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hepatocytes in an animal model of inherited cholestatic liver
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Abstract Cell transplantation is a potential therapy for
acquired or inherited liver diseases. Donor-derived hepa-
tocytes (DDH) have been found in humans and mice after
bone marrow transplantation (BMT) but with highly vari-
able frequencies in different disease models. To test the
effect of liver repopulation after BMT in inherited chole-
static liver diseases, spgp (sister of P-glycoprotein, or bile
salt export pump, abcbll) knockout mice, a model for
human progressive intrahepatic cholestasis type 2 with
defects in excreting bile salts across the hepatocyte cana-
licular membrane, were transplanted with bone marrow
cells from enhanced green fluorescent protein (EGFP)
transgenic donor mice after lethal irradiation. One to
6 months later, scattered EGFP-positive DDHs with posi-
tive spgp staining were observed in the liver. These
hepatocytes had been incorporated into hepatic plates and
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stained positively with hepatocyte-specific marker albu-
min. RT-PCR for the spgp gene revealed positive
expression in the liver of sgsp knockout mice that had
received the transplant. Bile acid analysis of bile samples
showed that these mice also had higher levels of total
biliary bile acid and taurocholic acid concentration than
knockout mice without transplantation, indicating that
BMT partially improved biliary bile acid secretion. Our
results indicate that bone marrow cells could serve as a
potential source for restoration of hepatic functions in
chronic metabolic liver disease.
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Introduction

Orthotopic liver transplantation (OLT) has been the only
cure for various forms of inherited and acquired liver dis-
eases. However, due to limited donor availability, many
patients have died while waiting for transplantation. Hepa-
tocyte transplantation has recently been evaluated as an
alternative to OLT because of the following advantages: it is
a non-surgical procedure, there is less morbidity, one donor
can supply multiple recipients, and lower medical costs are
associated with the procedure. Major limitations to hepato-
cyte transplantation include the availability of the cell source
and a limited repopulation capacity in the recipient liver.
Research on stem cell/progenitor cell isolation, in vitro cell
expansion, cryopreservation, immortalized hepatocytes,
modifying recipient injury with adjuvant drugs, cytokines,
and irradiation has therefore been undertaken [1, 2].
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Bone marrow cells have the potential to differentiate into
liver, muscle, intestine, skin, lung, and CNS cells [3—6]. Bone
marrow has been reported as a potential source of hepatic oval
cells [7]. It has been shown that multi-organ, multi-lineage
engraftment can be achieved by a single bone marrow-
derived stem cell [8]. In human recipients of BMT, approx-
imately 1% of hepatocytes are of donor origin [9].
Hepatocytes and epithelial cells of donor origin are also found
in human recipients of peripheral-blood stem cells [10].

In the fumarylacetoacetate hydrolase deficient (fah™")
mouse model mimicking human tyrosinemia, purified
hematopoietic stem cells are able to rescue the fah ™'~ mice
and restore the biochemical function. At 7 months, 30-50%
of the liver mass is observed to be of donor origin and the
biochemical parameters of the mice were close to normal
[11]. However, a large variation in the quantity of bone
marrow-derived hepatocytes was observed by different
investigators. Possible causes for the variation include the
use of different mouse models, i.e. normal wild-type, toxin
induced, or genetically modified; the degree of myeloab-
lation; and the methods for detection [12, 13]. It is therefore
necessary that the efficiency of BMT be evaluated for dif-
ferent disease models. It is not known whether bone marrow
could serve as a source of cell therapy in other genetic
disease models. There has been no report of using BMT in
treating cholestatic liver disease.

The spgp gene knockout mice (spgp ™™, abcbll) is an
animal model for inherited intrahepatic cholestatic liver
disease [14]. Spgp belongs to the ATP-binding cassette
(ABC) transporter superfamily and is a canalicular-specific
bile transporter that mediates the hepatocyte secretion of
bile salts. In humans, genetic defects in the ABCBI1 gene,
also known as bile salt export pump (BSEP), result in a
severe genetic disease called type 2 progressive familial
intrahepatic cholestasis (PFIC2), in which total bile acid
secretion is only 1% of normal [15]. PFIC2 is an inherited
disorder causing jaundice, progressive bile stasis and liver
failure in early childhood. Currently, liver transplantation
is the only cure for PFIC2. However, lack of donor sources
and the risk of whole organ transplantation in young chil-
dren remain major problems. The spgp™~ mice represent a
potential new model system for cell therapy for inherited
liver diseases. Here we evaluate whether transplanted
donor bone marrow cells can preferentially differentiate
into hepatocytes and repopulate the liver of spgp™~ mice.

