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Fetal liver progenitor cell suspensions (FLPC) and he-
patic precursor cells derived from embryonic stem cells
(ES-HPC) represent a potential source for liver cell ther-
apy. However, the relative capacity of these cell types to
engraft and repopulate a recipient liver compared with
adult hepatocytes (HC) has not been comprehensively
assessed. We transplanted mouse and human HC, FLPC,
and ES-HPC into a new immunodeficient mouse strain
(Alb-uPA'S“*/7Rag2~"y /7 mice) and estimated
the percentages of HC after 3 months. Adult mouse HC
repopulated approximately half of the liver mass
(46.6 = 8.0%, 1 x 10° transplanted cells), whereas
mouse FLPC derived from day 13.5 and 11.5 post con-
ception embryos generated only 12.1 *+ 3.0% and 5.1 =
1.1%, respectively, of the recipient liver and smaller cell

clusters. Adult human HC and FLPC generated overall
less liver tissue than mouse cells and repopulated 10.0 =
3.9% and 2.7 * 1.1% of the recipient livers, respectively.
Mouse and human ES-HPC did not generate HC clusters
in our animal model. We conclude that, in contrast to
expectations, adult HC of human and mouse origin gen-
erate liver tissue more efficiently than cells derived
from fetal tissue or embryonic stem cells in a highly
immunodeficient Alb-uPA transgenic mouse model sys-
tem. These results have important implications in the
context of selecting the optimal strategy for human liver
cell therapies. (Am J Pathol 2009, 175:1483-1492; DOI:
10.2353/ajpath.2009.090117)

Transplanted adult hepatocytes (HC) engraft in a recipi-
ent liver and morphologically as well as functionally con-
nect with the surrounding cells.”? In animal models with
liver injury and/or selective growth advantage engrafted
cells respond to growth stimuli and repopulate recipient
livers.®* Elucidation of the molecular pathways of liver
regeneration and extensive preclinical cell transplanta-
tion experiments in animals have led to the application of
HC transplantation in a limited number of patients with
hereditary metabolic liver disease and acute liver fail-
ure.® 8 However, the shortage of donor organs and the
difficulties of cryopreservation and long-term culturing of
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mature HC have limited the clinical application of cell-
based therapies.

Stem cells have attracted considerable interest for cell
replacement therapy, because they expand in cell cul-
ture or can be easily harvested from patients.®'© Adult,
fetal, and embryonic stem cell (ESC) sources have been
studied as a potential substitute for primary adult HC in
liver cell therapy. The generation of HC has been re-
ported in recipient livers of animals, which have been
transplanted with adult hematopoietic and mesenchymal
stem cells.”"~"* More recent studies, however, have not
convincingly shown formation of HC in therapeutically
relevant numbers in mouse liver repopulation or toxic
injury models.'™'” In one study in fumarylacetoacetate
hydrolase (Fah)!~/ deficient mice, liver tissue formation
from transplanted bone marrow cells was found to be the
result of monocyte fusion with recipient liver cells.’® In
contrast to adult stem cells, fetal liver progenitor cells
(FLPC) already express an induced immature hepatic
phenotype and can be isolated, cultured, and expanded
in vitro. Transplantation experiments in several laborato-
ries have demonstrated engraftment of FLPC and subse-
quent liver tissue formation.’?° Transplanted FLPC,
which were isolated from murine fetal liver tissue, were
shown to acquire the adult HC phenotype over a period
of 6 to 8 weeks after transplantation.?” Although FLPC
can be expanded in cell culture, the availability of do-
nated fetal tissues restricts the clinical application of this
cell source.

With their unlimited potential to grow in vitro and to
develop into virtually any cell type, ESCs, and more re-
cently, induced pluripotent stem cells, might be the ideal
source of donor liver cells for cell therapies in the fu-
ture.?#2* We and others have generated hepatic precur-
sor cells from human and mouse ESC lines.?>-2® With the
existing differentiation protocols a primitive hepatic phe-
notype with fetal gene expression patterns can be in-
duced in the majority of the ESCs.?82° Transplantation of
these cells, however, have so far resulted only in scat-
tered formation of HC or were reported to form small HC
clusters in major urinary protein promoter driven uroki-
nase-type plasminogen activator (uPA) mice®® and
Fah™/) mice."

