocyte isolation and banking, close colla-
boration of all centers active in the field is mandatory in
order to accelerate knowledge, standardization of the pro-
tocols and performance of LCT.
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LCT FOR METABOLIC DISEASES

Inborn errors of metabolism are rare diseases which affect
around 1/900 life birth. Such diseases can lead at the long
term level to intellectual impairment and damage of other
organs as for urea cycle disorders. Management of these
patients requires severe diet restrictions and special educa-
tion leading to a poor quality of life due to anorexia, naso-
gastric feeding, poor variability of diet, social eviction and
frequent hospitalizations. For these indications, LCT was
proposed as an alternative to orthotopic liver transplanta-
tion especially if the liver is intact but with extra-hepatic
damage. Other “metabolic” patients are also in a such uns-
table condition that major surgery is contra-indicated since
it may lead to severe or even fatal metabolic crisis.
Up to now, more than 20 patients with inborn errors of
metabolism were treated by LCT. The number of isolated
hepatocytes (fresh, cryopreserved or both) used allowed
to reach 5 to 10% of the theoretical liver mass. No side
effects related to LCT were documented.
In most published cases, a metabolic effect was observed
even using exclusively cryopreserved hepatocytes (table
I). After hepatocytes infusion, an immediate and transient
effect is often observed and followed by a stable metabo-
lic and clinic effect, which duration can be different de-
pending on the disease etiology.
For most LCT treated patients, the technique was propo-
sed as a bridge to transplantation during the waiting time
for a graft. In urea cycle disorders patients, an ongoing
benefit of LCT was maintained at the time of transplanta-
tion. In other diseases such as Crigler Najjar or Factor VII
deficiency, the metabolic effect was lost after 3 to 6
months post-LCT due probably to rejection or death of
the transplanted cells (table I).

CRYOPRESERVATION OF HUMAN HEPATOCYTES

Cryopreservation remains the practical and appropriate
option for hepatocyte long-term storage and planned avai-

lability for clinical use. Cryopreserved hepatocytes have
been demonstrated to behave similarly than freshly isola-
ted cells after transplantation11 and have variable ability
to repopulate the damaged liver and to correct the defi-
cient function in the various animal models tested12. In
humans, even if cryopreserved hepatocytes have been
successfully used in an ornithine transcarbamylase and
factor VII deficient patients while waiting orthotopic liver
transplantation8,9, the quality of isolated hepatocytes re-
mains deeply altered after cryopreservation/thawing13.
We recently reported that cryopreservation induces a dra-
matic drop of ATP levels as well as a decreased oxygen
consumption rate in suspended hepatocytes. These altera-
tions were correlated to structural damages of mitochon-
dria as demonstrated using electron microscopy (probably
due to ice crystal formation). Specific dysfunction of the
mitochondrial respiratory chain complexes 1 & 5 activity
was also evidenced14. Mitochondrion to cytoplasm release
of cytochrome c is one of the consequences of these cryo-
preservation-induced alterations. Nevertheless, no asso-
ciation with caspase activation, DNA fragmentation and
apoptosis was observed14.
Efforts are currently focused of the improvement of both
preservation protocols and cryopreservation medium such
as the use of vitrification (or ice free preservation) or the
supplementation of substances that are able to stabilize
hepatocyte cell membranes and proteins15,16. The impact
of these strategies must also be evaluated in vivo at the
engraftment and in situ survival of cryopreserved/thawed
hepatocytes level.

DO STEM/PREGENITOR CELLS MAY EFFICIENTLY

REPLACE MATURE HEPATOCYTES FOR LIVER CELL

THERAPY?

To face the growing shortage of human livers, in vitro he-
patocyte alteration (after culture and cryopreservation),
and side effects of lifelong immunosuppression, research
is currently focused on the evaluation of the stem/proge-
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Fig. 1. Steps of liver cell transplantation

procedure.



nitor cells potential. Their Self-renewal, differentiation
capacity and the easy access to these cells may help to en-
large significantly the pool of cell sources for LCT and to
overcome these limitations.