Subjects and methods
Animals

Mice with targeted inactivation of the spgp gene were
generated as previously reported [14]. Mice of backcross
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generations 7—10 either on a FVB/NJ genetic background
or on a C57Bl/6 genetic background were generated.
Hybrid mice with a C57B1/6 and FVB/NJ background were
used in the experiment due to the better survival rate of the
knockout pups. Only the F1 hybrid mice were used for
experiments. Enhanced green fluorescent protein (EGFP)
transgenic mice of C57Bl/6 background were obtained
from Dr. Okabe (Osaka, Japan) and were mated with wild
type FVB/NJ mice to generate EGFP-positive C57B1/6 and
FVB/NIJ hybrid donors. Animals were maintained in a 12-h
light and dark cycle, at 25°C, with free access to food and
water. Experiments were performed using the approved
protocols from the Committee on Animal Care, University
of British Columbia, and were in accordance with the
guidelines set out by the Canadian Council on Animal
Care.

Bone marrow cells transplantation after lethal
irradiation

Ten adult spgp knockout and four wild-type mice received
bone marrow transplantation from donor bone marrow cells
obtained from EGFP transgenic mice. In brief, bone mar-
row was flushed with DMEM high glucose medium
containing 2% FBS from the medullary cavities of both
femurs and tibias using a 22- or 25-gauge needle. After
washing with PBS, the cells were separated using Ficoll
(Amersham Biosciences AB) solution, and washed again
with PBS and resuspended in DMEM. Recipient mice were
given total body irradiation of 9 Gy 24 h prior to trans-
plantation. After that, 100 ul of cell suspension (2.5 x 10°
cells) was injected into tail veins. The procedure was
performed using aseptic techniques.

Reverse transcription PCR for spgp expression

Total RNA was extracted from four randomly selected
areas of recipient liver. Total RNA was reverse transcribed
using random primers and reverse transcriptase (Invitro-
gen). Primers for spgp cDNA (Forward 5-AGAGAAGAG
GCGACAATGGA-3', Reverse 5'-TCTTGGGTTTCCGTA
TGAGG-3") were designed to amplify the deleted region of
the knockout mice. Forty cycles of PCR reaction with 30 s
denaturation at 95°C, 30 s annealing at 60°C, and 45 s
extension at 72°C were carried out. Wild type mice and
knockout mice without transplantation were used as posi-
tive and negative controls, respectively. GAPDH was used
as a control.

Identifying donor cells in tissue sections

Fresh liver samples were immersed in paraformaldehyde/
sucrose solution for 2 h and then embedded in OCT
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(Sakura). Frozen sections of 5-7 pM were made, fixed in
cool acetone for 10 min, mounted, and viewed with a
fluorescence microscope. EGFP positive donor cells with
hepatocyte morphology were identified directly using the
fluorescence microscope. Donor-derived hepatocytes were
identified by green fluorescent polyglonal cells, which were
incorporated into surrounding parenchymal cells making
up liver cell plates. Ten to twelve tissue sections from four
different lobes each were examined. Total numbers of
positive donor hepatocytes in all tissue sections were
recorded. Total recipient hepatocyte numbers in tissue
sections were estimated by counting the number of hepa-
tocyte nuclei in hematoxylin and eosin stained tissues from
five randomly selected fields on each slide. Hepatocytes
with double nuclei were counted as single cells. Total
surface areas of the sections were measured by scanning
the glass slides along with a size standard and by analyzing
the scanned images with Photoimpact software (Ulead).

