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ABSTRACT

Over the last decade the interest in hepatocyte transplanta-
tion has been growing continuously and this treatment may
represent an alternative clinical approach for patients with
acute liver failure and liver-based metabolic disorders.

INTRODUCTION

Orthotopic liver transplantation (OLT) is currently the
treatment of choice for end stage liver diseases and liver-
based metabolic disorders. The replacement of the disea-
sed organ by OLT is curative, but carries surgical risks
and life-long immunosuppressive therapy. Moreover the
increasing shortage of donor organs for OLT encouraged
the research for alternative therapies for liver diseases.
The concept from animal experiments that relatively
small amounts of liver tissue can provide sufficient func-
tion to correct the underlying metabolic defects was con-
firmed by the success of auxiliary liver transplantation in
the management of patients with acute liver failure and
certain liver-based metabolic disorders!. This has further
increased the interest in using human hepatocytes for cell
transplantation in the management of liver-based metabo-
lic conditions and acute liver failure.

HEPATOCYTE TRANSPLANTATION

There are several advantages in the concept of hepatocyte
transplantation. It is less expensive and less invasive than
OLT, as liver cells can be transplanted after radiological
or surgical placement of a portal catheter. Unlike whole
organs, hepatocytes can be cryopreserved and stored in
cell banks, offering the advantage of immediate availabi-
lity in emergencies. Theoretically, transplanted cells can
functionally replace the hepatocytes of the diseased organ
and restore its metabolic capacity either for a period of
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bridging to whole organ transplantation or by engraftment
and long term function. Moreover, the native liver is pre-
served that leaves the possibility of gene therapy for me-
tabolic disorders open as soon as it becomes clinically
available, releasing the recipient from life-long immuno-
suppressive therapy.

METHODS FOR ISOLATION OF HUMAN
HEPATOCYTES

Source of liver tissues

The major obstacle of hepatocyte transplantation is the li-
mited supply of donor liver tissue for cell isolation. Nor-
mally liver tissues that become available for hepatocyte
isolation have been rejected for conventional OLT, and
consequently are of marginal quality. As a result, hepa-
tocytes isolated from these livers are of a low quality and
viability. It seems unlikely that this situation will change in
the near future. It has been difficult to argue that an already
limited donor pool should be shared between a still experi-
mental programme and an established whole organ trans-
plantation programme. However, a few alternatives exist.
Cell isolation can be performed in remnants of the liver af-
ter orthotopic transplantation of reduced or split liver graft
(segment IV), with a significant higher cell viability obtai-
ned from these tissues when compared to those rejected for
OLT?®. Additionally other alternative sources of hepatocy-
tes are being studied, such as immortalized cell lines*?, fo-
etal hepatocytes®, and stem cell derived hepatocytes’™.

Hepatocyte isolation

There are well-established protocols for isolation of hu-
man hepatocytes based on collagenase digestion of perfu-
sed liver tissue at 37 °C2!°. Once the liver tissue is diges-
ted and cells released, the hepatocytes are separated by
low speed centrifugation, and the pellets obtained are
washed with ice-cold buffer solution to purify the cells.
Cell viability and yield are then determined. Isolated he-
patocytes need to be used as soon as possible for cell
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transplantation, preferably within 24 h of isolation, as
function deteriorates even when kept at 4 ««C. For longer-
term storage, human hepatocytes are cryopreserved in a
mixture of the organ preservation media University of
Wisconsin solution and final concentration of 10% di-
methyl sulphoxide (DMSO) using a controlled-rate cell
freezer!!. Cryopreserved cells can then be stored at below
—140 °C until required for clinical use.

PRE-CLINICAL STUDIES

Extensive studies using experimental animal models of
human liver disease established the feasibility and effi-
cacy of hepatocyte transplantation into various sites such
as liver, spleen, pancreas, peritoneal cavity, and sub-renal
capsule. Identification of transplanted hepatocytes was
documented by a number of different methods. Models
have included hepatocyte transplantation into Nagase
analbuminaemic rats, Gunn rats and dipeptidyl peptidase
IV-deficient rats. Engraftment and function of transplan-
ted hepatocytes was confirmed by liver immunohistoche-
mistry, and serum albumin levels and reduction in serum
bilirubin levels, in the case of Nagase analbuminaemic
and Gunn rats, respectively'>!>. Another approach used
was the infusion of genetically modified donor cells se-
creting or expressing unique reporter proteins, including
the green fluorescent protein for direct identification of
transplanted cells!*".

