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Recent work has convincingly demonstrated that
adult bone marrow contains cells capable of differen-
tiating into liver epithelial cells in vivo. However, the
frequency and time course with which fully func-
tional hepatocytes emerge after bone marrow trans-
plantation remained controversial. Here, we used the
fumarylacetoacetate hydrolase knockout mouse to de-
termine the kinetics of hepatocyte replacement after
complete hematopoietic reconstitution. Single donor-
derived hepatocytes were first detected 7 weeks after
lethal irradiation and bone marrow transplantation.
Liver disease was not required for this transdifferen-
tiation. In the presence of selective pressure the sin-
gle cells evolved into hepatocyte nodules by 11 weeks
after transplantation and resulted in >30% overall
liver repopulation by 22 weeks. The frequency with
which hepatocytes were produced was between 10~ *
and 10~°, resulting in only 50 to 500 repopulation
events per liver. Hepatic engraftment was not ob-
served without previous hematopoietic reconstitution
even in the presence of liver injury. In addition, sig-
nificant liver repopulation was completely dependent
on hepatocyte growth selection. We conclude that
hepatocyte replacement by bone marrow cells is a
slow and rare event. Significant improvements in the
efficiency of this process will be needed before clini-
cal success can be expected. (Am J Pathol 2002,
161:565-574)

Orthotopic liver transplantation is a proven therapy for
many hepatic disorders, but it is associated with high
morbidity, mortality, and cost. In addition, the supply of
donor livers is severely limiting and many patients die
while waiting for a donor organ. In some hepatic disor-
ders, particularly inherited protein deficiencies, only the
hepatocytes are involved in the pathophysiology and it is
therefore not necessary to replace the entire liver." These
diseases are attractive targets for hepatocyte transplan-

tation or gene transfer into hepatocytes. Hepatocyte
transplantation has been performed in animal models®*
as well as limited human clinical trials,>® but only <1% of
the hepatocyte mass could be replaced. This has re-
sulted in poor clinical efficacy of the procedure.

It has been recently shown, however, that transplanted
hepatocytes can be selectively expanded in vivo in a
process called therapeutic liver repopulation.” Hepato-
cyte selection can be achieved by a variety of genetic
and pharmacological manipulations.” ' These discover-
ies have reinvigorated the interest in hepatocyte trans-
plantation and raised that hope that clinically relevant
degrees of hepatocyte replacement may be achievable
in human patients. Even if in vivo selection of human
hepatocytes could be achieved, however, the cells useful
for transplantation have to be obtained from the same
limited supply of organ donors used for solid organ trans-
plantation. Thus, it would be highly desirable to have a
readily available alternate source of cells.

Several recent reports have highlighted the broad de-
velopmental potential of bone marrow-derived stem cells
and the term “stem cell plasticity” has been coined. Bone
marrow contains hematopoietic stem cells (HSCs)'®'* as
well as mesenchymal stem cells’™'® and multipotent
adult progenitor cells. HSCs have been reported to pro-
duce not only all of the blood lineages, but also skeletal
muscle,’”'® neurons,'®2° cardiac muscle,?"#? pulmo-
nary epithelium,?® and liver epithelium.?* The transdiffer-
entiation of bone marrow-derived cells into hepatic cells
was first described in the rat,?* followed by reports for the
mouse?® and also the human.?%2” Using a genetic model
of hereditary tyrosinemia, a metabolic liver disease, we
were able to demonstrate that bone marrow transplanta-
tion (BMT) could substitute for hepatocyte transplantation
and correct the liver disease in this model.?® We further-
more demonstrated that prospectively isolated HSCs can
transdifferentiate into hepatocytes and that HSCs and
liver-repopulating cells co-purified when sorting for cell
surface markers. This suggested that the HSCs may in-
deed be plastic and be capable of producing both blood
and hepatocytes.
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In some reports the degree of hepatocyte replacement
achieved after hematopoietic repopulation equaled or
exceeded the results obtained by hepatocyte transplan-
tation.?® Gender-mismatched transplants and Y-chromo-
some in situ hybridization were the principal methods
used in these experiments. In the mouse, hepatocyte
replacement levels of >1% were described even in ge-
netically normal animals without any selection other than
lethal irradiation.?® This result corresponded well to the
human situation in which at least 1% donor-derived hepa-
tocytes were routinely observed.?®?72° These findings
suggested that routine bone marrow transplantation may
achieve clinically relevant hepatocyte replacement.
Some hepatic protein deficiencies, for example hemo-
philia A and B, would be treatable with BMT.

