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Current cell-based treatment alternatives to organ transplantation for liver failure remain unsatisfactory.
Hepatocytes have a strong tendency to dedifferentiate and apoptose when isolated and maintained in culture. In
contrast, liver progenitor cells (LPCs) are robust, easy to culture and have been shown to replace damaged
hepatocytes in liver disease. In this study we investigate whether isolated LPCs can survive and differentiate
toward mature hepatocytes in vivo when implanted into a heterotopic mouse tissue engineering chamber model.
Healthy Balb/c mice and those put on a choline-deficient ethionin-supplemented diet to induce chronic liver
disease were implanted with a tissue engineering chamber based on the epigastric flow through pedicle model,
containing either 1�106 LPCs suspended in Matrigel, or LPC-spheroids produced by preculture for 1 week in
Matrigel. Four weeks after implantation the chamber contents were harvested. In all four groups, progenitor
cells persisted in large numbers to 4 weeks and demonstrated evidence of considerable proliferation judged by
Ki67-positive cells. Periodic acid Schiff staining demonstrated differentiation of some cells into mature hepa-
tocytes. Constructs grown from LPC-spheroids demonstrated considerably greater LPC survival than those from
LPCs that were grown as monolayers and implanted as dissociated cells. The combined use of LPC spheroids
and the vascularized chamber model could be the basis for a viable alternative to current treatments for chronic
liver failure.

Introduction

The treatment of acute or chronic organ failure remains
one of the greatest therapeutic challenges in medicine.

Efforts to circumvent the necessity for the ever-diminishing
number of donor organs have spurred research into regen-
erative techniques. The liver has an immense innate regen-
erative capacity, whereby acute injury results in an increased
proliferation of the remaining healthy hepatocytes to replace
the lost cell mass. Such is the regenerative power, that even a
partial hepatectomy of up to 70% can be compensated
merely by proliferation.1 The first attempts to take advantage
of this property for the treatment of liver failure date back to
1977, when Groth et al. transplanted hepatocytes into the
Gunn rat—an animal model for Crigler-Najjar syndrome—
resulting in decreased hyperbillirubinemia.2 Despite these
and other initial encouraging findings, the use of mature
hepatocytes as an alternative to whole-organ transplantation

has been limited by their fragility after isolation. The qual-
ity and yield of functional cells varies immensely from
preparation to preparation, and in vitro, the life-span of he-
patocytes is significantly reduced. Their exceedingly low
proliferation rate in culture and propensity to dedifferentiate
makes it very difficult to generate sufficiently large numbers
of functional cells for cell therapy applications.3 Not only are
they highly sensitive to freeze–thaw procedures, but also in
culture isolated hepatocytes tend to apoptose rapidly. This
phenomenon is chiefly due to their complex intercellular
attachment dependency.4–6 Despite the development of
highly innovative culture methods, including three-dimen-
sional matrices and the design of bioartificial liver devices,
the success of cell-based treatments for liver failure using
mature hepatocytes remains very limited.7 As a consequence,
research has been driven toward alternate cell sources such
as stem cells (mesenchymal and hematopoietic) and liver
progenitor cells (LPCs).
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In the healthy liver, hepatocytes replicate in a regulated
manner maintaining a sufficient cell mass to meet the liver’s
functional demand. When this process is inhibited, such as in
the case of both chronic and carcinogenic injury, a distinct
population of cells, the so-called oval or LPCs, proliferate
and infiltrate the liver parenchyma from their origin in ter-
minal bile ducts.8 Not only can these cells be relatively easily
isolated and readily expanded in vitro, but they are also bi-
potential as they can differentiate into both hepatocytes and
cholangiocytes in vivo and in vitro.9 Further, after prolifera-
tion and differentiation, a pool of progenitor cells is retained.
These combined properties have encouraged attempts to use
LPCs in the context of liver cell transplantation. Thus far,
there have been only few reports of attempts to engineer
liver tissue from LPCs in vivo.10,11 Based on our previous
experience cultivating organoids from other cell types in vivo
using a vascularized chamber model,12 we undertook this
study to determine whether such a tissue engineering con-
struct with a defined vascular supply can support and/or
induce the growth and differentiation of LPCs toward
functional mature hepatocytes in a mouse model.