Immunofluorescent staning

Frozen sections of liver samples prefixed with paraformal-
dehyde to preserve GFP fluorescence were used in the
following manner. For spgp staining, fresh frozen liver
without paraformaldehyde fixation was used. Tissue sec-
tions were fixed with pre-cooled acetone for 10 min.
Samples were incubated with primary antibodies for 1-2 h
at room temperature. Antibodies used were a polyclonal
antibody for spgp (IW, 1:100) [14], mouse albumin (1:300,
Bethyl Laboratories A90-234A, UK), and a rat monoclonal
anti-CD68 (1:100, Serotec MCA1957, UK). After washing
with PBS three times for 10 min each, samples were incu-
bated with fluorescent secondary antibodies (Alexa 546,
Molecular Probes) at room temperature for 2 h. For double
staining, a green fluorescent directly conjugated EGFP
antibody (Rabbit anti-GFP, A21311 Molecular Probes) was
also added. After washing with PBS, slides were mounted
with VECTASHIELD with 4',6-diamidino-2-phenylindole
(DAPI) (Vector Laboratories) and viewed using a fluores-
cence microscope. Digital images were collected by image
capture system (Leica DMRD, CoolSNAP).

Bile acid analysis by ESI/MS

Bile samples from transplanted and untransplanted
knockout mice and wild-type mice were used. [2,2,4,4-Dy4]-
taurochenodeoxycholic acid, [2,2,4,4-D4]-taurocholic acid,
[2,2,4,4-D4]-glycocholic acid, and [2,2,4,4-D4]-glycoche-
nodeoxycholic acid were synthesized as an internal control.
Tandem-mass spectrophotometry was performed using the
ABI-3000 Tandem Mass coupled with the Perkin—Elmer
HPLC Series 200 System. The instrument was operated in
negative ion mode. Samples were resuspended in 60%

acetonitrile with 0.05% formic acid. A 10 pl sample was
injected into the solvent stream of acetonitrile/water (80:20
vol:vol) flowing at 300 pl/min by means of a small volume
HPLC pump. For the quantification of bile acids, the
negative MRM scan type was used. The monitored Q1
masses for monohydroxylated, dihydroxylated, trihydr-
oxylated, and tetrahydroxylated bile salts were 482.6,
498.8, 514.8, and 530.8, respectively, for taurine-conju-
gated molecules, and 432.6, 448.6, 464.6, and 480.7,
respectively, for glycine conjugated molecules. The mon-
itored Q1 mass for each deuterium labeled bile acid was
4 amu higher than the original mass. The monitored Q3
mass was 74.1 amu for glycine conjugated bile acids and
80.2 amu for taurine conjugated ones. The quantitative
result was calculated by Chemoview software (Applied
Biosystem).

Results

Ten spgp knockout mice and four congenic wild-type mice
received BMT from EGFP transgenic mice. The recipient
mice were sacrificed 1 month (n = 1), 2 months (n = 2),
and 6 months (n = 8) after transplantation to assay
engraftment.

Full reconstitution of hematopoietic cells of donor origin
was noted 1 month or longer after bone marrow trans-
plantation. In frozen liver sections, EGFP-positive donor
cells were mainly located in the sinusoids or associated
with blood vessels, with the morphology of hepatic Kupffer
cells (Fig. la and b). Occasionally, scattered cells with
hepatocyte morphology could be identified (Fig. 1b—d),
which were located in the hepatic lobule, and were distinct
from other spindle-shaped cells in the sinusoids. Most of
these cells were binucleate.

We found that the majority of the donor cells were
CD68 positive, which was characteristic of Kupffer cells
and macrophages. The cells with hepatocyte morphology
of donor origin stained negatively for CD68 (Fig. le—f),
but positively with hepatocyte-specific marker albumin
(Fig. 2). To confirm that the hepatocytes of donor-origin
could express spgp protein, we found positive immuno-
fluorescent staining using spgp antibody of these scattered
hepatocytes, in the background of the negatively stained
hepatocytes of the spgp knockout mouse liver (Fig. 3).
Reverse transcription PCR revealed positive expression of
spgp genes in mice that had received the transplant
(Fig. 4).