To determine whether similar levels of cell replacement
could be detected by using a hepatocyte-specific marker
that differentiates donor and host cells, we here per-
formed detailed quantitative analysis and time course of
bone marrow-transplanted fumarylacetoacetate hydro-
lase (FAH) knockout mice.

Materials and Methods

Mouse Strains and Animal Husbandry

As transplant recipients we used the FAHA®*°" 5 strain
mice previously described by this lab.3° Transplant do-
nors were transgenic ROSA-26 mice, a gift from P. Sori-
ano (Fred Hutchinson Cancer Center, Seattle, WA).3" Al
transplantation experiments were performed with con-
genic mice of the 129S4 background. All FAH mutant
animals were treated with 2-(2-nitro-4-trifluoro-methyl-
benzyol)-1,3 cyclohexanedione (NTBC) containing drink-
ing water at a concentration of 7.5 mg/L (a gift from S.
Lindstedt, Gatheborg, Sweden).3232 This provides an
approximate dose of 1 mg kg~ ' body weight per day. For
genotyping, polymerase chain reaction was performed
with a 3 primer polymerase chain reaction on 200-ng
tail-cut DNA as previously described.®® Animal care and
experiments were all in accordance with the Guidelines
of the Department of Animal Care at Oregon Health Sci-
ences University.

Bone Marrow Cell Harvest and Transplantation

Donor mice were euthanized by CO, asphyxiation, the fur
saturated with 70% alcohol, and the animal moved into a
sterile, laminar flow hood. Bone marrow cells were har-
vested from both femora by flushing the contents into a
collection tube using a 27-gauge needle and RPMI sup-
plemented with penicillin/streptomycin. Unfractionated
marrow cells were counted using a Coulter Multisizer Z1
and the cell concentration was adjusted for transplanta-
tion into the retro-orbital plexus of anesthetized recipient
mice.

The FAH mutant recipient mice were lethally irradiated
with a total dose of 1100 cGy (experiment 1) or 1500 cGy
in split doses with a 3-hour interval. One day later, cells
were injected intravenously into the retro-orbital plexus of

anesthetized mice using insulin syringes (Becton Dickin-
son, Franklin Lakes, NJ). One hundred ul of cells were
injected per mouse.

Hepatocyte Selection

FAH mutant recipient mice were kept on NTBC (kindly
provided by Dr. Lindstedt, Gothenburg, Sweden) for 3 to
6 weeks bone marrow transplantation.®® To induce hepa-
tocyte selection NTBC was then stopped until mice had
dropped 30% of their initial body weight. After that NTBC
was restarted until body weight recovered and then an-
other cycle of NTBC withdrawal was initiated.

Staining of HSCs

Cells were stained as described previously.'® For KLS
(c-kit*, Lin~, Sca™) cells isolated from 12954 ROSA26
donors, the bone marrow cells were incubated with bio-
tinylated monoclonal antibody (mAb) specific for Sca-I
(Pharmingen), then positively selected using the MACS
magnetic bead system (Miltenyl Biotec, Auburn, CA). The
positively selected cells were stained with phycoerythrin-
conjugated lineage markers (Pharmingen), which in-
cluded the following: RA3-6B2 (B220) for the B lineage
marker; RM2-5 (CD2), GK1.5 (CD4), 53-7.3 (CD5), 53.6.7
(CD8), and 145-2C11 (CD3) for T cell markers; RB6-8C5
(GR-1) and M1/70 (CD11b, Mac-1) for myeloid markers;
PK136 (NK1.1) for natural Killer cells; and Ter119 for
erythrocytes. The positively selected cells were also
stained with allophycocyanin-conjugated 2B8 (c-kit,
Pharmingen) and streptavidin-Cy7APC (Sav-PharRed,
Pharmingen). After the final wash, cells were resus-
pended in a phosphate-buffered saline (PBS)/fetal calf
serum buffer that contained propidium iodide (1 mg/ml)
to discriminate between viable and nonviable cells.

Purification of HSCs

Isolation of HSCs was accomplished using a fluores-
cence-activated cell sorter manufactured by Becton
Dickinson Immunocytometry Systems. Specifically, the
FACSVantage SE is configured with argon, krypton, and
helium-neon ion. Data parameters were collected in the
list mode data file and were analyzed by the software
program Flowjo (www. Treestar.com). Pure populations of
sorted HSCs were resorted directly into Eppendorf tubes
by an automated cell deposition unit using counter mode.

Hepatocyte Transplantation and Repopulation
Time Course

Hepatocytes were isolated from congenic wild-type do-
nors and transplanted as previously described.®'® FAH
mutant recipient mice were either kept on NTBC until 1
day after transplant or had been off NTBC for 10 days
before transplant. The livers of transplanted mice were
harvested at various times after hepatocyte transplanta-
tion and evaluated by FAH immunohistochemistry as de-



scribed below. At least three and as many as six animals
were harvested for each time point.