Materials and Methods

Animals and anesthesia

All experiments were performed with the approval of the
St. Vincent’s Hospital Animal Ethics Committee, under the
National Health and Medical Research Council Australia
guidelines. Wild-type male Balb/c mice (Animal Resource
Centre) weighing 18–24 g were used in all experiments. They
were housed in an approved facility, on a 12 h day/night
cycle, and given food and water ad libitum. All experiments
were performed with the mice placed under general anes-
thesia (chloral hydrate administered intraperitoneally at
0.4 mg/g body weight).

Choline-deficient, ethionin-supplemented diet

The choline-deficient ethionin-supplemented (CDE) diet is
a well-established model for inducing chronic liver injury
through hepatic steatosis,13 which induces promitotic cyto-
kines, including tumor necrosis factor, interleukin-6, inter-
feron gamma, oncostatin M, and lymphotoxin beta.14 It has
also successfully been used to investigate oval cell/liver
progenitor biology by facilitating their isolation, and culture
and proliferation and differentiation in vivo.15

The mice in two of the four experimental groups were
subjected to the CDE diet for 4 weeks. They were fed a 1:1
mixture of 50% choline-deficient chow (MP, Cat. No. 960209)
and normal powdered chow. DL-Ethionine (Sigma Aldrich)
was administered separately in the drinking water.13

Surgical technique and vascularized chamber model

The vascularized groin chamber model consists of a sili-
cone tube sleeved around the epigastric vessels that branch
from the femoral artery and vein in the groin.12 After ap-
plication of depilatory cream and decontamination of the
skin with chlorhexidine and alcohol, the surgical field was
exposed via a transverse incision above the inguinal fat pad.
The superficial epigastric vessels were freed from sur-
rounding tissue along a 1 cm length from their origin at the
femoral vessels to their entry into the inguinal fat pad. Sili-

cone tube chambers (Dow-Corning Corp.) cut to lengths of
5 mm, with an internal diameter of 3.55 mm and a volume of
42 mL, were slit open on one side and placed around the
epigastric vessels. A 10/0 Nylon microsuture stitch was
placed at the proximal end of the chamber, anchoring it to
the underlying muscle. The proximal end and side were then
sealed with melted bone wax (Ethilon), leaving sufficient
opening for the vessels to pass. After filling the chamber with
its contents the distal end was also sealed in the same fash-
ion. Finally, the wounds were closed with metal clips.

LPC culture

LPCs derived from an adult TAT GRE LacZ transgenic
mouse were used in these studies.15 They were cultured at
378C in 5% CO2 in either Williams’ E solution (Gibco, Cat.
No. 12551032) containing antibiotics, 10% fetal calf serum,
and epidermal growth factor (50 ng/mL) (Chemicon Int.,
Cat. No. 445042) and insulin (10mL/mL), termed ‘‘growth
medium,’’ or the so-called ‘‘differentiation medium,’’ which
was further supplemented with Insulin-Transferrin-Selenium
10 mL/mL (Gibco, Cat. No. 41400045), nicotinamide (1 mL/
mL), and dexamethasone (4 mL/mL). Immediately before
surgery, the LPCs were trypsinized, washed three times with
phosphate-buffered saline, and centrifuged to remove the
fetal calf serum. The cells were then aliquoted into units of
1�106 cells. After incubation for 5 min at 378C, the suspen-
sion was placed on ice for a further 10 min. The cells were
then washed three times in phosphate-buffered saline and
the pellet resuspended in 50mL aliquots of Matrigel (BD
Biosciences, Cat. No. 356234) kept at 48C for seeding into the
animal chambers.

The spheroids were prepared by culturing LPCs in Ma-
trigel for 1 week before implantation. To achieve this, the
cells were washed and counted aliquots of 50,000 LPCs
suspended in 50mL Matrigel were placed in 96-well plates
and maintained for a week at 378C in 5% CO2 in Williams’ E
solution, with and without the differentiation supplements
described above. Spheroid formation was seen under low
magnification light microscopy after 1 week (Fig. 1).

