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One of the limitations to hepatocyte transplantation is the restricted availability of donor liver tissue. The aim of this study was
to evaluate livers from non-heart-beating donors (NHBDs) as a source of hepatocytes for cell transplantation. A total of 20
livers/segments obtained from NHBD were perfused under good manufacturing practices using a standard collagenase
digestion method. The donor liver median warm ischemia time was 15 minutes (range, 11-40 minutes), and cold ischemia time
was 13 hours (range, 6-30 hours) prior to cell isolation. The cell viability of the hepatocytes obtained was 52% (1-81%), with
a yield of 2.2 ! 106 (0.2-29.7 ! 106) cells per gram of tissue. There was a significant negative correlation between hepatocyte
viability and length of both warm ischemia (r " #0.544, P " 0.013) and cold ischemia (r " #0.510, P " 0.022). Preliminary
experiments were performed on the viability testing of NHBD livers based on digestion of needle biopsies with collagenase and
assessment of the hepatocytes produced. Two of the NHBD cell preparations, which had been cryopreserved, were used as
part of a series of cell infusions for hepatocyte transplantation. A 3.5-yr-old girl with Crigler-Najjar syndrome type I received
9.7 ! 108 NHBD hepatocytes (viability on thawing, 65%), and a 4-month-old boy with inherited clotting factor VII deficiency
received 5.0 ! 108 hepatocytes (viability, 57%). In conclusion, hepatocytes suitable for cell transplantation can be obtained
from NHBD livers. Higher viability values may be obtained if both warm and cold ischemia times of donor liver can be reduced
prior to processing. Liver Transpl 12:713–717, 2006. © 2006 AASLD.
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Hepatocyte transplantation is being evaluated as an
alternative to orthotopic liver transplantation in the
management of liver-based metabolic conditions and
liver failure.1,2 Experience of hepatocyte transplanta-
tion has been gained in patients with acute liver fail-
ure3,4 and metabolic liver diseases such as Crigler-
Najjar syndrome type I,5 glycogen storage disease type
1a,6 urea cycle defects,7 and factor VII deficiency8 for
long-term, albeit partial, correction of the underlying
metabolic defect.

For hepatocyte transplantation, cells isolated from
donor livers are infused directly into the recipient liver
or into the spleen so that they can migrate to the liver.
The aim is to replace the missing liver function with
transplanted hepatocytes and, particularly in the case
of inborn errors of liver metabolism, repopulate the liver

with normal donor cells. As with whole organ trans-
plantation, hepatocyte transplantation is dependent on
the availability of donor liver tissue, which is in limited
supply. In this respect one of the potential advantages
of hepatocyte transplantation, yet to be truly realized, is
that organs currently not deemed suitable for trans-
plantation, such as mild to moderately steatotic livers
or where there is liver trauma, can be a source for
isolation of hepatocytes. Livers from non-heart-beating
donors (NHBDs), in which the organs are removed after
the heart has stopped beating and respiration has
ceased, are being assessed as an additional source of
livers to increase the available supply for orthotopic
transplantation.9,10 The NHBD program was intro-
duced at King’s College Hospital in 2001. Strict selec-
tion of grafts was implemented to reduce the risks of
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liver graft primary nonfunction.11 As a result, of 86
NHBD livers retrieved, only 44 were transplanted, with
steatosis being the main reason for nonuse. As a result
of this program, unused liver tissue from this source
has been evaluated for isolation of hepatocytes for cell
transplantation.

METHODS

Controlled NHBD livers were retrieved for clinical trans-
plantation by the surgical donor organ retrieval team at
King’s College Hospital. Twenty liver tissues unsuitable
or unused for orthotopic liver transplantation (15 whole
livers, 5 liver segments) were delivered to the Cell Iso-
lation Unit maintained in University of Wisconsin solu-
tion on ice. The other segments of the 5 split livers were
used for orthotopic transplantation in 6 patients: 5
children and 1 adult. Warm ischemia time was taken as
the time between development of a systolic blood pres-
sure of $50 mmHg after withdrawal of life support and
aortic perfusion with cold solution, this being the time
of start of cold ischemia until commencement of the cell
isolation procedure.