Histology and Immune Histology

Liver tissues fixed in 10% phosphate-buffered formalin,
pH 7.4, were dehydrated in 100% ethanol and embed-
ded in paraffin wax at 58°C. Four-um sections were re-
hydrated and stained with hematoxylin and eosin and
with a polyclonal rabbit antibody to rat FAH (graciously
provided by Robert Tanguay, University of Laval, Laval,
Quebec) or glutamine synthetase.®* The antibody was
diluted in PBS, pH 7.4, and applied at concentrations of
1:300,000 at 37°C for 30 minutes. The glutamine syn-
thetase antibody was used at a dilution of 1:10,000. En-
dogenous peroxidase activity was blocked with 3% H,O,
and methanol. Avidin and biotin pretreatment was used
to prevent endogenous staining. The secondary antibody
was biotinylated goat anti-rabbit IgG used at 1:250 dilu-
tion (94010, BA-1000; Vector Laboratories, Burlingame,
CA). Color development was performed with the AEC
detection kit from Ventana Medical Systems, Tucson, AZ
(pH 8.0, 85705, catalogue no. 250-020). The staining
incubation was at 37°C overnight.

B-Galactosidase Staining

The liver tissues were fixed in 2% formaldehyde and 0.2%
glutaraldehyde in PBS for 30 minutes. Then the tissues
were washed with PBS for two times and moved to staining
medium that contained 1 mg of X-gal in buffer of 5 mmol/L
K ferricyanide, 5 mmol/L K ferrocyanide, 2 mmol/L MgCl,,
0.02% Nonidet P-40, and 40 mmol/L Hepes.®®

Calculations of Sample Size and Cell Numbers

If the surface area of the sections analyzed is known, the
number of total hepatocytes scored can be calculated
based on assumptions about the average size of mouse
hepatocytes. The images from multiple sections were
analyzed by Openlab software to determine the average
number of hepatocytes in tissue sections from FAH mu-
tant mice off NTBC. Binucleated hepatocytes were
counted as single cells. Nonparenchymal cells were not
scored. These injured hepatocytes were larger than cells
from normal tissue sections. On average 1867 * 141
cells were present/mm?. This corresponded to an aver-
age cell diameter of ~23.2 um, which fits well with pub-
lished estimates.

The surface area of sections was measured by scan-
ning the glass slides along with a size standard using a
Microtec 2 scanner at a resolution of 300 dpi. Adobe
Photoshop 5.02 software was then used to select and
count the pixels corresponding to the liver sections. The
average surface area scanned was 310 = 94 mm? cor-
responding to 579,000 = 175,000 hepatocytes. The
smallest section analyzed was 98 mm? = 182,000 cells
and the largest was 480 mm? = 896,000 hepatocytes.

When clonal hepatocyte nodules were present the
number of cells scored was corrected for the increased
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Table 1. Correction Factors Used for Estimation of Cell
Numbers in Section

Cells in Sphere diameter Cells at
nodule increase equator
1 1 1
2 1.3 1.6
4 1.6 2.5
8 2 4.1
16 25 6.4
32 3.2 10.2
64 4 16.2
128 5 25.7
256 6.4 40.8
512 8 64.8

1024 10.1 102.9

likelihood to detect a multicell clone compared to a single
cell. The correction factor is a rough estimate based on
three assumptions: 1) the hepatocyte nodules are
spheres; 2) all nodules in a given sample are approxi-
mately the same size; and 3) the number of cells found in
the section of the largest clone in a sample represents a
cross-section in the middle of that nodule. For example, a
16-cell nodule would have a sphere diameter that is 2.52
times larger than the diameter of a single cell (V =
47r3/3). The 16-cell sphere is therefore 2.52 times more
likely to be sampled in a two-dimensional tissue section
than a single hepatocyte. The maximal cross-section of a
16-cell spherical nodule at the equator is 6.43 times
larger than that of a single cell (A = @r®). In a two-
dimensional section, a 16-cell nodule therefore would
correspond to no more than ~7 (6 to 8) visible cells. The
sphere diameter and maximal cell number at the sphere
equator were calculated for 2, 4, 8, 16, 32, 64, 128, and
256 cell nodules (Table 1). The cell number in the largest
clone found was used to estimate the correction factor.
For example, if seven cells were found, nodules were
estimated to consist of ~16 cells, corresponding to a
correction factor of 2.52 for that section.