Animal groups

The animals were divided into four groups, each consist-
ing of four mice. Animals in groups 3 and 4 were fed the
CDE diet as described earlier, whereas those in groups 1 and
2 were kept on a normal diet. Chambers were implanted in
the groin bilaterally in each animal and either contained
1�106 cells directly suspended in Matrigel (group 1, group 3)
or spheroid formations that had formed from aliquots of
50,000 cells in culture in Matrigel over a period of 1 week
(groups 2 and 4). The chamber in the right groin contained
cells cultured with the supplement media as described
above, whereas those on the left side were maintained in the
growth medium (Fig. 2).

Chamber harvest

At 4 weeks after chamber implantation, mice were an-
esthetized using chloral hydrate given intraperitoneally at
4 mg/g body weight. A small incision was made over the
original wound and the chamber dissected from its sur-
rounding tissue. Patency of the pedicle was assessed quali-
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tatively before explantation of the construct. The mice were
subsequently sacrificed with an overdose of Lethabarb
(Virbec, Cat. No. 1P0643-1) given intraperitoneally. After
removal of the silicone tubing, chamber tissues were
weighed before processing.

Histology and immunohistochemistry

All specimens were fixed whole in 4% paraformaldehyde
overnight. The fixed tissue was then processed to paraffin,
and sections were cut longitudinally at 5mm, placed on si-
lanized slides, and dried overnight in a 378C incubator.
Histological staining was performed using hematoxylin and
eosin (H&E) to analyze general morphology and periodic
acid Schiff (PAS) reaction to demonstrate glycogen storage in
cells, and a total of six to seven chambers were sectioned and
analyzed for each of the four groups.

Immunohistochemical staining for Ki67 (Labvision rabbit
monoclonal Ab, SP6 No. RM-9106) to assess proliferation of
implanted LPCs was performed using a Dako Autostainer,
on sections adjacent to those for H&E and PAS where pos-
sible. After dewaxing and hydration, antigen retrieval was
performed by heating sections in tris/EDTA buffer, pH 9.0 at
958C for 20 min, followed by 20 min cool-down at room
temperature. Slides were then loaded in to the machine for
all subsequent steps. Endogenous peroxidise was first
blocked with 3% peroxide in 50% methanol for 5 min, fol-
lowed by protein blocking with 10% normal goat serum for
30 min. Primary antibody was applied at 1: 500 for 1 h, fol-
lowed by Vector biotinylated goat anti rabbit at 1:200 for
30 min, and Dako HRP-streptavidin Enzyme activity was
then observed with Thermo Ultravision DAB Plus substrate
for 5 min, and slides removed from the machine, counter-
stained in hematoxylin, dehydrated, cleared, and mounted in
DePex. Tris buffered saline (TBS) was used as diluent for all
reagents and wash steps, and all reactions took place at room
temperature. Diluent alone was used in place of primary
antibody as a reagent negative control.

All sections were viewed under light microscopy using
Zeiss Axioskop 2 and Plan-NEOFLUAR lenses (1.25–100-fold
magnification). Images were captured with a Zeiss AxioCam
Mrc5.

Statistical analysis

Data were presented as mean with standard error for the
mean. Statistical analysis was performed using two-way
analysis of variance and differences with a p-value> 0.05
were considered significant.

Results

General observations

All animals survived the duration of the study and those
placed on the CDE diet tolerated it well. There were no
perioperative complications. The vascular pedicles of all but
one chamber, where it had thrombosed (group 3), were
macroscopically patent and filled with vital tissue at the time
of chamber harvest. The overall mean weight of the chamber
contents varied only slightly within and also between the
groups (Table 1). The highest mean tissue weight of 16.1 mg
(range 15.0–20.4 mg) was found in group 4 with animals on
the CDE diet and implanted spheroids cultivated with the
growth medium, whereas constructs grown from spheroids
without supplement media in animals on a normal diet

FIG. 1. Light microscopy images of
LPCs in culture before implantation.
(A) LPCs cultured in the growth
medium forming a monolayer. (B)
Spheroids formed in Matrigel after
culture of LPCs for 7 days. Optical
magnification (A):�10, (B):�20. LPCs,
liver progenitor cells.