Multiple progenitor cell types have been studied ex-
tensively in transplantation experiments in animals with
normal liver, in toxic liver injury models, and in liver re-
population models such as the albumin promoter/en-
hancer (Alb) directed uPA transgenic or Fah™/~) mice.
Although the potential of transplanted stem cell derived
hepatic precursor and progenitor cells to generate HC
has been clearly demonstrated, a comparative analysis
of the individual capacity to form liver tissue is not avail-
able. In our present study we aimed to establish and
validate an animal model, which would allow us to com-
pare side-by-side the degree of liver repopulation of var-
jous human and murine cell types in a recipient liver. To
this end, we performed standardized transplantation ex-
periments in immunodeficient heterozygous Alb-uPA
mice. In this animal model the transgene is expressed
under transcriptional control of the albumin promoter/
enhancer sequence exclusively in HC, which causes

postnatal toxic liver injury.®2 Homozygous mice die from
liver failure, but can be rescued by the transplantation of
HC. In heterozygous mice, endogenous HC delete the
transgene and regenerate the liver. Transplanted cells
thus compete with endogenous HC to regenerate the
liver. The capacity of a given cell type to repopulate a
recipient liver organ after transplantation in this animal
model is determined by its engraftment properties, the in
vivo differentiation potential, and the proliferation capac-
ity in a recipient liver. We generated a new immunodefi-
cient xenograft mouse model by crossing Alb-uPA trans-
genic (tg) mice onto the Rag2' /")y, /) background
(Alb-uPAY Rag2(~/7)y (=/7) mjce). This new model
was then transplanted with various primary human and
mouse cells with hepatic phenotype and liver tissues of
the transplanted animals were harvested 3 months after
transplantation and analyzed for the presence of HC de-
rived from transplanted cells. Our data indicate that imma-
ture hepatic cell types of both human and mouse origin are
unexpectedly less competitive compared with adult HC in
repopulation of the Alb-uPA' 9" Rag2(~/")y (/=) mouse
liver. Additionally, the overall repopulation rates observed
after transplantation of human fetal and adult cells were
significantly lower compared with similar transplantations
performed with respective mouse cells.

Materials and Methods

Animals

C57BL/6 and enhanced green fluorescent protein (EGFP)-
transgenic mice (C57BL/6-TgN(ACTbEGFP)10sb) were
purchased from the Jackson Laboratory (Bar Harbor, ME).
Alb-uPAY/IRag2(~/7)y (=/7) mice were generated
by breeding of Alb-uPA transgenic mice®?3% on the
severe combined immunodeficiency background3*
with Rag2™/y,/7) mice®® on the nonobese diabetic
background (J.P. Di Santo, unpublished). All animals were
maintained and handled in accordance with institutional
guidelines of the Hannover Medical School and the Helm-
holtz Center for Infection Research.

Isolation of Cells from Human Adult and Fetal
Liver Tissue

Human adult HC were isolated as described previously
by a modified three-step collagenase perfusion from sur-
gical resectates, which have been obtained from patients
with informed consent.®® Perfusion solutions were intro-
duced into the tissue through catheters placed into the
portal or hepatic vein branches. After the digestion
phase, the liver tissue was manually disrupted with sterile
scissors and scalpels. To separate undigested tissue
pieces, the suspended HC were passed through 750 and
500 um filters into 50 ml Falcon tubes. The cell suspen-
sions were centrifuged at 50 g for 10 minutes and the cell
pellet was resuspended in an ice cold buffer. An aliquot
of the cell preparation was separated for cell count and
viability analysis (light microscopy and trypan blue exclu-
sion test). In all transplantation experiments, suspensions



with >85% of viable HC were used. The non-HC fraction
(leukocytes, nonparenchymal liver cells) in the cell sus-
pension was less than 5% based on microscopic analy-
sis. Plating efficacy of the HC on collagen-coated cell
culture surfaces exceeded 80% in all preparations.

Human fetal livers (14 to 17 weeks of gestation) were
obtained after termination of pregnancy with the informed
consent of the mothers. The procedure and the trans-
plantation protocols were approved by the ethical com-
mittee of the Hannover Medical School. The tissues were
mechanically disrupted and the resulting fragments were
treated with 0.1 to 1% collagenase D (Roche, Mannheim,
Germany) at 37°C. The resulting FLPC suspensions were
washed with William’s E media containing fetal calf serum
(FCS) and centrifuged at 50 g. The cell pellet was resus-
pended with red blood cell lysis buffer (Sigma-Aldrich,
Minchen, Germany), centrifuged and resuspended in
William’s E medium. Viability (as evaluated by trypan blue
exclusion) always exceeded 85% in transplanted
samples.

Human ESCs

Human ESC line H1 was obtained from WiCell research
institute (Madison, WI). The passage number of the H1
cells used in the transplantation experiment was 43. The
culture and hepatic differentiation of human ESCs were
performed as previously described in the lab of Hongkui
Deng.?® After 18 days of differentiation, the cells were
dissociated with Accutase (Sigma) and then transplanted.