Isolation of Hepatocytes

Twenty isolation procedures were performed using 8
whole livers, 5 right lobes, 6 left lateral segments, and 1
segment IV plus caudate lobe under good manufactur-
ing practices (Table 1). Hepatocyte isolation from NHBD
tissue was carried out using a collagenase perfusion

technique according to Strom et al.,12 with modifica-
tions by Mitry et al.13 The liver tissue was weighed and
the major vessels were cannulated (1-4 cannulae). All
perfusions were carried out at flow rates of between 20
and 80 mL/minute, and all buffers (Cambrex, UK) were
maintained at 37°C. The first buffer consisted of Hank’s
Balanced Salt Solution containing 0.5 mmol/L ethylene
glycol-bis (2-aminoethylether)-tetraacetic acid and
5 mmol/L 4-(2-hydroxyethyl)-1-piperazineethanesulphonic
acid; the second buffer consisted of Hank’s Balanced Salt
Solution only and then Minimum Essential Medium with
Eagle’s Balanced Salt Solution containing collagenase P
(0.5 mg/mL, Roche Diagnostics, East Sussex, UK). Hepa-
tocytes were purified by washing 3 times with ice-cold
Minimum Essential Medium with Eagle’s Balanced Salt
Solution containing 2% human serum albumin (centrifu-
gation at 50g for 5 minutes at 4°C). The cell number and
viability were determined using a hemocytometer and
trypan blue exclusion technique.

Cryopreservation of Hepatocytes

The freezing protocol used was based on that of Diener
et al.,14 with some modifications in a controlled rate
freezer (Kryo 10, Series III; Planer PLC, Middlesex, UK).
Freezing media consisted of University of Wisconsin
solution to which dimethylsulfoxide was added to give a
final concentration of 10% (v/v). After cryopreservation,
hepatocytes were immediately transferred to the vapor
phase of liquid nitrogen for storage until thawing.

TABLE 1. Details of Non-Heart-Beating Donors and Livers

No
Age
(yr) Gender Lobe

Weight
(g)

Cell yield
! 106

Cell
viability
(%)

Cause of
death

Warm
ischemia
(min)

Cold
ischemia
(h)

Fatty or
Transplant

1 39 M Whole [Rt L] 1160 57000 22 Anoxia 40 12
2 16 F Whole 1600 47500 1.3 Trauma 25 30 Fatty
3 32 F Whole [LLS] 409 6 50 Anoxia 17 17.5 Fatty
4 46 M Whole 1545 464 25 Ischemia 12 14.5 Fatty
5 52 F Whole 1498 430 40 IC bleed 12 12
6 24 M Whole 1740 380 50 Trauma 14 11
7 49 F Whole 1703 9000 64 Anoxia 12 12 Fatty
8 36 M Seg IV and

CL
73 10 52 Ischemia 12 12.5 TP

9 66 M Whole [LLS] 356 2700 60 Ischemia 15 16 Fatty
10 57 M Whole - 690 65 Ischemia 14 14 Fatty
11 0.75 M Whole [LLS] 323 5120 50 Ischemia 19 10.5
12 54 F Whole [LLS] 685 500 52 IC bleed 11 9 Fatty
13 32 F Right lobe 1050 3800 65 Anoxia 11 7.5 TP
14 54 F Whole [LLS] 870 600 66 IC bleed 14 17.5 Fatty
15 52 F Whole 2093 1200 50 Ischemia 17 14.5 Fatty
16 7 M Whole 595 379 22 Anoxia 20 13
17 64 F Right lobe 980 5870 79 IC bleed 16 6 TP % HTP
18 10 M Right lobe 460 1003 81 Trauma 15 15.5 TP % HTP
19 15 M Right lobe 1077 6480 60 Anoxia 14 13 TP
20 69 M Whole [LLS] 640 430 51 IC bleed 18 12.5 Fatty

Abbreviations: [ ], tissue perfused; LLS, left lateral segment; Rt L, right lobe; CL, caudate lobe; TP, part orthotopic transplant;
HTP, hepatocyte transplant.
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Biopsy Test

Trucut needle biopsies were taken from 2 groups of
NHBD livers. For the initial tests, samples were ob-
tained from 7 cases (median age, 39 yr; range, 24-50 yr;
gender, 4M:3F) in which the liver was used for ortho-
topic transplantation. This was performed after 10 to
12 hours of cold ischemia.

In a further 18 cases (median, 50 yr; range, 7-61 yr;
gender, 10M:8F) liver biopsies were taken 2-3 hours
after retrieval of the donor liver, and of these, 10 livers
were subsequently used for orthotopic transplantation
and 8 were rejected. Four of these were used for large-
scale isolation of hepatocytes (numbers 13-16).