Bile samples from the gallbladder bile from four trans-
planted mice were used for bile acid analysis. Without
transplantation, the spgp knockout mice had lower biliary
bile acid levels due to the defect of the major bile acid
exporting protein in the hepatocyte canalicular membrane,
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Fig. 1 Six months after bone
marrow transplantation, full
reconstitution of hematopoietic
cells of donor origins was
observed. EGFP positive
Kupffer cells could be detected
easily in liver sections in both
wild type and knockout mice.
Higher frequencies of donor-
derived hepatocyte (arrow)
could be seen in the knockout
mice (a: wild type mice; b:
knockout mice; 200x).
Scattered single hepatocytes of
donor origin can be detected (c,
d, 400x; Green: EGFP; Blue:
DAPI nucleus stain), some with
double nuclei (arrows). Most of
the hematopoietic cells stained
with Kupffer cell marker CD68,
but not the donor hepatocytes (e
and f, Red: CD68; Green:
EGFP; Blue: DAPI nucleus
stain. 200x and 400x,
respectively)

and also had a characteristically higher percentage of tet-
rahydroxylated bile acids, which were not seen in the wild-
type mice. The normal trihydroxycholic acids, mainly
muricholic acid, were lower in knockout mice. After bone
marrow transplantation, the knockout mice had signifi-
cantly higher total biliary bile acid concentrations,
indicating an improvement in bile acid secretion. There
was also a less significant increase in trihydroxycholic acid
levels, and lower tetrahydroxycholic acid levels than in
knockout mice without transplantation, a trend toward the
bile acid profile of wild type mice (Table 1). These results
indicate that BMT improved the biliary bile acid secretion
in spgp KO mice.

@ Springer

In frozen liver sections, mean frequencies of detectable
EGFP positive donor hepatocytes in recipient liver were esti-
mated to be 1 in 43,803 hepatocytes (2.28 + 3.78 x 107°)in
the transplanted spgp knockout mice, but only 1 in 171,206
(0.58 + 0.33 x 107°) in wild-type controls, indicating a
higher rate of DDH in the spgp knockout mice. The two-
sample Wilcoxon rank sum test was used to compare the
different proportions of the groups, and the frequency of
DDH in spgp knockout mice was higher than wild type mice
with a borderline statistical significance (P = 0.074).

The H&E stain of liver histopathology revealed cell
ballooning, fatty change, and focal necrosis of the knockout
liver both with and without bone marrow transplantation.
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Fig. 2 The EGFP-positive
donor hepatocyte stained with
albumin, a hepatocyte-specific
marker, in the spgp knockout
mice transplanted with EGFP-
positive bone marrow cells (a:
albumin stain with red
fluorescence; b: EGFP; c:
merge, 400x)

Fig. 3 Immunofluorescent
staining using spgp antibody in
liver sections. Typical
canalicular staining was noted
in the hepatocytes of wild-type
mice (a), no staining was shown
in spgp (abcb11) knockout mice
without transplantation (b), and
scattered cells with canalicular
staining in the knockout mice
liver were noted after bone
marrow transplantation (c, red,
400x)

1 2 34 5 6 7

Fig. 4 The expression of spgp was detected by RT-PCR 6 months
after transplantation. In the transplanted knockout mice, positive or
weak positive spgp expression was found. (lanes 1 and 2: wild-type
mice; lane 3: spgp knockout mice without transplantation; lane 4-7:
spgp knockout mice after bone marrow transplantation)

There was no significant difference between transplanted
and non-transplanted knockout mice in terms of portal/
lobular activity and fibrosis scores.

Discussion

In this study, after bone marrow transplantation, DDHs
were detected, which were found to express the donor
markers EGFP and hepatocyte marker albumin. Expression
of spgp, a donor-specific and hepatocyte-specific gene, was
also detected. DDHs, although in small numbers, were
detected with a higher frequency in the livers of spgp
knockout mice than in those of wild-type controls. More
importantly, the spgp knockout mice that had received a
bone marrow transplant displayed a higher level of biliary
bile salt secretion. These results indicate that bone marrow
cells could potentially serve as a source for liver repair in
inherited cholestatic or metabolic liver diseases.