Intra-hepatic stem cells

Beside fetal liver, evidence has been accumulated to point
out the presence of stem/progenitor cell compartment into
the mammalian adult liver. Oval cells, a well described
intra-hepatic stem cell type, are located at the canals of
Hering17 and participate to liver regeneration whenever
proliferation of parenchymal cells is impaired as during
chronic or extensive damage of the liver18. We and others
have demonstrated the possibility to isolate non pa-
renchymal epithelial stem/progenitor cell candidates from
healthy and diseased human livers respectively19,20. In our
laboratory, flow cytometry immuno-phenotype analysis
revealed that these liver epithelial cells (LECs) expressed
CD90 but were negative for CD117 and CD34 (markers
of oval cells). As demonstrated using immuno-cytoche-
mistry, LECs expressed not only immature (�-fetoprotein
and transcription factor Oct-4) but also differentiated he-
patocyte markers such as albumin and cytokeratin-18 and
biliary markers (cytokeratins 7 and 19), whereas they
were negative for OV-6, an oval cell marker, as well as
for vimentin. RT-PCR assays confirm the immuno-cyto-
chemistry data and revealed that LECs did not express
mature hepatocyte markers such as CYP2B6, CYP3A4
and tyrosine amino-transferase while expression of gluco-
se 6-phosphatase and �1-antitrypsin was weakly noted.
Purified LECs were thereafter intrasplenically injected
into SCID mice. The immuno-histochemical analysis of
transplanted mice livers performed 1 month post-trans-
plantation showed the presence of human albumin positi-
ve cells or cell foci within the recipient mice parenchyma.
Mesenchymal stem/progenitor cells were also isolated
from healthy human liver and are able to proliferate in vi-

tro21,22. Liver mesenchymal-like cells we isolated in our
hands, expressed both hepatic and mesenchymal markers
among which albumin, CYP3A4, vimentin and �-smooth
muscle actin. In vitro differentiation studies demonstrated
that these mesenchymal-like cells are preferentially prede-
termined to differentiate into hepatocyte-like cells but not
into adipocytes or osteocytes22. Ten weeks following in-
trasplenic transplantation into uPA+/+-SCID mice, reci-
pient livers showed the presence of human hepatocytic
cell nodules positive for human �-fetoprotein, pre-albumin 

and albumin. In SCID transplanted liver mice, human he-
patocyte-like cells were mostly found near vascular struc-
tures 56 days post-transplantation. These data showing the
ability of isolated adult derived liver mesenchymal-like
and epithelial-like cells to proliferate and to differentiate
both in vitro and in vivo lead to propose healthy adult hu-
man liver itself as an attractive source of expandable cell
populations with stem/progenitor cell properties that could
be used for stem cell therapy in human liver diseases.

Bone marrow stem cells

Bone marrow, with its hematopoietic and mesenchymal
stem cell compartments, is the largest source for extra-he-
patic stem cells. Bone marrow stem cells are able to
trans-differentiate into mature hepatocytes both in vitro

and in vivo23 although the mesenchymal cell type has
been shown to be the most potent component regarding
hepatic differentiation24. Nevertheless, we recently de-
monstrated that while these cells acquired in vitro some
phenotypic and functional features of mature hepatocytes,
they partially preserved their initial mesenchymal phe-
notype25. In this study, we demonstrated that to obtain an
advanced maturation of their hepatocyte-like phenotype
in vivo, bone marrow mesenchymal stem cells must be in

vitro conditioned or directly infused into the liver micro-
environment25.
Following peripheral blood stem cells or bone marrow
transplantation, up to 7% of hepatocytes are of donor ori-
gin, and these cells were shown to persist up to one year
after transplantation26. However, the data using bone ma-
rrow stem cells for liver regeneration are not definitely
conclusive regarding the ability to repopulate the liver in