Isolation of Cells from Mouse Adult and Fetal
Liver Tissue

Adult HC from C57BL/6 and EGFP-transgenic C57BL/6
mice were isolated by a two-step collagenase perfusion
method originally described by Seglen et al®*” with minor
modifications. For the generation of mouse FLPC suspen-
sions, the livers from mouse embryos (embryonic day
[ED] 11.5 and 13.5 post conception [p.c.]) were removed
under the binocular microscope. Cells were isolated by
collagenase/dispase (Roche, Mannheim, Germany) di-
gestion for 20 minutes at 37°C. The cells were treated
with red blood cell lysis buffer (Sigma), washed twice in
cold Dulbecco’s modified Eagle’s medium with 10% FCS
and resuspended in PBS and stored on ice until
transplantation.

Mouse ESCs

ESCs derived from Rosa26 mice were cultured on mouse
embryonic fibroblasts on gelatinized dishes (Falcon BD)
in culture medium | (Knock-out Dulbecco’s modified
Eagle’s medium, Invitrogen, Karlsruhe, Germany) sup-
plemented with 15% FCS (selected batches) and the
following additives: B-mercaptoethanol (5 X 107° M);
L-glutamine (2 mmol/L); nonessential amino acids; peni-
cillin-streptomycin (all Invitrogen); and 10 ng/ml recom-
binant human leukemia inhibitory factor (Chemicon, Mil-
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lipore, Billerica, MA), as previously described.®® For
hepatic differentiation, 600 ESCs were cultivated in hang-
ing drops (20 ul), as described previously to form em-
bryoid bodies. On day 5, embryoid bodies were plated
onto gelatinized dishes in culture medium Il (IMDM; In-
vitrogen) supplemented with 20% FCS, 450 umol/L
a-monothioglycerol (Sigma) and all additives except leu-
kemia inhibitory factor. On days 5 and 9, embryoid bod-
ies outgrowths were trypsinized, replated onto collagen
type I-coated dishes in differentiation medium (HC cul-
ture medium, Cambrex, East Rutherford, NJ), and cul-
tivated until days 5, 9, and 20. For hepatic phenotype
selection, hepatic precursor cells derived from embry-
onic stem cells (ES-HPC) were transduced on day 31
(day 5 + 9 + 17) of differentiation with the lentivirus
vector RRL.PPT. Alb.GFPpre (MOl ~10) and analyzed for
EGFP fluorescence after 3 days with a fluorescence mi-
croscope. After visual analysis, the cells were trypsinized
and sorted for EGFP in a MoFlow cytometer.

Flow Cytometry of Murine and Human FLPC

Cells expressing DIk-1, a member of the &-like family of
cell surface transmembrane proteins, have been shown
in rats to contain the full liver repopulation potential
present in fetal liver cell suspensions.®® The surface
marker was analyzed by flow cytometry by using 2 ug of
a rabbit polyclonal antibody (Abcam, Cambridge, MA) in
our cell preparations. Stainings with a rabbit antibody
against green fluorescent protein (Invitrogen) at identical
concentrations served as isotype controls. Cells were
washed once with PBS before applying the fluorescein
isothiocyanate-conjugated goat anti-rabbit antibody in a
1:200 dilution. All stainings were performed on ice for 30
minutes in a total volume of 100 ul PBS. Cells were
washed again with PBS and analyzed with the LSR Il flow
cytometer (BD Biosciences, Heidelberg, Germany) and
the FlowJo software (Tree Star, Ashland, Oregon).

Cell Transplantation

Intrasplenic transplantations of the various cell types
were performed under sterile conditions. Briefly, recipient
mice were anesthetized via isoflurane inhalation with an
appropriate vaporator. A lateral abdominal incision was
performed, the spleen was localized, and cells in a total
volume of 50 wl of medium containing no FCS were
injected intrasplenically. Sutured spleens were returned
carefully, and the skin was closed.

Analysis of Engraftment and Distribution

ES-HPC, FLPC suspensions (ED 11.5 and 13.5), and
primary adult HC were incubated with the PKH26 fluores-
cent dye (Sigma), as previously described.®® Cells, 5 X
10°, (viability >85% by trypan blue exclusion) were trans-
planted via the intrasplenic route into the liver of C57BL/6
mice. After 24 hours, 48 hours, 14 days, and 28 days, the
livers (n = 4 for each time point) were harvested and
native fluorescence microscopy was performed on cryo-
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sections (10 wm) to detect and count PKH26 positive
cells. Autofluorescence was excluded by parallel exam-
ination of the red (617 nm) and green emission (528 nm).
The numbers of PKH-fluorescent cells were assessed in
20 high power fields (X200) of 10 representative tissue
sections.