Results

To determine the time course of liver repopulation after
bone marrow transplantation we performed two indepen-
dent long-term experiments. In the first experiment, FAH
mutant mice received 1100 cGy total body irradiation and
were given 2 X 10° bone marrow cells from congenic
wild-type donors. In the second experiment, a higher
dose of radiation (1500 ¢Gy) and more cells (4 X 10°)
were given. This radiation dose is close to the LDg, even
for bone marrow-transplanted mice and was chosen to
obtain the maximum tolerated dose of total body irradia-
tion in the context of hematopoietic rescue and to maxi-
mize the selective advantage of donor stem cells. Both
groups of animals were kept on NTBC during the period
of hematopoietic engraftment. In experiment 1, NTBC
was continued for 3 weeks after BMT and then stopped.
To maximize survival, NTBC therapy was intermittently
reinstituted and withdrawn (NTBC cycling). In experiment
2 NTBC was discontinued 6 weeks after BMT in some



568 Wang et al
AJP August 2002, Vol. 161, No. 2

15 16 17 18 18 20 21 22

0 1 2 a 4 5 ] T 8 g 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
BMT

| 3o o *»

i

| SN T 1 T 1] L ] 1] + L i ¥ L] T L L} 1 1] T i i T 1 1 1 L T

0 1 2 3 4 5 6 T 8 a 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

Figure 1. Time line of the experiments. Time is indicated in weeks below the bars. Gray shading indicates time off NTBC. Harvest times are shown by the arrows.
In experiment 2 (Exp. 2) some animals were kept on NTBC for the entire time, others were taken off in a cycling manner.

animals and in others NTBC was continued throughout
the time course. Mice were sacrificed at different times
after BMT and the entire liver was harvested. The time line
of the experiments are schematically shown in Figure 1.
At harvest, six separate parts (distinct lobes) were indi-
vidually processed, sectioned, and stained for FAH im-
munoreactivity. Each section was systematically scanned
at X100 magnification for FAH-positive cells. The number
and morphology of all FAH-positive hepatocytes as well
as the surface area of each section were noted.

In experiment 1, no FAH-positive cells were found 5
weeks after BMT in 12 sections representing ~1.2 X 10°
hepatocytes (two animals, six sections each = 620 mm?
analyzed). The results are also given in Table 2. Hema-
topoietic engraftment in all animals from this experiment
exceeded 90% based on DNA analysis of the spleen,
bone marrow, and peripheral blood (data not shown).
The first donor-derived hepatocytes were detected 7
weeks after BMT (4 weeks off NTBC). Six single FAH-
positive cells were found, indicating that ~1/200,000
hepatocytes had been replaced by donor cells. Eleven
weeks after BMT, the first small hepatocyte clusters con-
sisting of 3 to 4 cells were detected. Because cell clus-
ters are larger than single cells, the probability of finding
a clonal nodule in a single histological section is greater
than finding a single cell (see Materials and Methods).
Based on the assumption of an average clone size of four
cells and a correction factor of 2, the presence of eight
small clusters indicated that one FAH+ clone emerged
for every ~290,000 hepatocytes. Because an adult

mouse liver contains ~5 X 107 hepatocytes, these num-
bers predict the appearance of a total of ~170 repopu-
lation nodules per liver. This number fits very well with the
number of repopulation nodules detected by whole
mount staining of liver repopulation by bone marrow from
B-galactosidase-positive donors.?® By 22 weeks after
BMT repopulation nodules had become confluent and
>30% of hepatocytes were FAH-positive.

Higher Doses of Irradiation Do Not Enhance
Hepatocyte Replacement

The results of the second experiment were very similar to
the first, although a much higher dose of total body
irradiation was used. Table 3 summarizes the data. Only
single FAH-positive hepatocytes or small clusters were
detected at the earliest time-point analyzed (9 weeks
after BMT) and larger nodules were seen at 11 weeks
after BMT. The estimated number of FAH+ clones corre-
sponded well in the two experiments with ~1/150,000
hepatocytes being donor derived at 4 months after BMT.
It should be emphasized that the estimated number of
FAH+ clones was similar between the two experiments
and independent of the cluster size and time of harvest.
It is therefore unlikely that lack of FAH immunostaining
has resulted in an underestimate of the level of hepato-
cyte replacement. In addition, earlier work has shown that
single FAH+ hepatocytes can be readily detected with
our immunostaining protocol.® It is also important to note

Table 2. Liver Repopulation after Standard BMT
Total time off Time after Maximal
Mouse NTBC BMT FAH+clusters cluster size Clones/hepatocytes

1 Off for 2 5 0 NA 0

2 Off for 2 5 0 NA 0

2 Off for 4 7 3 cells Single 1/193,000
4 Off for 4 7 3 cells Single 1/187,000
5 Off for 7 11 2 clusters 4 cells 1/579,000
6 Off for 7 11 6 clusters 4 cells 1/193,000
7 Cycles, off 14 22 > 30% Confluent ND