The biopsies (&20 mg in weight) were minced into 2-
to 3-mm3 pieces and incubated at 37°C in 2 mL of
Minimum Essential Medium with Eagle’s Balanced Salt
Solution containing collagenase P (0.5 mg/mL) for 30
minutes, with agitation every 10 minutes. The cells
released were filtered through 70-'m nylon mesh. Eight
milliliters of ice-cold Minimum Essential Medium with
Eagle’s Balanced Salt Solution was added and the
hepatocytes pelleted by centrifugation (50g for 5 min-
utes at 4°C). Hepatocyte viability was determined using
trypan blue exclusion.

Statistical Analysis

Results are expressed as median with range. The Mann
Whitney U test and correlation analysis were used to
determine relationship between parameters.

RESULTS

Hepatocyte Isolation

The median donor age was 43 yr (range, 1-69 yr), and
11 of them were male. The median warm ischemia time
of the liver was 15 minutes (range, 11-40 minutes), and
cold ischemia time was 13 hours (range, 6-30 hours).
The median hepatocyte viability by trypan blue exclu-
sion was 52%, (range, 1-81%), and median cell yield per
isolation after purification was 0.85 ! 109 cells (range,
6.0 ! 106 to 5.7 ! 1010 cells) (Table 1). The lowest
viability result was for donor tissue number 2 (1%), for
which the cold ischemia time was 30 hours.

Ten of 15 livers that had been rejected for clinical
transplantation were steatotic, and in others there had
been poor perfusion on retrieval. There was a statisti-
cally significant higher viability of cells isolated from
liver segments in which part was used for orthotopic
transplantation (median, 65%; range, 52-81%), com-
pared to whole livers rejected for transplantation (50%;
1-66%; P " 0.011).

There was a significant negative correlation between
the hepatocyte viability and the warm ischemia time
(r " #0.546, P " 0.016) and also cold ischemia time (r "
#0.510, P " 0.026). If the warm ischemia time in min-
utes and cold ischemia time in hours were added to-
gether without units to give an ischemia index, there
was a highly significant correlation with the viability of
the hepatocytes obtained (Fig. 1). There was no signifi-

cant correlation between cell viability and cell yield,
time of withdrawal of support to cardiac arrest, age of
donor, stay in intensive care unit, or use of inotropes in
the donor.

Use of Hepatocytes

For clinical transplantation hepatocytes should have a
viability (60%, a cell number (5 ! 108 hepatocytes,
together with an absence of microbiological contamina-
tion.15 Overall, 7 of 20 (35%) NHBD livers processed
met these criteria. Of these, 4 were from livers in which
part was used for orthotopic liver transplantation, and
3 from livers rejected for orthotopic liver transplanta-
tion.

Hepatocytes from 2 of the cryopreserved NHBD prep-
arations (numbers 17 and 18) that met the above crite-
ria were used for hepatocyte transplantation in 2 chil-
dren with liver-based metabolic liver disease as part of
a series of cell infusions through a Hickman line placed
surgically in the inferior mesenteric vein. A 3.5-yr-old
girl with Crigler-Najjar syndrome type I received 9.7 !
108 hepatocytes (viability, 65% after thawing), and a
4-month-old boy with inherited clotting factor VII defi-
ciency received 5.0 ! 108 hepatocytes (viability, 57%).
In both cases, this was performed without adverse clin-
ical reaction, with beneficial effect in terms of lowered
serum bilirubin and decrease in requirement for recom-
binant factor VII, respectively.

Liver Biopsy Studies

With the liver biopsies taken from livers transplanted
and tested after 10 to 12 hours cold ischemia, the me-
dian viability was 65%, (range, 50-90%) and the median
cell yield per biopsy was 5.4 ! 104 cells (range, 5.0 !
103 to 5.7 ! 105 cells).

With the biopsies taken and tested earlier after 2 to 3
hours cold ischemia, there was no difference in the
viability obtained between livers used for transplanta-

Figure 1. Correlation between in vitro viability of hepato-
cytes isolated from NHBD livers and the ischemia index (nu-
merical sum of warm ischemia time in minutes and cold isch-
emia time in hours).
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tion (76%; 50-87%) and those rejected for transplanta-
tion (75%; 50-87%). In the 4 livers used for isolation of
hepatocytes, the viability (median, 58%) found on iso-
lation after 7.5-17.5 hours cold ischemia) was lower
than that in the early biopsy sample (median, 79%).

