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For end-stage liver disease and liver-based metabolic
conditions the accepted treatment is liver transplantation.
With developments in surgical techniques and immuno-
suppressive drug therapy the survival of patients and grafts
is now good. In the conventional procedure the patient’s
whole liver is replaced with a liver obtained from a brain-
dead or living donor. When the donor liver is too big it can
be reduced to a compatible size; and, recently, split-liver
procedures have been performed whereby the right lobe is
transplanted into an adult and the smaller left lobe into a
child,1 thus increasing the effective donor pool.

Another important advance in surgical technique is the
use of auxiliary liver transplantation for patients with acute
liver failure and certain liver-based metabolic defects such
as Crigler–Najjar syndrome type I, urea cycle defects, and
familial hypercholesterolaemia. In this procedure, part of
the patient’s liver, often the left lobe, is replaced with part
of a donor liver. In a patient with acute liver failure this
leaves open the possibility of regeneration of the native
liver, in which case immunosuppression can be stopped and
the graft allowed to atrophy; and in a patient with a
metabolic disorder the native liver will be available for
future gene therapy. The results of auxiliary liver
transplantation in man2 have supported observations in
animals that small amounts of liver tissue can provide
sufficient function to correct an underlying metabolic
defect. This finding was a spur to work on hepatocyte
transplantation for such disorders. The aim is to repopulate
the liver with donor hepatocytes, injected either directly
into the liver or into the spleen, from which they migrate to
the liver.

If the technique proves successful, hepatocyte trans-
plantation offers several potential advantages. In terms of
supply, there is the possibility of using cells from livers that
are unsuitable for conventional transplantation because of
steatosis or trauma. The patient does not have to undergo
major surgery; moreover, in metabolic conditions the
native liver provides a safety net in case of failure. One of
the most important advantages is the availability of the liver

as a target organ for gene therapy when this becomes a
clinical reality. Experience of hepatocyte transplantation has
been gained in patients with acute liver failure3,4 and
metabolic liver diseases such as Crigler–Najjar syndrome
type I,5 glycogen storage disease type 1a,6 and urea cycle
defects.7 The background to this work has been described
elsewhere.8–11 The current paper discusses the sources of
hepatocytes, the isolation process, preclinical studies and
clinical experience in the UK, especially in the treatment of
liver-based inborn errors of metabolism.

SOURCES OF HEPATOCYTES

Normal hepatocytes do not divide in vitro, so that hepatocytes
for transplantation must be isolated directly from liver tissue.
The main source of these cells for transplantation in man is
unused donor livers or segments of livers; from these,
hepatocytes of high viability can be isolated.12

An additional possible source is the non-heart-beating
donor; livers removed after the heart has stopped beating and
respiration has ceased are already being assessed for
orthotopic transplantation13 and might allow isolation of
hepatocytes. To further increase the tissue pool our unit has
pioneered the isolation of cells from segment IV of the liver
dissected from the right lobe after the split-liver procedure,14

so that one liver can be used for three recipients.

ISOLATION OF HEPATOCYTES

The well-established protocols for isolation of human
hepatocytes15,16 employ collagenase digestion of perfused
liver tissue at 378C. Once the liver tissue is digested and
cells are released, the hepatocytes are purified by
centrifugation and assessed for cell viability and yield.
Large numbers of cells can be obtained. Hepatocytes must
be used as soon as possible for cell transplantation (within
24 h of isolation) since their function deteriorates even at
48C. For longer-term storage cryopreservation methods are
available, but the yield of viable hepatocytes on thawing
tends to be insufficient. The best results are currently
obtained by cryopreservation in a mixture of University of
Wisconsin solution and 10% dimethyl sulfoxide by use of a
controlled-rate cell freezer.17 The frozen hepatocytes can
then be stored at 71408C until required. Cells from the
hepatocyte bank can be thawed for immediate use.
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An aseptic environment is required to prepare cells on a
large scale in conditions of ‘good manufacturing practice’.
Air entering the laboratory passes through HEPA filters to
remove any particles and an air-handling unit maintains a
temperature-controlled environment. A gradient of air
pressures provides the highest pressure in the aseptic room,
where the tissue processing is performed. Standard
operating procedures are followed for all aspects of work
in the cell isolation unit. A comprehensive quality control
system, which monitors all aspects of laboratory perfor-
mance, is in operation.

All donated organs/tissues are screened for viral
infection, including hepatitis and HIV, as with whole organ
transplantation. The hepatocytes are released for transplan-
tation only if the viability exceeds 60% and there is no
microbial contamination (Figure 1).