vivo27,28 and the involved trans-differentiation mecha-
nisms (fusion or direct differentiation)24,29. The study con-
ducted by Rountree et al, demonstrated that mouse bone
marrow cells are not involved in hepatocytes, cholan-
giocytes or oval mouse cells replacement28 whereas in the
rat model, some of hepatic stem cells have been shown to
arise from the bone marrow30.
Although abundant, the documented data are not able to
clearly suggest this cell source as useful for liver regene-
ration and seem to be dependent of the animal model.

Fetal hepatic cells

Fetal hepatocytes represent an alternative source but ethi-
cal concerns may prevent the use of this material even for
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TABLE I. LCT and inborn errors of metabolism

Disease Age of the patient (months) Effect post LCT Remarks (references)

Crigler Najjar 120 Up to 11 months First LCT human published trial5

Glycogenosis 1a 564 Up to 18 months Adult patient6

Refsum disease 48 Up to 18 months First European pediatric LCT7

Factor VII deficiency 3 Up to 6 months Only cryopreserved cells used8

OTC deficiency 14 Up to 6 months Only cryopreserved cells used9

ASL deficiency 42 Up to 18 months Direct demonstration of functional donor cells in the 
recipient liver parenchyma10



therapeutic purpose. Nevertheless, fetal hepatocytes show
high proliferative capacity, are less immunogenic and
more resistant to cryopreservation and ischemic injury,
properties that could enhance their engraftment within the
recipient liver. These cells can be isolated with a non-per-
fused collagenase method and are able to expand in vitro

and to engraft within the recipient liver 

Embryonic stem cells

Embryonic stem cells have been reported to differentiate
into hepatocyte-like cells in vitro and in vivo31. The recent
developments in the field of hepatocyte differentiation
may bring additional information regarding the plasticity
of these cells. However, before clinical application, addi-
tional studies need to explore the tendency of these cells
to form teratomas and their ability to induce an immune
response.

Other sources

Other progenitor/stem cells are able to differentiate into
hepatocyte-like cells in vitro and to engraft within the re-
cipient liver such as umbilical cord blood stem cells32,
amniotic epithelial cells33 and placenta stem cells34. Hu-
man cord blood cells transplanted into mice were able to
trans-differentiate into hepatocytes with presence of hu-
man centromeric DNA and albumin synthesis35. We re-
cently isolated mesenchymal stem cells from Wharton’s
jelly and demonstrated their in vitro expression of several
markers of hepatic lineage including albumin, �-fetopro-
tein, cytokeratin-19, connexin-32 and dipeptidyl peptida-
se IV36. Such expression is up-regulated after in vitro he-
patogenic differentiation and correlated to glycogen
storage and urea production. Engraftment capacity of the-
se cells in recipient mice livers was demonstrated after 4
weeks post-transplantation using immuno-histochemistry,
for the expression of human albumin, �-fetoprotein and
fibronectin, while cytokeratin-19 was completely down-
regulated.
Peripheral blood monocytes that could be generated for
the recipient own blood37 and adipose tissue38 are also do-
cumented as possible sources of cells able to trans-diffe-
rentiate into hepatocytes like cells.
Because of their homology to mesenchymal stem cells,
we analyzed the ability of human fibroblasts to differen-
tiate into hepatocyte-like cells and to engraft after in vivo

transplantation. Accordingly, we incubated human skin
fibroblasts with a specific differentiation cocktail in vitro

and demonstrated that these cells presented hepatocyte-
like morphology and acquired liver-specific markers on
protein and gene expression levels. Furthermore, these fi-
broblast-derived hepatocyte-like cells displayed the abi-
lity to store glycogen and synthesize small amounts of
urea. In vivo, transplantation of these fibroblasts into the
liver of hepatectomized SCID-mice reveals an in situ en-
graftment within the recipient liver parenchyma and
expression of hepatocyte markers such as albumin, �-fe-
toprotein and cytokeratin 1839. In this study, we demons-