8 Cycles, off 14 22 > 30% Confluent ND

Times are given in weeks.
ND, not determined; repopulation too dense to count clones.
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Table 3. Liver Repopulation after High-Dose Irradiation
Total time off Time after FAH+ Maximal cluster

Mouse NTBC BMT clusters size Clones/hepatocytes

9 On 9 4 Single 1/147,000
10 On 9 4 Single 1/141,000
11 Off for 3 9 3 Single 1/193,000
12 Off for 3 9 4 6 cells 1/290,000
13 On 11 4 Single 1/145,000
14 On ihl 2 3 cells 1/285,000
15 Off for 5 11 1 Single 1/579,000
16 Off for 5 ih 10 20 cells 1/290,000
17 Off for 10 16 15 50 cells 1/304,000
18 Off for 10 16 22 20 cells 1/132,000
19 On 28 62 4 cells 1/6,700
20 On 28 32 3 cells 1/28,000
21 Cycles, off for 22 28 >60% Confluent ND
22 Cycles, off for 22 28 >60% Confluent ND
KLS1 On 25 1 Single 1/189,000
KLS2 On 25 2 Single 1/137,000
KLS3 On 25 2 Single 1/169,000

Times are given in weeks.

KLS refers to the mice transplanted with enriched HSC. ND, not determined; repopulation too dense to count clones.

that the low hepatocyte replacement level cannot be
explained by the use of the correction factor (Table 1)
used to account for the increased likelihood of detecting
nodules as compared to single cells. Even without this
mathematical correction factor, replacement levels were
<1/20,000.

After several months of selection, the FAH-positive
hepatocytes constituted a large portion of the host liver.
We have previously shown that biochemical liver func-
tions were normalized in such repopulated mice.?® Be-
cause the number of clones determined by histological
methods at early time points after BMT and B-galactosi-
dase whole mount staining at late time points were sim-
ilar, it is likely that the single FAH-positive cells found
were true hepatocytes. Most of these marrow-derived
hepatocytes eventually developed into large repopula-
tion nodules of fully functional cells.

Hepatocyte Engraftment Occurs without Liver
Damage

To determine whether liver injury was necessary to
achieve hepatocyte replacement by bone marrow-de-
rived cells, we kept a cohort of control animals on NTBC
continuously after BMT. Interestingly, FAH-positive hepa-
tocytes also emerged in these animals at the same time
as in mice off NTBC (Table 3). When the numbers shown
in Table 3 from all animals on NTBC and those off NTBC
until 16 weeks after BMT were compared, the hepatocyte
replacement level was not statistically different. The av-
erage for animals on NTBC was 1/167,000 (95% confi-
dence interval from 1/114,000 to 1/298,000) and those off
NTBC was 1/243,000 (95% confidence interval 1/160,000
to 1/503,000). A two-tailed t-test showed a P value of
0.15, ie, no significant difference between the two
groups. This finding suggested that no liver damage
beyond total body irradiation was needed to achieve
differentiation of bone marrow cells into hepatocytes.
However, only single cells or very small clusters were

detected in NTBC-treated animals and the overall degree
of repopulation remained insignificant. Thus, the expan-
sion of bone marrow-derived hepatocytes to functionally
relevant levels was completely dependent on the power-
ful selective advantage of FAH+ hepatocytes (Figure 2).
The level of hepatocyte replacement in mice kept on
NTBC was as high as 1/6700 cells many months after
BMT (Table 3). It is therefore possible that new bone
marrow-derived hepatocytes continue to seed the liver
and the replacements levels increase with time. Alterna-
tively, the relatively high replacement level may be be-
cause of selection by the mild liver injury sometimes seen
in FAH mutant mice treated with NTBC for a long term.3¢