FIG. 2. Schematic illustration of experimental design and
treatment groups. The animals were divided into four
groups each consisting of four animals. Mice in groups 1 and
2 were fed a normal diet, whereas groups 3 and 4 received a
CDE diet to induce liver injury. Bilateral silicone chambers
contained either 1�106 LPCs directly suspended in Matrigel
(groups 1 and 3), or spheroids cultured over 1 week from
50,000 LPCs (groups 2 and 4), which were placed around the
epigastric vessels and sealed with bone wax. Cells in the
constructs implanted in the right groin had been prepared in
standard growth media, and those on the right differentia-
tion media with supplemented nicotinamide and dexa-
methasone. CDE, choline-deficient ethionin-supplemented;
DM, differentiation medium; EFP, epigastric fat pad; FA & V,
femoral artery and vein; GM, growth medium; SC, silicone
chamber.
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(group 2) produced the lowest average weight of 10.62 mg
(range 8.4–13.8 mg). Neither diet nor cell culture technique
had a statistically significant influence on the construct
weight ( p> 0.05 from two-way analysis of variance).

Histomorphology

The implanted LPCs were readily identified in H&E sec-
tions based on their characteristic appearance, which included
small size, ovoid, and intensely basophilic nuclei, and scant,
though eosinophilic, cytoplasm (Fig. 3). The main components
of all of the harvested tissue constructs aside from the iden-
tified LPCs were Matrigel remnants, adipocytes, vascular
structures, both the original epigastric vascular pedicle–seen
running longitudinally along one side of the construct (Fig. 4)

and new vessels created via angiogenesis from the pedicle
(Fig. 3c), and inflammatory cells in varying numbers.

The number of LPCs within the harvested constructs
showed considerable variation between groups. Across all
groups, under low power magnification it was not possible
to detect a clear difference in cell number, morphology,
distribution, or proliferation (Ki67 labeling) in chambers
where implanted cells were cultured in growth compared to
differentiation medium. The description that follows there-
fore considers these two subgroups together, for each of the
four main groups.

Chamber tissue morphology in the two groups receiving
dissociated cells (group 1, normal diet; group 3, CDE diet)
was similar. The greatest number of LPCs was noted adja-
cent to the vascular pedicle (Fig. 4a, b, e, f), and most were

Table 1. Weights of Tissue Constructs Harvested from the Tissue Engineering Chamber

After 4 Weeks

Weight (mg)

Group 1 Group 2 Group 3 Group 4

Animal GM DM GM DM GM DM GM DM

1 18.3 10.7 10.4 8.4 12.9 20 15 11.6
2 14.8 16.3 10.5 15 14.5 12.8 15 19.8
3 16.2 19.4 14.2 5.3 6.5 11.7 20.4 19.8
4 10 14.1 14.8 13.8 t 13 14 7.5
Mean 14.83 15.13 12.47 10.63 11.3 14.38 16.1 14.68
SEM 1.365 1.419 0.9107 1.768 1.728 1.469 1.125 2.382

The overall mean weight of the chamber contents varied only slightly within and also between the groups. Animals in groups 3 and 4 were
fed the CDE diet; animals in groups 1 and 2 were kept on a normal diet. Chambers were implanted in the groin bilaterally in each animal and
either contained 1�106 cells in Matrigel (groups 1 and 3) or spheroid formations after culture of 50,000 cells for 1 week in Matrigel (groups 2
and 3). The chamber in the right groin contained cells previously cultured in the differentiation medium; those on the left side, maintained in
the growth medium. The highest mean tissue weight was found in animals on the CDE diet with implanted spheroids cultivated in the
differentiation medium. CDE, choline-deficient ethionin-supplemented; DM, differentiation medium; GM, growth medium; SEM, standard
error for the mean; t, thrombosed.