Hepatocyte transplantation has been described to improve
the survival of animal models with acute liver failure, in-
duced either chemically'®!® or surgically’®. A number of
animal models have been developed to study human li-
ver-based metabolic disorders. Complete or partial co-
rrection of the metabolic abnormality by means of hepa-
tocyte transplantation has been reported in some animal
models, including the Gunn rat (model for CN syndrome
type D)%, the Long Evans cinnamon rat (model of Wil-
son’s disease)?, the hyperuricemic Dalmatian dog?,
among others. However, long-term function of transplan-
ted hepatocytes with correction of the underlying metabo-
lic defect has not been conclusively demonstrated. Com-
plete correction of the biochemical abnormality required
a significant amount of cells of engrafted cells. Repeated
hepatocyte transplantation has shown to increase the
number of engrafted liver cells®, although better results
have been seen in animal models where donor hepatocy-
tes have a selective advantage over the native hepatocytes
to proliferate and repopulate the recipient liver?»,

CLINICAL HEPATOCYTE TRANSPLANTATION

Initial human clinical application of hepatocyte transplan-
tation was for the treatment of patients with acute liver
failure (ALF)®. These initial trials demonstrated the sa-
fety of the technique and some improvement in the outco-
me of patients. Subsequently, other studies of hepatocyte
transplantation for ALF using either fresh or cryopreser-
ved cells have been reported in the literature, showing
varying degrees of success?*?’. Bridging patients to who-
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le-organ transplantation or until recovery of the native li-
ver are the goals of hepatocyte transplantation in ALF.
Currently, the most successful outcome has been for pa-
tients with liver-based metabolic disorders. The cell re-
quirement for transplantation may be lower in some inhe-
rited metabolic liver diseases where the aim is to replace
a single deficient enzyme. The earliest report of patients
to receive hepatocyte transplantation for treatment of an
inherited liver based metabolic disorder was done by
Grossman et al. Five children with familial hypercholes-
terolemia were transplanted with autologous hepatocytes
transduced ex vivo with a retroviral vector carrying the
human LDL receptor gene. There was evidence of en-
graftment and over 20% reduction in LDL cholesterol in
three of the five patients transplanted, but no sustained
expression of the transgene®?. Since then, many other
patients have been treated with hepatocyte allotransplan-
tation to correct metabolic diseases.

One of the key early reports is from Fox et al in which the
case of a 10-year-old girl with CN syndrome type I trea-
ted with hepatocyte transplantation was reported. There
was a reduction in her bilirubin levels and hours of pho-
totherapy, and an increase in bilirubin UDP-glucuronosyl
transferase activity after hepatocyte transplantation.
Long-term evidence of hepatocyte engraftment and func-
tion was demonstrated by the excretion of bilirubin con-
jugates in bile for up to 3.5 years'+*.

To our knowledge, to date 22 patients with liver-based
metabolic disorders were treated with hepatocyte allo-
transplantation worldwide. Either fresh or cryopreserved
cells have been used. At least a transient improvement in
bilirubin levels was reported in another four patients with
CN type I treated with hepatocyte transplantation (Dha-
wan et al, unpublished; Allen K, Australia, personal com-
munication)?!. Six of the other patients treated with hepa-
tocyte transplantation had an urea cycle defect (4 with
ornithine transcarbamylase deficiency, 1 with arginino-
succinate lyase deficiency, and 1 with citrullinemia)3*3¢
(Lee KW, South Korea, personal communication), one an
infantile Refsum’s disease, three a glycogen storage di-
sease type Ia*® (Lee KW, South Korea, and Sokal EM,
Belgium, personal communications), three an inherited
coagulation FVII deficiency®, two a progressive familial
intrahepatic cholestasis type 2 (PFIC2) (Dhawan et al, un-
published), and two an al-antitrypsin deficiency?**2. The
described outcomes have been variable. The majority of
patients experienced partial improvement of their meta-
bolic abnormality, at least for a short period of time.
Long-term function of transplanted hepatocytes has also
been reported®®%. No benefit was observed in the two pa-
tients with PFIC2 and the two other ones with al-an-
titrypsin deficiency. These patients had already establis-
hed fibrosis and/or cirrhosis what probably impaired
engraftment of the transplanted hepatocytes.