Transplantation of Enriched HSCs Does Not
Enhance Hepatocyte Replacement

Earlier reports on the transdifferentiation of bone marrow
cells to hepatocytes used lineage-depleted bone marrow
cells.?® Therefore, to assess whether the low engraftment
efficiency observed here was because of the use of
whole marrow rather than enriched stem cells, we trans-
planted a cohort of mice with a large number of highly
enriched HSCs. The HSCs isolated from congenic Ro-
sa26 donors were defined by the markers c-kit", Lin"9,
and Sca-17 with Lin"®9 representing 10 different lineage
markers (KLS HSCs). KLS HSCs are an enriched popu-
lation of HSCs representing less than 0.1% of total adult
bone marrow cells in the 12954 mouse background.™
Eight thousand KLS HSCs per mouse (equivalent to at
least 8 X 10° unfractionated marrow cells) were trans-
planted into three lethally irradiated FAH mutant mice. All
three mice were kept on NTBC during the whole experi-
ment. Two months later, nucleated blood cells were
tested for hematopoietic engraftment. All three animals
survived the lethal irradiation and showed complete hema-
topoietic reconstitution. Six months after HSC transplanta-
tion and without any withdrawal of NTBC, mice were sacri-
ficed and their liver screened for FAH-positive hepatocytes.
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Figure 2. Examples of liver repopulation after bone marrow transplantation. a and b: B-galactosidase whole mount staining of liver. ¢ and d: FAH immunohis-
tochemistry. a: Effect of NTBC withdrawal. Top: Liver samples from animals kept on NTBC for 28 weeks after BMT. Bottom: Samples from mice that were off for 22
to 28 weeks. Significant repopulation (blue clusters) was present only in animals off NTBC. b: Effects of total body irradiation. The upper liver sample was from an
irradiated recipient and the lower from a control animal transplanted with the same bone marrow cells, but without total body irradiation. ¢: Single FAH-positive
hepatocyte (arrow) found 7 weeks after BMT (original magnification, X200). d: FAH-positive cluster 11 weeks after BMT (original magnification, X400).

As shown in Table 3, the frequency of HSC-derived hepa-
tocytes ranged from 1/137,000 to 1/189,000. These num-
bers closely parallel those obtained with unfractionated
marrow and we therefore conclude that transplantation with
highly enriched HSCs did not significantly enhance the
degree of liver engraftment observed.

Hepatocyte Replacement by Bone Marrow Cells
Requires Total Body Irradiation

To determine whether bone marrow cells could give rise
to hepatocytes in the absence of preparative irradiation,
a total of 18 mice were transplanted with 5 to 10 X 10°
bone marrow cells from Rosa26 donors, but only 4 of
these received preparative irradiation (Table 4). As ex-
pected the contribution of donor cells to hematopoietic
tissues was <1% in the nonirradiated animals, but >90%
in the irradiated mice (data not shown). After 5 months of
cycling NTBC selection, the animals were sacrificed and
analyzed by whole mount B-galactosidase staining of two
lobes and FAH immunostaining in the remainder of the

liver. Although significant liver repopulation was detected
in the irradiated animals, no FAH-positive hepatocytes
were detected in the nonirradiated animals, even when
serial sectioning was performed (Table 4, Figure 2). Thus,
the degree of hepatocyte replacement without prepara-
tive irradiation was <1/10°.

We also tested some other strategies with the goal of
achieving liver engraftment without previous irradiation
(Table 4). In some animals NTBC was discontinued 1
week before transplantation of bone marrow cells. This
was done to determine whether liver damage at the time
of transplantation could enhance direct engraftment of
bone marrow hepatocyte precursors. No engraftment
was observed. Furthermore, direct intrahepatic injection
of bone marrow cell in a Matrigel matrix also did not result
in observable repopulation.

Comparison to Hepatocyte Transplantation

The precise kinetics of liver replacement by transplanted
hepatocytes in the FAH knockout mouse were unknown
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Table 4. Liver Repopulation Without Preparative Irradiation
Mouse Time off
marked Cell number Total time off NTBC Liver
number (x10°) NTBC before BMT Special manipulations repopulation
23 5 20 No No
24 5 20 No No
25 5 20 No No
26 5 20 No No
27 10 21 1 Direct injection with Matrigel No
28 10 21 1 Direct injection with Matrigel No
29 10 21 1 Direct injection with Matrigel No
30 10 21 1 No
31 10 21 1 No
32 10 21 1 No
33 10 21 1 No
34 5 21 No 1.2 Gy TBI 5-10%
35 5 21 No 1.2 Gy TBI ~10%
36 5 21 No 1.2 Gy TBI 30-40%
37 5 21 No 1.2 Gy TBI 30-40%
38 5 21 No No
39 5 21 No No
40 5 21 No No
41 5 21 No No

Times are given in weeks.
TBI, total body irradiation.

and a therefore a detailed time-course experiment was
performed. FAH mutant mice were transplanted with
100,000 wild-type hepatocytes by intrasplenic injection
and harvested at various time points. The initial engraft-
ment was determined by FAH immunohistochemistry on
days 1 to 3 in six animals. On average 1/2485 hepato-
cytes were replaced by donor cells (95% confidence
interval 1/1105 to 1/10,045). If one assumes that an adult
mouse liver contains ~0.5 to 1 X 108 hepatocytes, this
reflects stable engraftment of ~10,000 to 20,000 of the
donor cells (10 to 20% efficiency) in keeping with previ-
ous reports.®” The effects of liver injury at the time of
transplantation was also determined. Half of the animals
were on NTBC until the day after the transplantation and
therefore had no hepatic injury. NTBC was removed 10
days before transplant in the other half. Figure 3 shows
the kinetics of repopulation in these two groups. Although
the initial engraftment was similar between the two
groups, hepatocyte expansion occurred more rapidly in
the group with liver injury. Significant liver repopulation of
~50% was achieved in ~3 weeks in mice with liver injury
and in 4 weeks in those without. If kept on NTBC, liver
repopulation remained at engraftment levels (data not
shown).