trate that despite lower liver-specific markers expression,
the in vitro and in vivo differentiation profile of human
skin fibroblasts was comparable to that of bone marrow
mesenchymal-derived hepatocyte-like cells.
For the all above cited stem/progenitor cell types, engraft-
ment and in situ differentiation were documented after
transplantation. This was demonstrated as single cells or
foci immuno-stained with human markers within the reci-
pient liver parenchyma. Additional data regarding the in
vitro and in vivo biology of these cells, their long term
stability and safety, are mandatory before human thera-
peutic use.

HEPATOCYTE REJECTION

Limited engraftment and durability of the transplanted
hepatocytes remain the major limits of LCT. Indeed, the
majority of transplanted hepatocytes (70-80%) are early
cleared by phagocytes and macrophages in the hepatic
vascular spaces. Preventing this early cell loss requires
not only the improvement of the quality of transplanted
hepatocytes but also the understanding of the role of he-
patocytes and other resident liver cells in the induction of
immunologic events. The effect of immunosuppression 
drugs on hepatocyte viability and metabolic activity needs 
also to be investigated.
Hepatocytes express cell surface molecules of the major
histocompatibility complex I, critical for the generation
of cytolytic T lymphocytes as well as co-stimulation mo-
lecules involved in T-cell activation40. Adhesion mole-
cules which may activate recruitment and migration of
leukocytes to the liver are also expressed by mature hepa-
tocytes41.
As tissue factor dependent activation of coagulation was
found to contribute to beta cell loss in islets transplanta-
tion, we investigated the potential pro-coagulant activity
of hepatocyte preparations. We firstly demonstrated using
different complementary techniques that isolated human
hepatocyte population expresses tissue factor and induces
an in vitro dependent pro-coagulant activity42. In vivo, fo-
llowing human hepatocyte infusions in a Crigler-Najjar
patient, we also observed a delayed D-dimers increase42.
Such phenomenon may impair hepatocyte engraftment
and promote rejection which pathways in LCT may differ
from those involved in solid organ or islet allografts
transplantation43.
In humans, immunosuppression protocols used for LCT
are based, as for orthotopic liver transplantation, on calci-
neurin inhibitors (tacrolimus) and anti-T cell receptor mo-
noclonal antibodies (anti-IL-2 receptors) with or without
steroids. No detrimental effect of these drugs has been
observed on isolated hepatocytes’ viability and function44.
Hepatocyte encapsulation is an alternative to protect the
cells against immunologic response. Survival of encapsu-
lated cells is prolonged despite the persisting develop-
ment of immune response due to secreted materials
across the physical barrier. The understanding of the spe-
cific immunogenicity of isolated hepatocytes may be
helpful for the development of future suitable strategies
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(generation of specific immunosuppressants or co-trans-
plantation of hepatocytes with other tolerigenic cell popu-
lations).

CONCLUSION

Since the first description of hepatocyte transplantation in
human 13 years ago, the technique is slowly progressing,
hampered by several hurdles such as donor organ shorta-
ge and limited durability of engrafted cells. LCT is at le-
ast validated as a bridge to transplantation to stabilize the
unstable patients while waiting for OLT. Cryopreserva-
tion remains widely necessary for scheduled transplanta-
tion, but causes significant damage to the cells and may
interfere with the clinical success. Great expectations ari-
se from stem cell technology, as a solution to organ shor-
tage, but also because of possible higher engraftment and
repopulation capacity. These cells may be considered as
alternative to mature hepatocytes, or for co-transplanta-
tion with these cells aiming to improve durability. The lo-
wer immunogenic profile of mesenchymal cells as well as
their immunosuppressive properties are additional criteria
allowing their tolerance after transplantation.
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