Histology and Immunohistochemistry

Liver tissues were harvested and fixed in 4% paraformal-
dehyde (Merck, Darmstadt, Germany) and embedded
in paraffin. For H&E staining, sections were immersed in
hematoxylin solution for 3 minutes and in 0.5% eosin
solution for an additional 3 minutes. Immunofluorescence
staining of the EGFP antigen was performed in paraform-
aldehyde-fixed 5-um permeabilized (in 0.25% Triton-X
PBS) sections by using an anti-green fluorescent protein-
Alexa 594 antibody (Molecular Probes, Invitrogen) in a
1:200 dilution. Human albumin and human cytokeratin
(CK) 18 staining was performed in 6 um sections. After
dewaxing and rehydration endogenous peroxidase was
blocked with 3% hydrogen peroxide in methanol for 10
minutes, followed by antigen retrieval in target retrieval
solution (Dako, Glostrup, Denmark) for 20 minutes in a
water bath at 98°C. Primary monoclonal anti-human al-
bumin (1:100) (Bethyl Laboratories, Montgomery, TX)
and monoclonal anti-human CK 18 (1:200) (Dako) anti-
bodies were incubated overnight. Biotinylated secondary
antibody was incubated for 1 hour, followed by incuba-
tion with avidin-coupled peroxidase for 1 hour (Vector
Laboratories, Peterborough, UK). Three-amino-9-ethyl-
carbazole was used as a chromogen (Dako) and Gill's
No. 3 hematoxylin for the counter stain.

Biometric Analysis of Liver Tissue

Ten formalin fixed and paraffin embedded tissue slides
from all liver lobes of recipient animals were chosen for
analysis. The number of HC derived from transplanted
cells was counted in ten view fields/section (original mag-
nification, X400) in individual mice 3 months after trans-
plantation and expressed as percentage of the total num-
ber of HC.

Statistical Analyses

Data were compared for all individual groups of animals
with the Student’s t-test. A P value of <0.05 was consid-
ered as statistically significant.

Results

Transplantation of Murine Cells

In the first experiment, groups of animals (n = 5) were
transplanted with 1 x 10°, 5 x 10° 1 x 10% and 2 x 10°
EGFP-mouse HC and analyzed for the presence of fluo-
rescent HC at 3 months after transplantation (Figure 1,A
and B). Mice from group 1, which were transplanted with
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Figure 1. Microscopic analysis of histological sections (5 um) from a forma-
lin-fixed liver of a recipient mouse transplanted with 5 X 10 adult EGFP
transgenic mouse HC (original magnification, X200, A; X400, B). Native
EGFP fluorescence, as shown here, was confirmed in selective sections by
anti-EGFP immunofluorescence (not shown). To test the relevance of trans-
planted cell numbers, 1 X 10%,5 X 10°, 1 X 10°, and 2 X 10° EGFP—transgenic
mouse HC were transplanted into Alb-uPA® "/ 7Rag2" ™y’ mice via
intrasplenic injection. C: Three months after transplantation the number
of EGFP transgenic HC detected in the recipient liver and expressed as
percentage of the total number of HC was not significantly different in the
four analyzed groups of animals (7 = 5; p = not significant).

1 X 10° cells, repopulated the recipient liver with 44.0 =
6.5% of the HC expressing the EGFP. In groups 2, 3, and
4 (receiving 5 X 10°, 1 X 10°, and 2 X 10° cells), 46.6 +
8.0%, 47.5 = 10.7%, and 42.0 = 14.0% of recipient livers
were repopulated by the transplanted cells, respectively
(Figure 1C). These results, which did not show statisti-
cally significant differences, indicate a saturation effect of
intrasplenic liver cell transplantation and a limited effect
on the overall repopulation in this particular animal model
at numbers exceeding 1 X 10° cells. In contrast to the
homogenous adult HC suspensions (< 5% of nonhepatic
cells) murine FLPC suspensions derived from ED 11.5
and 13.5 fetal livers contain hepatoblasts and cells of
hematopoietic origin. In previous studies the DIk-1 sur-
face marker has been shown to be exclusively expressed
by liver repopulating hepatoblasts.®® After red blood cell
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Figure 2. Murine FLPC suspensions were stained with DIk-1 antibody and an
appropriate isotype. Three representative samples were analyzed and the
number of DIk-1 positive cells were calculated.