Overall, the kinetics of liver repopulation with hepato-
cytes differed markedly from those seen after bone mar-
row transplantation. Engraftment of donor cells was rapid
(days) and nodule expansion could be observed as early
as 10 days after transplant. Functionally significant re-
population levels were achieved in <1 month.

Discussion

The plasticity of HSCs has raised hopes that bone mar-
row-derived cells could be used for cell therapy in a
variety of organs. In particular, the phenotypical correc-

tion of metabolic liver disease by bone marrow transplan-
tation in a murine model suggested that BMT may be
useful for the treatment of hereditary hepatic protein de-
ficiencies.?® Disorders amenable to this approach would
include hemophilia A and B, familial hypercholesterol-
emia, phenylketonuria, among others.®® Although the
precise therapeutic threshold for each of these disorders
is not known, it is reasonable to assume that stable re-
placement of ~1% of hepatocytes may be beneficial in
factor VIII and IX deficiency®® and that substitution of
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Figure 3. Repopulation time course using donor hepatocytes. The percent-
age of liver repopulation is given as a function of time. The time points of
harvest after transplantation are given below each bar. The bars indicate the
mean of at least three individual animals and the error bars show the 95%
confidence interval. Animals were either on NTBC until the transplantation
(gray bars) or had been off NTBC for 1 week at the time of transplant (black
bars).
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~10% of cells would ameliorate many hyperlipidemias
and disorders of amino acid metabolism. The recently
published literature on the differentiation of bone marrow-
derived cells into hepatocytes differs greatly in terms of
the quantitative estimates of hepatocyte replacement af-
ter bone marrow transplantation. Although some reports
observed replacement of only endothelial cells and not
hepatocytes by donor cells in the rat*® others have con-
sistently reported that ~1 to 2% of hepatocytes or more
were substituted by donor-derived cells in both rodents
and humans.?*~27 Furthermore, in the mouse this degree
of cell replacement was achieved without any selective
advantage of donor hepatocytes other than the condition-
ing regimen used for BMT.2° This is remarkable when one
considers that transplantation of hepatocytes themselves
results in tissue replacement levels of <1%.3” The origi-
nal report on bone marrow-derived liver epithelial cells
reported the appearance of hepatocytes at ~1/1000 only
after an oval cell induction regimen that causes liver
injury.®* The reported 1% cell replacement approaches
the therapeutic threshold for many disorders and only 3
to 4 rounds of cell division would be needed to reach
clinically significant levels for most liver disorders.

Unfortunately, the level of hepatocyte replacement ob-
served in the work described here was quite low, on the
order of only 1/150,000 that is much below the therapeu-
tic threshold for any known hepatic disorder. In addition,
the emergence of bone marrow-derived hepatocytes was
rather slow, with the first cells appearing 2 months after
BMT. Significant liver repopulation could be observed
only when strong selective pressure was applied. In this
setting, the 300 or so bone marrow-derived hepatocytes
per liver were able to expand and eventually replace
>30% of the hepatic parenchyma requiring at least 18
rounds of cell doubling. These results suggest that the
efficiency of liver repopulation by transplanted bone mar-
row cells is limited at the moment. Significant enhance-
ment of the procedure by improved engraftment and/or
selection of donor cells will be required before clinical
use could be considered.

We were unable to detect hepatic engraftment of bone
marrow-derived cells in the absence of preparative whole
body irradiation. This was true even when the liver was
already injured at the time of cell transplantation or if the
bone marrow cells were injected directly into hepatic
parenchyma. Furthermore, hepatocytes did emerge in
lethally irradiated recipients, even if they were kept on
NTBC after the BMT. Thus liver damage was neither
required for transdifferentiation into hepatocytes nor did it
enhance engraftment significantly. Together with the slow
kinetics of repopulation the requirement for irradiation
suggests that hematopoietic engraftment may be needed
before hepatocytic differentiation can occur. The pheno-
typic transition into hepatocytes may be a stochastic,
low-frequency phenomenon rather than a physiological
response to tissue injury.