FIG. 3. (a) LPCs forming a line of
cells (indicated by brackets) on either
side of a capillary in longitudinal sec-
tion (arrow). (b) LPCs in no particular
arrangement. Both (a) and (b) are from
group 3 (LPCs implanted as dissociated
cells on CDE diet) and demonstrate the
LPCs in high power as generally oval
cells also note some heterogeneity in
size and shape, and with a dense nu-
cleus and a relatively small amount of
dark pink cytoplasm. (c) Medium
power view of the pedicle (P) sprouting
new capillaries (arrows) into the con-
struct Matrigel surrounded by large
clusters of LPCs. Further from the
pedicle the Matrigel areas (M) are less
cellular (from group 4, spheroid-
implanted CDE diet chamber). (a–c)
Hematoxylin and eosin-stained sections.
Panels (a) and (b) were taken at�100
objective and scale bars¼ 20mm; (c) was
taken with�10 objective and the scale
bar¼ 100mm. Color images available
online at www.liebertonline.com/ten.
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present as masses of varying size and density, and infiltrated
with new capillaries growing from the pedicle (Fig. 4b). A
few scattered, isolated cells were also noted in areas more
distant from the pedicle. Varying numbers of inflammatory
cells, consisting of lymphocytes and neutrophils, were noted
in these chambers. These were usually located either scat-
tered among the LPCs or more peripherally, where they
formed part of the capsule lining the internal surface of the
silicone chamber (Fig. 4c), most likely as a response to this
rather than the implanted cells.

The LPCs seen in group 2 (normal diet, spheroids) were of
a similar number to those in the two groups described above,
despite fewer total cells implanted. In contrast, however, in
several chambers the cells were arranged in tracts through-
out the chamber, including areas a long distance from the
pedicle. These LPC tracts included a central blood vessel and
also contained other (i.e., non-LPC) cell types such as in-
flammatory cells. The tracts were separated by pockets of
acellular Matrigel (Fig. 4c, d).

The chambers implanted in CDE-fed mice with spheroids
(group 4) gave rise to larger and often denser LPC masses,
with smaller amounts of residual Matrigel. This is notewor-
thy given that far fewer cells were implanted in the spheroid
compared to single cell groups. As above, the cell masses
tended to be focused around the pedicle (Fig. 4g, h), but also
occurred elsewhere at considerable distances from the pedi-
cle. The cell tracts noted in group 2 (spheroid implantation
no diet) were not as evident here, and it may be that with
greater survival and/or proliferation in group 4, larger
masses rather than narrow tracts are formed. Inflammatory
cells were as described previously.

In chambers from all groups, under high power magnifi-
cation, cord-like arrangements of LPCs could be seen, some-
what reminiscent of the hepatic plates seen in mature liver
(Fig. 3a). These were often arranged parallel to capillaries. In
most instances, however, LPCs were loosely clustered and
showed no obvious arrangement or close association (Fig. 3b),
and this was the same in both single-cell and spheroid groups.

FIG. 4. Low-power and high-power
micrographs of longitudinal sections
showing characteristic construct
appearance in all four groups: (a, b)
dissociated cells, control diet; (b, d)
spheroids in control diet; (e, f) dissoci-
ated cells with CDE diet; and (g, h)
spheroids with CDE diet. The pedicle
(P) is seen running along the length of
the construct in (a, e, g). The pedicle is
not seen in (c), which is a section some
distance from the pedicle, although
some capsule development (C) is evi-
dent peripherally. In (a, b, e–h), LPCs
can be seen around the pedicle. Ad-
ditionally in the spheroid groups (c, d),
thick tracks of LPCs (arrows) are seen,
and even larger groupings of LPCs (g,
arrows) can be seen at long distances
from the pedicle. In the dissociated cell
implantations (a, e) in low power it is
event that the Matrigel (M) areas away
from the pedicle are relatively acellular,
whereas the spheroid-implanted cham-
bers (c, g) are more cellular, including
large masses of LPCs at large distances
from the pedicle, particularly (g) which
is also on the CDE diet. Arrow in (b)
indicates capillary branch from the
pedicle. Hematoxylin and eosin stain-
ing: (a, c, e, g), taken on 1.25�objective
and scale bars¼ 1000 mm; (b, d, f, h),
taken on 10�objective and scale bars
100 mm. Color images available online
at www.liebertonline.com/ten.
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Some LPCs or LPC-derived cells were clearly enlarged and
more cuboidal compared to LPCs with the standard mor-
phology described earlier (Fig. 3a), presumably reflecting
some degree of maturation toward a mature hepatocyte
phenotype. No obvious ductal structures were seen.