CELL ADMINISTRATION AND SAFETY CONCERNS

The liver and the spleen are the most consistent sites for
hepatocyte engraftment and function. Intraportal injection
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is the preferred delivery method for clinical hepatocyte
transplantation. The portal venous system can be acces-
sed using different techniques: percutaneous transhepatic
puncture of the portal vein, transjugular approach to the
right portal vein, catheterization of the mesenteric vein or
umbilical vein catheterization in newborn babies. Hepatic
ultrasound and portal venous system Doppler examina-
tion is normally performed before the procedure to exclu-
de any malformation or venous thrombosis, and portal ve-
nous pressure is monitored throughout the procedure.
Portal hypertension and formation of thrombi of hepa-
tocyte after transplantation appears to be minimized by
adding heparin to the cell suspension and limiting the
number of cells per infusion to 30-100 X 10%kg of body
weight at an infusion rate of 5-10 ml/kg/h, and a concen-
tration of 1-10 X 10° hepatocytes/ml*°. Thus, when large
amounts of hepatocytes need to be injected repeated cell
infusions are normally required.

The spleen is considered an adequate site for hepatocyte
transplantation, particularly in cirrhotic patients. When
injected into the splenic bulb, cells translocate to the liver
through the splenic vein. Another attractive site for cell
transplantation is the peritoneal cavity due to its large ca-
pacity and simple access. Experimental transplantation of
encapsulated or matrix attached hepatocytes has prolon-
ged cell survival in animal models*'.

IMMUNOSUPRESSION

To date there is no consensus regarding the immunosup-
pressive treatment, but most centres have used the proto-
col of liver transplantation. Combination of tacrolimus
and steroids with or without sirolimus or mycophenolate
mofetil (MMF) has been used. Some centres use mono-
clonal antibodies like basiliximab or daclizumab. Howe-
ver, the Edmonton protocol for islet cell transplantation
appears to be the most promising.

THE FUTURE

Considerable progress in the field has been made allowing
clinical hepatocyte transplantation. However, the success
of hepatocyte transplantation from animal models experi-
ments could not be fully reproduced in humans. Although
results in clinical studies have been encouraging, no com-
plete correction of any metabolic disease in patients by he-
patocyte transplantation alone has been reported. There are
still a number of areas for improvement and development.
The limited supply and quality of livers currently availa-
ble to isolate hepatocytes is a major problem for hepa-
tocyte transplantation. Techniques to improve the viabi-
lity and quality of the cells isolated from marginal livers
are required. Another limiting factor of the technique is
the conservation and storage of isolated cells. Viability
and metabolic capacity on thawing of cryopreserved he-
patocytes can be improved by the use of protocols incor-
porating cryo/cytoprotectant agents*?. However, there is
still a need to improve the storage of hepatocytes, both
for longer periods in the cold so they can be used fresh

after a number of days and also better cryopreservation
protocols for longer term storage.

It is also clear that many injected cells do not engraft into
the recipient liver and are either cleared by the reticuloen-
dothelial system or lose viability during this early phase.
The outcome of hepatocyte transplantation would benefit
from methods to enhance engraftment and repopulation
by induction of a selective growth advantage over host
hepatocytes, although the options for this in humans
would be limited. Rejection of the allogeneic hepatocytes
and/or eventual senescence of the cells transplanted are
probably contributing factors for the loss of long-term
function of these cells in clinical transplants. Experimen-
tal transplantation of hepatocytes encapsulated in semi-
permeable membranes intraperitoneally in animal models
has been shown to maintain long-term viability and func-
tion of the cells, without immunosuppression*. More stu-
dies are needed to minimize or overcome the need of im-
munosuppression in liver cell transplantation. If tolerance
could be achieved, hepatocyte transplantation would ex-
hibit an exceptional advantage over OLT.

It is not likely that the supply of hepatocytes will increa-
se, so a wider use of hepatocyte transplantation will not
be possible until alternative sources of cells are found.
There is a focus of research worldwide on liver stem cell
biology and there is no doubt that there are many hurdles
to cross before clinical application will be possible. Foe-
tal hepatocytes, liver stem/progenitor cells isolated from
adult livers, embryos, umbilical cord blood and bone ma-
rrow, and hepatocytes conditionally immortalized by
gene transfer are ongoing areas of investigation. As anot-
her approach, autologous hepatocytes could be geneti-
cally manipulated in vitro to express the missing enzyme.
Xenotransplants could be a potentially unlimited source
of fresh hepatocytes, however there are many concerns
regarding rejection and transmission of infectious disea-
ses that need to be overcome.

In summary considerable experience has been gained so
far in the handling of hepatocytes and techniques for he-
patocyte transplantation allowing clinical hepatocyte
transplantation. This will give a good basis for the future
application of new technologies particularly those based
on stem cells which it is hoped will increase the utilisa-
tion of cell transplantation.
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