Our results agree with some published reports, but are
inconsistent with others. Similar to us, Gao and col-
leagues”®® also could detect only negligible hepatocyte
replacement in bone marrow-transplanted rats despite
complete hematopoietic reconstitution. Only endothelial

cell replacement was observed. In contrast, several other
studies have reported significant hepatocyte replace-
ment within 2 months of simple bone marrow trans-
plants.?®=27 The reasons for the major discrepancies be-
tween our findings here and other reports are unclear.
Several possibilities will be discussed in the following.
First, different techniques for the detection of donor-de-
rived hepatocytes were used. Although gender-mis-
matched transplants and Y-chromosome in situ hybrid-
ization were used by others, we used a cell-type-specific
transgene difference between donor and host cells. The
FAH enzyme is expressed in 100% of wild-type hepato-
cytes from all three zones, but not in hematopoietic cells
including Kupffer cells, bile duct epithelium, endothelial
cells, or stellate cells.®*" In contrast, any donor-derived
cell, including hematopoietic cells and endothelial cells
will generate a positive Y-chromosome signal. Hence, the
identification of hepatocytes by this technique relies on
co-labeling with other markers specific to this cell type. It
is possible that the co-labeling technique overestimates
the incidence of fully differentiated hepatocytes, espe-
cially because confocal microscopy was not routinely
used to verify co-localization of Y-chromosome and he-
patocyte markers.*? It is also possible that the donor-
derived cells expressed only some hepatocyte markers
and were not fully differentiated. Second, selection of
donor bone marrow-derived hepatocytes could account
for the high apparent replacement level. The required
expansion from 1/100,000 cells to 1/100 would require 10
rounds of cell doubling and result in obvious, large cell
clusters. However, no clustering of bone marrow-derived
hepatocytes was described in mice with reportedly 1 to
2% repopulation.®® It is therefore unlikely that the quan-
titative differences to our study can be explained by
hepatocyte selection. In contrast, hepatocyte clustering
was described in some of the examples of repopulated
human livers.?62729 |n those cases, selective growth of
donor cells may partially explain the high degree of cell
replacement. Selective pressure may have been gener-
ated by the use of chemotherapy drugs for precondition-
ing or the diseases that affected the patients (from ex-
ample hepatitis C). Third, it is conceivable that the
discrepancies are because of the specific strains of mice
or the species used. In their work Theise and col-
leagues®® used B6D2F1 mice whereas the animals used
here were of the 12954 strain. The dose of radiation used
as well as the degree of hematopoietic engraftment ob-
served was very similar between their work and our cur-
rent report. Therefore, the behavior of bone marrow-de-
rived hepatocyte progenitors in different mouse strains
would have to be very different to explain the vastly
different degrees of repopulation observed.

The experiments described here do not elucidate de-
tails of the mechanism by which bone marrow-derived
hepatocytes are derived. It remains unclear whether the
same stem cell gives rise to both hepatocytes and he-
matopoietic lineages (stem cell plasticity) or whether dif-
ferent cells give rise to these lineages. Recently, it has
been suggested that apparent stem cell plasticity could
also be explained by fusion between donor and host
cells.*>4* Here, we did not determine whether bone mar-



row-derived hepatocytes arose via a fusion between FAH
mutant host hepatocytes and wild-type hematopoietic
cells. It is noteworthy, however, that the kinetics of the
replacement process (rare events only after previous
hematopoietic reconstitution) are not inconsistent with the
hypothesis of in vivo fusion and nuclear reprogramming of
the donor hematopoietic cell.

It is worthwhile to directly compare the liver replace-
ment kinetics after BMT to those observed when wild-
type hepatocytes were used as the donor cells for liver
repopulation. As shown here, the engraftment was much
more rapid (days instead of weeks) when hepatocytes
were used and significant tissue replacement could be
achieved in <1 month. In addition, preparative irradiation
was not needed. Thus, hepatocytes are currently consid-
erably more efficient than bone marrow-derived cells for
hepatic repopulation.

Because of the quantitatively very different results ob-
tained after simple BMT by different investigators, future
studies in additional models will be required to determine
the efficiency of liver repopulation by bone marrow cells
in a variety of settings. Our results reported here clearly
indicate that this process is not automatically efficient
even when complete hematopoietic reconstitution has
been achieved. Therefore, detailed knowledge regarding
its properties will be needed before human trials or even
large-animal studies can be contemplated. It should also
be said, however, that bone marrow-derived hepatocytes
can indeed be used for therapy of severe liver disease if
selective pressure favors the donor cells. With the devel-
opment of safe and efficient methods for the expansion of
donor hepatocytes in the host, cell therapy with bone
marrow-derived progenitors could become an important
modality in the management of liver disease.
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