Table 1 Biliary bile acid analysis in spgp™'~ mice after bone marrow transplantation (BMT) in comparison to knockout mice without

transplantation

Total bile acid levels (mM)

% Tri-OH bile acid % Tetra-OH bile acid

spgp™'™ wlo BMT* (n = 5) 42.40 £ 7.70
spgp~'~ after BMT* (n = 4) 75.08 + 6.03
Wild-type mice (n = 6) 100.95 =+ 46.77
P value* <0.001

41.16 &+ 10.67 56.40 & 9.30
67.81 + 18.40 30.67 £ 18.62
88.11 £2.78 1.80 £ 0.67
0.054 0.062

* Comparisons between spgp_/ ~ mice with and without BMT
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Hepatocytes derived from bone marrow cells may
originate either from transdifferentiation from hematopoi-
etic cells or from direct fusion of donor bone marrow cells
and recipient hepatocytes. Evidence of fusion between
bone marrow cells and adult tissue cells has been demon-
strated to explain the “transdifferentiation phenomenon”
of bone marrow transplantation [16—18]. In a Fah-deficient
mouse model, transplantation of hematopoietic stem cells,
committed granulocyte-macrophage progenitors, or bone-
marrow-derived macrophages, resulted in the robust pro-
duction of the bone-marrow-derived hepatocytes. These
hepatocytes formed clusters or nodules in recipient liver
and were able to correct the biochemical dysfunction. The
fusion partners of hepatocytes were demonstrated to be
myelomonocytic cells and did not require reconstitution of
recipient bone marrow [19, 20]. Recently bone-marrow-
derived oval cells have also been implicated in liver
regeneration in a partial hepatectomy mouse model [21].
The type and severity of injury, and local environment in
each animal model determine the efficiency and also the
cell source for liver repair. In our study, we did not observe
bone-marrow-derived oval cells in the liver. Our data thus
appear to indirectly support the fusion theory. In the livers
of mice that received bone marrow transplants, we only
saw scattered donor-derived hepatocytes, but no clusters or
nodules were seen, as one would expect from trans-
differentiation.

We speculate that the number of DDHs increased in
diseased liver more than in normal liver. Signals of cell
damage may facilitate the fusion process. In a model of
Bcl-2 transgenic bone marrow transplantation into normal
mice, donor-derived clusters of mature hepatocytes
expressing Bcl-2 were found when recipients were treated
with anti-Fas antibody Jo, but no donor-derived hepato-
cytes were found without Jo pressure [22]. An increased
damage level may result in more frequent fusions and
become functionally significant. Our animal model is a
chronic, but not progressive cholestatic liver disease model
[14], and is not as severe or progressive as human PFIC2.
An increased injury level may be required to enhance the
donor cell repopulation, such as adding cholic acid in the
diet [23]. We speculate that a continuous and significantly
high level of hepatocyte injury would be necessary to
enhance DDHs in further applications of bone marrow cells
as a source of liver repair.

It has been shown that total hematopoietic reconstruc-
tion occurs before hepatocyte derivation from bone marrow
cells [13]. Bone marrow cell therapy without total recon-
struction of bone marrow or hematopoietic systems has
been demonstrated in other organ repairs [24, 25]. It has
also been reported that bone marrow transplantation with-
out irradiation in a mouse model was used to treat liver
cirthosis [26]. Aside from hematopoietic cells, bone
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marrow cells have been reported to contribute to hepatic
endothelial cells as well as stellate cells [27, 28]. These
cells could also contribute to disease corrections. Clinical
trials of autologous bone marrow cell infusions have been
used to treat adult liver cirrhosis [29]. Although the func-
tional improvement of biliary secretion in our mice was
most probably from the donor-derived hepatocytes that
express the normal hepatocyte transporters, there is still the
possibility that non-parenchymal cells partially contribute
to the improvement of the phenotype.

An important question that remains to be addressed is
the number of cells that is required to functionally correct a
liver disease. Could the low frequency of bone marrow cell
derived hepatocytes potentially be useful in treating human
diseases? In metabolic diseases, a low percentage of
hepatocyte could have a therapeutic effect. For instance, in
Crigler-Najjar syndrome, 5% hepatic mass replacement
could significantly reduce serum bilirubin levels [30]. In
glycogen storage disease, 1% of total hepatocyte mass was
found to partially correct the metabolic abnormalities [31].
In our model, which lacks the bile salt transporter function
(causing impaired biliary bile acid secretion), a low per-
centage of donor cells with a positive gene function may
have a therapeutic effect, as shown by the improved bile
acid profile in our study. The minimum amount of func-
tioning hepatocytes required for restoring bile acid
secretion and for correcting liver damage in patients with
PFIC-2 remains to be investigated. It is possible that a low
quantity of cells repopulated in the recipient liver may be
therapeutically effective in treating metabolic liver dis-
eases. In the present model, we have not shown improved
clinical parameters such as survival rate, histopathology
and liver enzymes in the transplanted mice. These pheno-
type changes will be further investigated when a higher
repopulation frequency can be achieved. In addition to
restoring the normal bile excretion function using cell
therapy, there are other concerns in the application of cell
therapy in PFIC. One is the chronic damage and toxicity of
the remaining recipient hepatocytes with deficient bile
drainage. If the bile acid toxicity continues in the damaged
hepatocytes, the long-term consequences of liver cirrhosis
or even carcinogenesis could compromise the effect of cell
therapy.