lysis, an average of 17.8 = 4% (n = 3) of the ED 13.5 p.c.
liver cell suspensions expressed the DIk-1 protein as
determined by flow cytometric analysis (Figure 2). In
transplantation, experiments freshly isolated those mu-
rine FLPC suspensions and were less efficient for subse-
quent repopulation of recipient livers compared with the
respective adult HC transplantations (Figure 3,A and B).
EGFP-transgenic cells, 5 X 10° and 1 X 10°, (containing
~1 X 10°and 2 x 10° DIk-1* hepatoblasts) isolated from
ED 13.5 p.c. fetal liver resulted in reduced repopulation
rates of the recipient liver organ (12.1 = 3.0% of the total
number of HC) compared with the adult mouse HC trans-
plantations. A further decrease in repopulation efficacy
was noted after transplantation of cells isolated from ED
11.5 p.c. fetal liver (6.1 = 1.1%, P < 0.05) (Figure 3C).
The reduced repopulation rate in animals transplanted
with mouse FLPC was the result of smaller numbers of
cell clusters and smaller sizes of individual groups of
cells. Nonsorted mouse ES-HPC did not result in liver
tissue formation, but formed teratoma tissue in the liver
and spleen of most of the transplanted animals. To facil-
itate normal liver tissue and HC formation from ES-HPC, a
selection strategy based on albumin driven EGFP ex-
pression for cells with a hepatic phenotype was evalu-
ated. Transplantation of sorted murine ES-HPC in Alb-
UPAYCHIRag2/ )y (*/7) mice did not generate teratomas
but also did not result in HC cluster formation, a result that
confirms earlier data obtained in Faht’~ mice.®® Only a
few EGFP expressing cells in groups of fewer than six cells
with the morphological appearance of HC were detectable
in the recipient livers (not shown).
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Figure 3. Fluorescence microscopy of a representative formalin-fixed liver
section with EGFP transgenic cell clusters from a mouse transplanted with ED
13.5 FLPC (original magnification X200, A) and ED11.5 FLPC (original mag-
nification X400, B). Significantly different results were obtained between
animals of groups 1 and 2, which were injected with ED 11.5 and 13.5 FLPC,
respectively, as compared with animals in group 3, which were transplanted
with adult HC. Results of groups 1 and 2 were not statistically different (C).
The average size of the cell clusters was smaller than those observed in
animals transplanted with adult mouse HC. Sorted ES-HPC did not generate
sizable cell clusters in the recipient livers.

Homing, Engraftment, and Proliferation
Properties

To rule out that differences in homing and engraftment
properties of the various transplanted cell types could
have influenced the repopulation capacity in recipient
livers, we performed short-term transplantation experi-
ments with PKH26 labeled cells into C57BL/6 mice. After
intrasplenic injection of fluorescent labeled cells (1 X
10°) most of the cells were detected in the sinusoids or
attached to the sinusoidal endothelium in all groups 24
and 48 hours after transplantation. At later time points (14
and 28 days), only a fraction of the labeled murine cells
were detectable in the liver plate. The numbers of detect-
able FLPC and ES-HPC at 14 and 28 days after trans-
plantation were lower, but not statistically different, as
compared with adult HC (see Supplemental Figure S1 at
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Figure 4. Mouse ED 13.5 FLPC and adult mouse HC were transplanted into
Alb-uPA'® ™/ Rag2"~/ 7y ./~ mice, which do not show a liver pathology.

Mostly single doublet cells were identified in the recipient livers after 3
months (original magnification X400, A). The percentage of cells derived
from FLPC and adult HC was low (<2%) and statistically not different in the
two groups of animals (B).

http.//ajp.amjpathol.org). The transplanted and engrafted
adult HC and FLPC were organized as single cells or in
groups of maximally three cells at day 28 and morpho-
logically appeared as integrated HC. In contrast, ES-HPC
appeared as rounded cells within the liver plate and were
negative by immunostaining with hepatocyte specific
markers as CK18.

An autonomous growth and repopulation potential has
been reported for rat FLPC, which were transplanted into
dipeptidylpeptidase (DPPIV™) IV mutant rats with normal
liver.?® We therefore tested whether mouse FLPC can
grow in a normal recipient liver environment. Mouse HC
(5 X 10°) and FLPC were transplanted into wild-type litter
mate Alb-uPAS/Rag2(~/)y /") mice not express-
ing the uPA transgene and analyzed for the presence of
fluorescent HC after 3 months. Only cell clusters of up to
three cells were dectable with an overall contribution of
1.3 + 0.9% (FLPC) and 0.9 = 0.5% of the HC derived
from transplanted cells (Figure 4,A and B). Similar obser-
vations were also made for human FLPC suspensions
(not shown). Some animals were followed for up to 8
months, but no further expansion of the transplanted cells
was observed.

Transplantation of Human Cells

Adult human HC (5 x 10° and 1 X 10°) were transplanted
via intrasplenic injection and identified in recipient liver
tissue sections by immunohistochemistry for human al-
bumin and CK 18 antigens after 3 months. Positive and
negative controls (see Figure 5,A and B, respectively) for
human albumin immunostaining and a representative
section obtained from a liver of a mouse transplanted with
human HC and stained for human albumin and CK 18 are
shown in Figure 5, C and D, respectively. Human HC
formed integrated cell clusters and repopulated 10.0 =
3.9% of the recipient mouse liver 3 months after trans-
plantation (Figure 5G). The degree of repopulation cor-
related with the expected serum levels (932 = 321 png/ml)
of human albumin in these animals. Transplantation of
more HC (2 X 10° cells) did not significantly increase the
repopulation efficacy in recipient animals (not shown).