PRECLINICAL STUDIES

Work in animals has explored hepatocyte transplantation to
different sites including liver, spleen, pancreas, peritoneal
cavity, and renal subcapsule, and in models of acute,
chronic and metabolic liver disorders. (This paper
concentrates on metabolic liver disease, but the results in
acute liver injury, induced either surgically18 or by toxins,19

are encouraging.) For human metabolic disorders there are
several animal models—e.g. Gunn rats for Crigler–Najjar
disease,20 spf-ash mice for congenital ornithine transcarba-
mylase deficiency,21 Long–Evans cinnamon rats for
Wilson’s disease,22 Nagase analbuminaemic rats for

hypoalbuminaemia,23 fumarylacetoacetate hydrolase 7/7
knockout mice for hereditary tyrosinaemia type I,24 Mdr2
7/7 knockout mice lacking biliary phospholipid excre-
tion for progressive familial intrahepatic cholestasis,25 dogs
with hyperuricosuria,26 mice with histidinaemia,27 Wata-
nabe rabbits with hypercholesterolaemia.28 In all these,
hepatocyte transplantation has yielded long-term improve-
ment of the biochemical abnormalities.

CLINICAL STUDIES

Clinically, hepatocyte transplantation was first tried in
patients with liver failure, who have a high mortality and in
whom liver transplantation is the only proven treatment.
Experience in 30 patients with liver failure, from six centres
in the USA, was reviewed by Strom et al. in 1999.29

Hepatocytes, either freshly isolated or thawed after
cryopreservation, were infused into the splenic artery or
portal vein of patients. Reductions in ammonia and bilirubin
were recorded, with improvements in hepatic encephalo-
pathy. The maximum amount of cells infused was 5% of
normal liver mass; it is questionable whether this is
sufficient to replace the lost function in acute liver failure.

In inherited metabolic liver diseases, where the aim is to
replace a single deficient enzyme, fewer cells may be
needed. One of the key early reports was from Fox and
colleagues in 1998,5 who reported the case of a 10-year-old
girl with Crigler–Najjar syndrome type I in whom liver
expression of bilirubin UDP-glucuronosyltransferase activ-
ity continued for up to nine months after hepatocyte
transplantation. The overall experience of hepatocyte
transplantation in liver-based metabolic liver disorders,
mainly in children and including that at King’s College
Hospital, London, is shown in Table 1.

Clinical experience in the UK

Only one centre in the UK, at King’s College Hospital,
London, is currently performing hepatocyte transplantation.
Over the 4 years since the start of the project, 90 livers or
liver segments have been processed for preparation of
hepatocytes including, from conventional donors, 15 whole
livers, 35 right lobes, 16 left lobes or left lateral segments
and 6 liver segment IVs or caudate lobes. Mean viability of
the hepatocytes was 65% (range 13–98%). In addition,
isolations were made from 18 livers or segments obtained
from non-heart-beating donors, perfused by the methods
used for conventional donor livers; these gave a lower mean
cell viability (50%, range 1–81%), but higher viability has
lately been obtained by reducing both cold and warm
ischaemia times before processing.

The methods for hepatocyte transplantation used at
King’s have been modified from those reported by Strom et
al.29 in the USA. All the cell infusions were with ABO342
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Figure 1 Preparation of hepatocytes for transplantation



compatible hepatocytes. Up to 100 million cells per kg body
weight are infused into the liver via the portal vein, with
monitoring of portal pressure. Repeated infusions are
performed until the donor hepatocyte cell mass is about
10% of recipient liver mass. At present there is no way to
determine the proportion of administered cells that survive
and engraft. The immunosuppression regimen used is similar
to that given to whole-organ transplantation recipients,
currently based on tacrolimus and prednisolone. Probably
this needs to be modified for cell transplantation; also there
are no laboratory tests to monitor cell allograft rejection.

Once the cell isolation methods had been established
and validated, the first patient was treated. In September
2002 a boy with an antenatal diagnosis of severe ornithine
transcarbamylase deficiency had hepatocytes infused via an
umbilical vein catheter (the umbilical vein extends into the
left portal vein). After transplantation of 1.9 billion
hepatocytes he improved in terms of blood ammonia
(maintained at low levels to prevent neurotoxicity) and urea
(increased) while he was on normal protein intake.14 Long-
term uncertainties about the efficacy of hepatocyte
transplantation prompted auxiliary left lobe orthotopic
liver transplantation at seven months of age. The patient
was well at 21⁄2 years of age with normal neurodevelopment
and growth.