DISCUSSION

This study has shown that hepatocytes suitable for
clinical hepatocyte transplantation can be isolated from
NHBD livers, including those rejected for orthotopic
liver transplantation. The viability obtained (median,
52%) was similar to that obtained with our initial expe-
rience13 with 20 conventional donor livers (median,
56%). As previously, and not surprisingly, significantly
higher cell viability was obtained with liver tissue in
which the other part had been used for orthotopic
transplantation. In some cases, whole livers were dis-
sected to allow perfusion of segments, usually left lat-
eral segments, as better yields and viability can often be
obtained. One of the tissues processed was a segment
IV plus caudate lobe from a split liver procedure. We
have recently reported this to be a good source of iso-
lated hepatocytes.16

Some of the NHBD hepatocytes isolated in this study,
which had been cryopreserved, were used for hepato-
cyte transplantation in 2 children with liver-based met-
abolic liver disease, which is the first time hepatocytes
from this source have been used clinically. These were
part of a series of cell infusions mainly using hepato-
cytes from conventional donor livers, and it is not pos-
sible to determine their separate function after admin-
istration. There was no evidence of any different
reaction on infusion of NHBD. In a recent study of
cryopreservation of human hepatocytes from different
liver tissue sources, hepatocytes isolated from a small
number of NHBD livers did seem to be more vulnerable
to the effects of freezing. This was seen by lower viability
and albumin production rates on thawing compared to
hepatocytes isolated from conventional donor livers.17

Further infusions of cryopreserved NHBD cells alone in
patient treatment or in experiments in animals will help
determine their function in vivo.

The main difference between NHBD liver tissue and
that from conventional heart-beating donors is the pe-
riod of warm ischemia subsequent to the withdrawal of
life support until the time of cardiac arrest. Warm isch-
emia in the liver is considered to be more harmful to
hepatocytes than endothelial cells with cold ischemia,
being the converse from experiments in rats.18 In clin-
ical organ transplantation, cold ischemia is a major
concern in development of primary graft nonfunction
and acute rejection. Thus, in terms of isolated hepato-
cytes, the length of warm ischemia is more likely to be a
concern. Although the length of warm ischemia in the
livers used was relatively short ($40 minutes), there
still was a correlation with hepatocyte viability. There
was also a correlation with the cold ischemia times,
which were quite considerable by the time of processing
(median, 13 hours). Cold ischemia times of (8 hours
are reported to be harmful to outcome in transplanta-

tion of NHBD livers,19 yet the hepatocyte quality from
livers with greater cold ischemia times was good. If the
warm and cold ischemia times were added together, the
ischemia index gave a greater correlation with isolated
hepatocyte viability. In terms of other differences be-
tween NHBD and conventional donor livers, one impor-
tant factor is that they have not been exposed to high
levels of inflammatory cytokines in the donor in asso-
ciation with brain death,20 and this could be advanta-
geous to their function after isolation.

Our preliminary experience with the biopsy test to
rapidly assess the quality of liver tissue, which might be
used to determine suitability for orthotopic transplan-
tation21 or isolation of hepatocytes for cell transplanta-
tion, was inconclusive. A simple test was established
using digestion of biopsies with collagenase and assess-
ment of the viability by trypan blue exclusion. This was
applied prospectively to a series of NHBD livers with
biopsies taken 2-3 hours after start of cold ischemia, a
time when decisions are made about the use of the liver
for clinical transplantation. At this time there was no
difference in viability of cells obtained from the biopsies
to help determine suitability for transplantation, which
was better done as routinely by the surgical team on the
basis of gross appearance, ease of perfusion, degree of
steatosis, and donor characteristics. Of the livers from
which biopsies were taken, large-scale isolation of
hepatocytes was performed in 4 of the 8 livers rejected
for whole organ transplantation, which was not suffi-
cient number for comparison. Further studies are re-
quired using serial biopsies in the same livers and also
consideration of other functional tests of the biopsy or
cells isolated from it, such as 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide metabolic activity
or incorporation of 14C-leucine into protein.

In conclusion, hepatocytes suitable for cell trans-
plantation can be obtained from NHBD livers. Higher
cell viability values may be obtained if both liver warm
and cold ischemia times can be reduced prior to pro-
cessing.
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