As observed for the mouse FLPC, the transplantation
of human FLPC resulted in lower repopulation rates of the
recipient liver organ compared with adult HC transplan-
tations. In the group of animals injected with human FLPC
(5 X 10° and 1 X 10° cells) suspensions only 2.7 + 1.1%
were identified as human HC (Figure 5@G) in the recipient
liver. The percentages of cells in the animals transplanted
with 5 X 10° and 1 X 10° cells were statistically not
different. The human cells were distributed as scattered
single cells or as small clusters of cells throughout the
liver (Figure 5, E and F). In contrast to mouse FLPC the
human cells mostly retained the morphology of hepato-
blasts. Nonsorted human ES-HPC did not result in liver
tissue formation, but formed teratoma tissue in the liver
and spleen of most of the transplanted animals (see
Supplemental Figure S2 at http://ajp.amjpathol.org).

Human fetal liver tissues and isolated FLPC suspen-
sions were extensively characterized before application
in the transplantation experiments. Immunostaining of fe-
tal tissue sections with an antibody recognizing a-feto-
protein as a characteristic marker of hepatoblasts (brown
color) is shown in Figure 6A. The percentage of DIk-17
repopulating hepatoblasts in the FLPC suspensions
(18.7 = 3, n = 3) was similar to what was observed for
mouse ED 13.5 p.c. FLPC (Figure 6, B and C).

Discussion

In this study we established a novel mouse model for
efficiency analyses of various hepatic cell transplant
sources: the immunodeficient heterozygous Alb-uPA
mice, ie, Alb-uPAS*/“Rag2~/")y /) which com-
bines two important features. First, due to the heterozy-
gous expression of Albumin-promoter-driven urokinase-
type plasminogen activator [Alb-uPAt*/ 7] transplanted
cells compete with endogenous cells that spontaneously
had inactivated or lost the transgene and, therefore, al-
lows quantitative analyses of engraftment and repopula-
tion efficiency of transplanted cells. Second, the combi-
nation of the Rag2- and the +y. -knockout results in a
complete lack of T-, B- and NK-cells and, therefore, is
highly permissive for the transplantation of human cells.



Taken together, this particular mouse model allows the
direct comparisons of specific murine and human he-
patic cell derivatives in the same animal model. Further-
more, we standardized the time period of transplantation
(ie, 4 to 14 days after birth) to account for comparability
of the transplantation results obtained with the various
cell types, because the expression of the urokinase-type
plasminogen protein in HC has its peak expression
around birth and subsequently induces a subacute liver
failure. Regeneration in heterozygous animals is com-
pleted between 8 to 12 weeks after birth. At our chosen
endpoint of tissue analysis (3 months after transplanta-
tion), complete regeneration of the liver tissue was ob-
served with only minor areas of remnant necrosis in some
animals. To further reduce variability in transplantation
outcome, the viability of various cell preparations always
exceeded 85%, as determined by the trypan blue dye
exclusion test.

In the first set of experiments we analyzed the effect of
the transplanted cell number on the repopulation efficiency
in the heterozygous uPA-RAG2-y, mice and confirmed the
hypothesis that once we transplanted a threshold cell num-
ber, a further increase in transplanted cell numbers does
not produce higher repopulation efficiency. In our hands
intrasplenic transplantation of 1 X 10° primary murine adult
HC results in a repopulation of 44%, which is not further
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Figure 5. Microscopic analysis of representative
histological sections derived from human liver
tissue (A), liver tissue from nontransplanted Alb-
UPA® Rag2 ™y /7 (B), and from livers
of Alb-uPA®*/ VRag2~/ 7y "/ mice trans-
planted with human cells (C-E). Human liver tis-
sue stained uniformly positive for human albumin
antigen (A). Staining was absent in nontrans-
planted mouse liver (B). Transplanted adult human
HC formed mostly medium-sized human albumin
(C, dark red colored cells) and human cytokeratin
(CK) 18 (D, brown colored cells) antigen positive
cell clusters surrounded by mouse liver tissue.
Transplanted human FLPC (stained for human al-
bumin, dark red color) formed single cells, which
were scattered throughout the liver, and small clus-
ters of HC (arrows) (E and F). The percentage of
liver tissue repopulation in Alb-uPA" Rag2*~"
—y./7 mice transplanted with 1 X 10° human
ES-HPC, 5 X 10° to 1 X 10° human FLPC and 1 X
10° adult human HC is shown (G). The number of
human albumin positive HC expressed as the av-
erage percentage of the total number of HC per
microscopic field in liver sections from recipient
mice was significantly different for FLPC and adult
HC. Nonsorted ES-HPC did not form albumin/CK
18 positive cells in the recipient liver (not shown).
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increased after transplantation of higher cell numbers, such
as 5 X 10°% 1 x 10°, or 2 x 10°.