The next patients were two brothers with severe
inherited coagulation factor VII deficiency—the first to have
hepatocyte transplantation in such a condition. 1.1 and 2.2
billion hepatocytes were infused through a Hickman line.
The coagulation defect improved, such that the requirement
for exogenous factor VII (rFVIIa) became less than 20% of
that before cell transplantation.33 Importantly, one of the
patients received exclusively cryopreserved hepatocytes—
so it seems that function related to clotting factors, at least,
is maintained after cryopreservation. Six months after
transplantation, both patients were needing higher rFVIIa

doses, suggesting gradual loss of transplanted hepatocyte
function. These two brothers later had successful orthotopic
liver transplantation.

Two of the other children treated in 2003 had
progressive familial intrahepatic cholestasis (PFIC2), a
genetic disease34 in which the liver lacks the bile salt
export pump. As a result of this defect, bile flow is severely
impaired and cirrhosis develops rapidly. These children
with PFIC2 each received 300 million fresh hepatocytes
through a portal vein catheter, the rationale being that the
injected hepatocytes would have a selective advantage over
the native hepatocytes to repopulate the recipient liver (as
shown in the mouse model of progressive familial
intrahepatic cholestasis,25 where up to 70% of host
hepatocytes were replaced with donor cells after nine
months). However, no benefit was seen and both patients
had whole-liver transplants five and fourteen months later.
A possible explanation is that fibrosis in the hepatic
sinusoids impaired engraftment, in which case earlier
treatment, before the onset of fibrosis, might improve
engraftment.

The most recently completed treatment was in a child
with Crigler–Najjar syndrome type I who received a total of
4.3 billion fresh and cryopreserved hepatocytes with nine
infusions over two weeks and a further infusion three
months later. There was an encouraging reduction in serum
bilirubin, still present nine months later. Overall 6 patients
have been treated by hepatocyte transplantation without
serious complications. The unit plans to extend the
technique to children with acute liver failure.

THE FUTURE

Although considerable progress has been made in
hepatocyte transplantation, the promise from animal 343
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Table 1 Hepatocyte transplantation—clinical studies in liver-based metabolic diseases

Disease

No. of

patients Effect/outcome Reference

Familial hypercholesterolaemia 5* Some reduction in LDL in 3 patients Grossman et al. (30)

Crigler–Najjar syndrome type I 1 50% reduction in serum bilirubin; Fox et al. (5)

1 40% reduction in serum bilirubin Dhawan et al. (unpublished)

Urea cycle defect 1 Some clinical improvement; died after 42 days Strom et al. (31)

1 Lowered blood ammonia and increased protein tolerance Horslen et al. (7)

1 No hyperammonaemia, increased urea synthesis Mitry et al. (14)

Infantile Refsum’s disease 1 Partial correction of metabolic abnormality Sokal et al. (32)

Glycogen storage disease type Ia 1 No hypoglycaemia on normal diet Muraca et al. (6)

Factor VII deficiency 2 80% reduction in recombinant factor VII requirement Dhawan et al. (33)

PFIC2 2 No clear benefit—fibrosis already present Dhawan et al. (unpublished)

*Ex-vivo gene therapy of autologous hepatocytes

LDL=low-density lipoprotein; PFIC2=progressive familial intrahepatic cholestasis



experiments has not yet been fully borne out. There are
several areas for improvement and development.

In terms of the limited supply of organs for isolation of
hepatocytes, one potential source is livers rejected for
clinical transplantation because of steatosis; we need better
ways to isolate and purify hepatocytes from fatty livers so
that their viability is good enough for transplantation. We
also need to improve methods of hepatocyte storage, both
for longer periods in the cold so that they can be used fresh
after a few days and also cryopreservation for the longer
term. Some progress has been made in our laboratories in
preventing loss of hepatocyte function after cryopreserva-
tion by means of cryo/cytoprotectant agents.35 It is clear,
also, that many injected cells do not engraft into the
recipient liver and are either cleared by the reticulo-
endothelial system or lose viability during this early phase.
The outcome of hepatocyte transplantation would benefit
from methods to enhance engraftment and subsequent
repopulation of the liver, although the options for this in
man will be limited.

Clearly, one way to overcome the difficulties with
hepatocyte supply and engraftment would be to use stem
cells or stem-cell-derived hepatocytes.36 Possible sources
are fetal liver, cord blood, embryos and bone marrow.
Liver stem cell biology is under scrutiny worldwide but
there are many hurdles to be jumped before clinical
application. In theory, stem cells could be made to
differentiate into all types of liver cell, could be frozen
and thawed without harm and would be less immunogenic
than donor cells (or non-immunogenic if autologous). As
another approach, hepatocytes could be genetically
manipulated in vitro to upregulate gene expression to
enhance enzymatic activity and function—e.g. ornithine
transcarbamylase, bilirubin glucuronosyltransferase—or
render them immunotolerant. Methods to transfect
hepatocytes are available and those employing non-viral
vectors are of particular interest.
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