The length of time after transplantation also affects the
results. Bone marrow repopulation was a slow and rare
event; a previous report showed that donor-derived hepa-
tocytes were first detectable no earlier than 7 weeks after
transplantation, and maximal repopulation was observed at
28 weeks [13]. After that, donor bone marrow cells should
stably supply the hematopoietic cells in every organ and
tissue, including the liver. Our data support this, in that in
an inherited liver disease model, in which the endogenous
hepatocytes suffer from chronic, continuous injury, donor
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bone marrow cells could serve as a continuous source of
normal hepatocytes. It is therefore necessary to follow
these mice for a longer period of time in the future to
observe the duration of the replication of donor cells in the
recipient liver.

Another problem to overcome in this and many other
disease models is that donor hepatocyte proliferation or
cluster formation was not observed. Theise et al. reported
that up to 0.5-1% of total hepatocytes were of donor origin,
as determined by FISH for Y-chromosome in female mice
receiving bone marrow transplantation from male mice [4]
without overt hepatocyte injury. Kanazawa et al. used liver
injury models, including carbon tetrachloride treatment.
After 4—-6 weeks of bone marrow transplantation, only 5 in
4.1 x 10° hepatocytes were of donor origin by Y chro-
mosome in Situ hybridization [12]. In two other models of
albumin-urokinase transgenic mice and hepatitis B trans-
genic mice, there were no detectable donor hepatocytes
when using a GFP or LacZ donor marker. In these models,
no proliferation of hepatocytes was noted. There could be
strong inhibitory factors or signals that prevented the
donor-derived cells from repopulating or dividing. On the
other hand, cluster formation and clonal expansion of
donor hepatocytes have been found in the fah™'~ mouse
model. Most bone-marrow-derived cells were single cells
or present in small 1-5 cell clusters. Only infrequently
were large confluent nodules of hepatocytes observed in
the fah™~ mice, which might result from monoclonal or
oligoclonal expansion [11]. The highly expandable clones
might originate from the donor bone marrow cells fused
with fah ™"~ cells with high regeneration potential, or from
a small number of hematopoietic stem cells from donor
bone marrow fused with adult recipient hepatocytes,
transforming the recipient hepatocytes into progenitor-like
cells. The former theory was supported by the fact that
fah™'~ mice and human tyrosinemia patients have a strong
tendency to develop tumors.

Adult hepatocytes are known for their high regeneration
potential in human organs. With this high endogenous
regeneration activity, together with low levels of recipient
liver injury, extensive bone marrow cell repopulation in the
liver was hard to achieve. Recently, cell-cell competition
between donor and recipient hepatocytes had been pro-
posed to be an important factor in establishing donor
repopulation. It has been shown that repopulation is based
on the stronger proliferative activity of transplanted cells
and reduced apoptosis of their progeny compared with host
hepatocytes. A successful repopulation also depends on
increased apoptosis of host hepatocytes immediately adja-
cent to transplanted cells [32].

In conclusion, we have demonstrated that DDHs were
detected 1-6 months after bone marrow transplantation in
an inherited intrahepatic cholestastic liver disease model.

Although present only at a low frequency, donor-derived
hepatocytes were found expressing the impaired gene, and
had partially rescued the defects in biliary secretion. We
suggest that bone marrow cells could serve as a potential
source for liver repair in chronic metabolic liver disease.
Further investigations aiming to enhance donor repopula-
tion and inhibit recipient cell regeneration by optimizing
liver injury levels are required.
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