In earlier studies, adult human HC were shown to
engraft after transplantation and to extensively regener-
ate a recipient homozygous Alb-uPA mouse liver in var-
ious immunodeficient backgrounds.*®*" In our experi-
ments, transplantation of 5 X 10° and 1 X 10° human
cells repopulated approximately 10% of the recipient liver
mass after 3 months. This result confirms previous data,
which showed up to 15% of liver repopulation by trans-
planted human HC in immunodeficient heterozygous uPA
mice.*? The proliferation rate and tissue forming capacity
of human adult HC, however, were significantly lower
than those observed for transplanted autologous murine
HC (>40% of the HC), although similar numbers of cells
were transplanted. Incompatibilities of cell-to-cell and
cell-to-matrix contacts, as well as differences in response
to growth stimuli may have been responsible for reduced
repopulation capacity.

FLPC, which have the ability to differentiate into mature
HC or biliary epithelial cells, are considered as a potential
alternative to adult HC for liver cell therapy. The cells
extensively proliferate in vitro and differentiate into adult
parenchymal phenotypes after transplantation into a host
liver. Nierhoff et al*® reported up to 80% liver repopula-
tion in a retrorsine treated DPPIV(™) mouse model by
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Figure 6. Detection of a—fetoprotein (AFP) expressing cells in human fetal
liver tissue (week 17) by immunohistology. Fetal liver tissues were fixed in
4% paraformaldehyde and embedded in paraffin. Six micron thick sections
were analyzed for the expression of human AFP by using a monoclonal
mouse anti-human AFP (1:200) (AbD Serotec) antibody. The AFP expressing
hepatoblasts (brown color) represent ~20% of the cells in representative
sections (A). Human FLPC suspensions were stained with DIk-1 antibody and
an appropriate isotype control (B). Three representative samples were ana-
lyzed and the number of DIk-1 positive cells calculated (C).

transplanted mouse fetal hepatoblast preparations. In
another report, Oertel et al*® showed that rat FLPC not
only proliferated in vitro but also extensively expanded
after transplantation in a normal liver and induced apo-
ptotic cell death of surrounding endogenous HC without
evidence for tumor formation. Accordingly, transplanta-
tions of small numbers of FLPC into the liver of patients
with metabolic liver disease could result in complete
correction of the disease phenotype without precondi-
tioning of the recipient organ.

To test the capacity to generate liver tissue in our
experimental animal model, 5 X 10° and 1 X 10° human
as well as murine FLPC (ED 13.5) were transplanted into
the spleen of recipient mice according to our standard-
ized protocol. Although HC were frequently detected in
the recipient livers after 3 months, the degree of liver

repopulation was significantly lower compared with the
results obtained from the transplantation experiments
with either human or murine adult HC. The average size
of HC clusters derived from transplanted FLPC was
smaller compared with the clusters derived from trans-
planted adult HC. Furthermore, transplantation of mouse
FLPC from ED 11.5 mouse fetal liver repopulated the
recipient liver even less than the more mature FLPC from
ED 13.5 fetal livers. Although the cells in the recipient liver
3 months after FLPC transplantation were detectable by
CK 18 and albumin immunohistochemistry, the morphol-
ogy only occasionally resembled mature HC. In contrast,
murine FLPC have been shown in previous experiments
to mature into the adult hepatic phenotype over a period
of 5 to 8 weeks.

Several other groups reported transplantations of hu-
man fetal liver cell suspensions and studied engraftment
as well as repopulation rates in recipient mouse livers.
However, only one study showed a repopulation of up to
10% of the liver (ranging from 1 to 10%) after transplan-
tation of primary human fetal hepatoblasts (11 to 13
weeks of gestation) in a nonconditioned athymic mouse
model indicating autonomous in vivo proliferation poten-
tial.** More recent studies reported either a maximum of
4% of human HC in D-galactosamine preconditioned
mouse livers after transplantation of primary human fetal
hepatoblast suspensions (6 to 10 weeks of gestation) or
showed only marginal capacities for repopulation after
transplantation of either freshly isolated epithelial cell
adhesion molecule, a surface marker present on fetal
hepatoblasts, sorted hepatic progenitor cells or cultured
multipotent progenitor cells.*~47

The observed degree of repopulation after transplan-
tation of mouse FLPC was in the same range observed for
the ED 14 derived bipotential mouse embryonic liver cell
line transplanted into heterozygous Alb-uPA“)/severe
combined immunodeficiency’~) mice."® Strick-Marchand
et al'® also elegantly demonstrated the contribution of the
transplanted bipotential mouse embryonic liver cell to the
bile duct epithelial compartment of the recipient liver.
Although we have seen occasional generation of biliary
epithelial cells from transplanted cells, it was beyond the
scope of our study to quantify the contribution to bile duct
formation.