Proliferation and differentiation

Ki67 immunostaining demonstrated, that in all four
groups, a considerable number of the identified LPCs were
clearly proliferating (Fig. 5a, b, d, e, g, h, j, k). As a per-
centage of LPCs (identified by morphology) the percentage
of proliferating cells are similar across the different experi-
mental groups ranging between 10% and 15%. A far higher
number of proliferating cells were observed among LPC cells
than in other regions of the chamber construct that did not
include LPCs.

As a measure of possible differentiation of the implanted
LPCs toward a mature hepatocyte phenotype, samples were
stained with PAS to detect glycogen production. In each of
the four groups, it was estimated that *5%–10% of identi-
fied LPCs contained PAS-positive material (Fig. 5c, f, i, l).
The PAS-positive cells as a percentage of total LPCs ap-
peared to be similar for the four groups. Some of the positive
cells were larger due to an expanded glycogen-containing
cytoplasm, and possessed the more mature appearance de-
scribed above. Staining in a given cell was sometimes

granular and other times more homogeneous, but was al-
ways distinctly a dark magenta compared to the pale pink of
the extracellular matrix and Matrigel-containing background
(Fig. 5c, f, i, l).

Discussion

The treatment of end-stage liver failure continues to pose a
therapeutic challenge. Despite the success of liver trans-
plantation, an increasing lack of donor organs has directed
much research toward the use of cell-based therapies, in-
cluding direct transplantation of mature hepatocytes into the
spleen or portal vasculature4 and extra- or intracorporeal
bioartificial liver devices.7 Direct transplantation of hepato-
cytes via the portal venous system is one clinically estab-
lished method. Unfortunately, embolization of cells into the
spleen or liver itself is associated with portal hypertension
and transient ischemia reperfusion injury. Further, up to 70%
of the transplanted cells remain intravascularly trapped and
undergo phagocytosis with a subsequent significant loss of
cell count.16

Ideally, a liver replacement system would consist of a
construct containing a mass of cells with a high, but con-
trollable proliferation and differentiation capacity, which is
able to compensate for the organ’s diminished functional
properties indefinitely. Its application should also cause

FIG. 5. Low-power (a, d, g, j)
and high-power (b, e, h, k)
micrographs from all four
groups demonstrating
large numbers of proliferating
Ki67-positive LPCs (arrows)
in all four groups. (a, d, g, j),
taken using�10 objective and
scale bars¼ 100 mm; (b, e, h,
k), taken using�40 objective
and scale bars¼ 20 mm.
(c, f, i, l) are high-power
micrographs illustrating the
magenta cytoplasm of
PAS-positive cells in each of
the four groups; taken using
a�100 objective under oil
immersion, scale bars¼ 10 mm.
PAS, periodic acid Schiff.
Color images available online
at www.liebertonline.com/
ten.
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minimal morbidity and not rely on additional treatments
such as immunosuppressants.

Thus far, all of the experimental cell-based treatment
modalities for liver failure share the same problem, namely,
the difficulty of culturing and expanding hepatocytes to
achieve sufficient numbers for functional organ replacement.
To overcome this obstacle, research is moving toward the use
of LPCs. Unlike hepatocytes, which tend to lose their pro-
liferative capacity, dedifferentiate and even undergo apo-
ptosis when their intercellular attachments are disrupted
during isolation for culture in vitro, LPCs are much more
easily isolated, cultured, and expanded.17,18

The tissue engineering chamber used in our study is an
established model for the in vivo generation of tissue con-
structs on a defined vascular pedicle from cells of different
lineages. Studies conducted at our institute have successfully
shown adipogenesis,11,19 survival, and differentiation of both
pituitary colony-forming cells,20 survival and function of
pancreatic islets,21 and survival of adipose-derived mesen-
chymal stem cells,22 and the formation of myotubes from
myoblasts (unpublished data) using the chamber construct.
In the context of cell-based liver replacement, this localized
and controllable environment could therefore potentially be
an ideal vehicle to avoid the problems encountered with
intravascular cell applications.

To replicate the situation of liver failure, the mice in two of
the four groups used in this study were put on a CDE diet for
1 month before treatment. This is a well-established model
for chronic liver injury and it is also known to induce pro-
liferation and differentiation of LPCs within the damaged
organ.14,15 We hypothesized that as well as the intrahepatic
signals activating LPCs, there might also be a systemic
component that could affect the cells within the chamber. The
finding that the chambers implanted with spheroids in CDE-
treated mice produced constructs with the greatest number of
LPC and hepatocyte-like cells supports this notion.

As organs are three-dimensional structures, the survival
and function of the cellular components rely on maintained
physiological surroundings. Especially mature hepatocytes
are known to be greatly dependent on intercellular attach-
ment and signaling for survival.5,6,23 It is therefore not sur-
prising that the LPCs as hepatocyte precursors also thrive
when cultivated in a three-dimensional matrix to resemble
the microanatomy of normal liver tissue more closely. In this
study the implantation of freshly suspended LPCs in Matrigel
directly into the chamber clearly showed cell proliferation
and differentiation, but the extent of these events was clearly
increased when the cells were first cultured to form three-
dimensional clusters within a matrix (in this case Matrigel)
before implantation. Despite the fact that the implanted
spheroids were cultured starting out with units of only 50,000
LPCs, versus 1�106 LPCs used for direct implantation, more
LPCs cells were found in the spheroid chambers at 4 weeks.
This would imply that in view of a potential clinical appli-
cation, the amount of initial donor cells needed could be
significantly reduced by induction of spheroid formation
before transplantation. Supplementation of the culture media
with dexamethasone and nicotinamide (termed differentia-
tion medium) seemed to have no obvious effect on cell sur-
vival or differentiation of the LPCs to more mature cell forms.

In some areas of the chamber, the ovoid cells aligned in a
distinct single-file pattern, reminiscent of how hepatocytes

follow the hepatic sinusoids. The moderate inflammatory
response within the tissue constructs and the strong induc-
tion of vascularization are also indications that this chamber
model can provide a sustainable environment, which facili-
tates three-dimensional association of the cells to form a
functional organoid.

LPCs are at least bipotential as they can differentiate into
both cholangiocytes and hepatocytes. The specific signals that
determine the alternate paths of differentiation are yet to be
defined. Under the conditions used in our study, 5%–10% of
LPCs demonstrated signs of functional differentiation to he-
patocytes, based on cytoplasmic glycogen storage (PAS).
Many of these PAS-positive cells were larger and appeared
more mature (larger of more cuboidal shape) than the ovoid
LPCs. None of the tissue sections obtained in this study
showed obvious ductal formations. Collectively, the data
suggest that the environment provided to the chamber in a
CDE-treated mouse favors the growth and differentiation of
LPCs toward the hepatocyte lineage, as well as the mainte-
nance of some LPCs. It is possible that the milieu that exists in
damaged and inflamed liver contributes toward a favorable
environment, which allows for differentiation of LPCs to both
hepatocyte and cholangiocytes.24 This is also supported by the
finding that bone marrow cells can differentiate into hepato-
cytes when exposed to extracts from damaged hepatocytes.25

In this study we show that LPCs can survive, proliferate,
and differentiate into hepatocytic cells in vivo. By combining
the tissue engineering chamber model, with the three-
dimensional culture of LPCs into spheroids in a matrix, we
provide a novel delivery method for introducing cells. In this
environment, which favors their proliferation and differen-
tiation toward mature hepatocytes, a good yield of cells with
a mature hepatocytic phenotype can be achieved. For this
cell-based liver replacement system to be useful as a viable
alternative to whole-organ transplantation, the issue of in-
corporating or inducing the formation of a ductal drainage
system would have to be addressed. However, it is feasible
that this chamber system could be applied in genetic or
metabolic diseases where pure hepatocyte-specific synthetic
functions are required, such as clotting factors or enzymes.
As a next step, we aim to consolidate these encouraging
findings through further studies including longer time
points, in depth functional arrays of the hepatocytic cells,
and also investigations into alternative matrices to Matrigel
that could be applied in humans.
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