In the already mentioned studies from Sandhu et al*® and
Oertel et al, “°© embryonic ED14 FLPC derived from DPPIV*
rats proliferated for up to 6 months after transplantation into
a DPPIV™ host liver after partial hepatectomy. In contrast, in
our model we could not observe a further increase in the
size of regeneration nodules derived from liver progenitor
cells beyond the 12 weeks period in animals that have been
observed for up to 8 months. Most probably, this is due to
the fact that the liver has already been fully repopulated by
endogenous adult HC that have deleted the transgene.
Furthermore, transplantation of FLPC into wild-type Alb-
UPAYC/Rag2"/ ")y (=/7) mice, which do not provide a
proliferation advantage to transplanted cells, resulted into
mostly single engrafted cells or clusters of not more than
three cells.

Fetal liver is the site of hematopoiesis and contains
among other cell types considerable amounts of hema-



topoietic stem and precursor cells. Immunohistochemis-
try (albumin, a-fetoprotein), quantitation of DIk-1 express-
ing hepatoblasts by flow cytometry and quantitative gene
expression analysis in reporter transgene selected hu-
man fetal liver cells, identified ~20% of the cells as
hepatoblasts. Similar numbers of Dlk-1 expressing cells
were identified in FLPC suspensions derived from ED
13.5 mouse livers. The reduced repopulation capacity of
human and mouse FLPC could thus have been the result
of lower numbers of transplanted FLPC compared with
respective adult HC. From the maximal number of trans-
planted FLPC (1 X 10°) in our experiments ~2 X 10° cells
expressed the hepatoblast phenotype with the potential to
form HC. The calculated numbers of transplanted murine
FLPC (ED 13.5) in our experiments, however, exceeded
(~twofold) the lowest number of transplanted murine adult
HC (1 X 10°), which resulted in repopulation of 44% of the
recipient liver. Interestingly, further increase of transplanted
adult murine HC numbers did not significantly increase the
repopulation in this particular animal model. These results
are in line with earlier observations by other laborato-
ries that only a very small fraction of transplanted HC
enters the liver plates permanently, whereas most of
the initially transplanted cells are lost within the first
days after transplantation.?

Our data suggest that human FLPC show repopulation
capacities in recipient Alb-uPA9/IRag2(~/ ")y (/)
mice, which are similar to mouse FLPC and lack auto-
nomic growth characteristics in vivo after transplantation,
as suggested by others.2°4° Our results obtained by
using xenogeneic and allogeneic mouse-based HC
transplantation models suggest that we should be cau-
tious when extrapolating either data from different animal
species to humans or results generated by using different
experimental models. Nevertheless, the results pre-
sented here in the mouse-to-mouse and human-to-mouse
settings are fully consistent.

Interestingly, transplantation of human and mouse
ES-HPC did not result in significant cell cluster formation
derived from transplanted cells. In our particular animal
model a crude suspension of mouse ES-HPC generated
teratoma tissue and caused death within 5 weeks in
100% of the transplanted animals. Selection of cells with
a hepatic phenotype by transduction with a lentivirus
encoding an Alb-EGFP cassette and subsequent cell
sorting avoided teratoma formation. However, only a few
single scattered cells with the phenotype of HC were
detected in transplanted Alb-uPA'*™/)Rgag2l(~/ )y -/
mice. Our data confirm previous studies from our labora-
tory®® and others,®' demonstrating that most, if not all,
protocols for ES-HPC differentiation not yet provide the
full capacity of repopulation. Duan et al*® were recently
the first to transplant selected (a4-antitrypsin driven EGFP
expression) and isolated hepatic precursor cells from
human ESCs into nonobese diabetic-severe combined
immunodeficiency mice. By whole mouse biolumines-
cence imaging, the intrahepatically transplanted cells
were visible for 1 week after transplantation and, by PCR
and albumin levels in the serum, for more than 3 weeks.*®
Long-term survival of these cells in mouse liver repopu-
lation models, however, was not yet reported.
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The reduced capacity of FLPC and ES-HPC to form
cell clusters after transplantation into the Alb-uPA9¢/~)
Rag2~’ )y, /7 mouse may also—at least partially—
result from differences in engraftment efficacies. Al-
though transplanted PKH26 stained murine FLPC and
ES-HPC were detected throughout the observation pe-
riod of 28 days in the recipient liver, the numbers were
considerably, although not significantly, lower compared
with adult HC.

In conclusion our experimental in vivo model provide
conclusive data on side-by-side comparison of potential
cell sources for cellular liver therapies for liver. The ob-
tained results have important implications in the context
of establishing the optimal strategy for implementing hu-
man cell therapies. In our hands, the applied protocols
for differentiation of ESCs into ES-HPC are not yet suffi-
cient to generate cell phenotypes, which can generate
significant numbers of HC or form regular liver tissue after
an intrahepatic injection in vivo. However, considering
recent advances in the field, it is expected that ES-HPC
with an adequate level of differentiation will be available
for clinical applications in the field in the upcoming years.
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