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Fig. 5. Multidifferentiation capacity of myoSP, (A). Induction of osteocyte
differentiation of myoSP, but not myoMP, as determined by alkaline phos-
phatase staining (Upper) and by RT-PCR for the expression of osteoblast
lineage-specific genes (Lower). (Scale bar, 500 m.)(B) Relative mRNA expres-
sion of the indicated osteocyte markers in myoSP, myoMP, and whole myo-
metrial tissues was examined by semiquantitative RT-PCR and normalized for
GAPDH expression, Each bar indicates the mean  SEM of the relative expres-
sion ratio obtained from three independent experiments using three individ-
ual samples. *, P 0.05, versus myoMP, (C) Induction of adipocyte differen-
tiation of myoSP, but not myoMP, as determined by Oil red-O staining (Upper)
and by RT-PCR for the expression of adipocyte lineage-specific genes (Lower).
(Scale bar, 250 m.) (D) Each bar indicates the mean  SEM of the relative
mRNA expression of the adipocyte markers from three independent experi-
ments using three individual samples. =, P 0.05, versus myoMP. Induction( )
and () indicate the 21-day treatment with control media and osteocyte- (C)
or adipocyte- (D) inducing media, respectively.

We found that human-derived cells (Vm-positive) expressing
SMA were present only in the uteri of the NOG mice transplanted
with myoSP (Fig. 44 Upper), but not myoMP (data not shown),
which wass similar to the results of the nonpregnant Ej-treated uteri
(Fig. 3). Immunofluorescence staining and confocal microscopic
analysis of the serial cryosections revealed that the human myo-
metrial cells doubly positive for SMA and Vm in the pregnant
uteri contained a larger number of OTR-positive cells (Fig. 44
Lower and SI Fig. 8) than those present in the nonpregnant
Ej-treated uteri (Fig. 4B). In agreement with a previous report (21),
endometrial glands were positive for OTR (Fig. 4B). Thus, undif-
ferentiated myoSP had not only the potentials of proliferating and
differentiating into the mature myometrial cells in the mouse uteri
but also the capacity of inducing the expression of OTR particularly
in the pregnant uteri.

Lastly, we examined the potential of myoSP for multilineage
differentiation. We cultured and expanded myoSP and myoMP
under hypoxic condition for 2-4 weeks and thenreplaced the media
with “osteogenesis-inducing medium” for induction of osteogenesis
or “adipogenic induction and maintenance medium” for adipogen-
esis, and further cultured under normoxic condition for another 2
weeks, In the presence of osteogenesis-inducing medium, myoSP,
but neither myoMP nor unfractionated myometrial cells, exhibited
an apparent alkaline phosphatase activity together with significant
up-regulation of collagen type 1 (COL-I), bone sialoprotein (BSP),
and several other osteogenesis marker genes (Figs. 5.4 and B and
SI Fig. 9). Similarly, treatment with adipogenic induction and
maintenance medium for 2 weeks induced adipogenesis in myoSP,
but neither myoMP nor unseparated myometrial cells, as judged by
enlarged and rounded morphology, staining with a lipid dye Oil red
O, and significant up-regulation of lipoprotein lipase (LPL) and
peroxisome-proliferating activated receptor  (PPAR ) genes,
both adipose-specific markers (Figs. 5 C and D).
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Discussion

The results of this study are a strong argument in support of
myometrial stem cells. These cells retain the capability to
differentiate into multiple cell types as well as smooth muscle
cells in vitro and to give rise to myometrial tissues in vivo, We
isolated these stem-like or progenitor cells, the myoSP popula-
tion, from human myometrium and found that they survived and
proliferated in vitro only under hypoxic conditions. There is an
enlarging body of evidence supporting that low-oxygen condi-
tions enhance the proliferation of adult stem cells and that
proliferation in a hypoxic environment is one characteristic that
defines the stem cell (14, 15). Thus, the requirement of a hypoxic
environment for the survival and expansion of myoSP further
substantiates that they are bona fide tissue-specific stem cells.
The requirement of a hypoxic environment for myoSP culture
and spontaneous differentiation into smooth muscle cells may
implicate myoSP in the pathogenesis of myometrium-derived
neoplasms, notably leiomyomas. Leiomyomas are the most
common gynecological tumors in women of reproductive age
and are associated with a variety of symptoms including abnor-
mal uterine bleeding, pelvic pain, urinary frequency, impaired
fertility, and spontaneous abortion. They are clonal in origin
(22), and their development is thought to be induced and
promoted by hypoxia (23-25). Low oxygen tension (1~5% O,)
dramatically up-regulates secreted frizzled-related protein 1, a
modulator of Wnt signaling, which exerts antiapoptotic effects in
leiomyoma cells but not myometrial cells (25). Myometrial
contractions and vasoconstriction that occur during menstrua-
tion render the myometrium hypoxic. It is possible that repeated
menstruation-induced hypoxia may select a single cell such as a
myoSP to proliferate and acquire cytogenetic abnormalities that
would ultimately result in the development of a leiomyoma.
Leiomyomas occasionally contain adipogenic components and
are referred to as lipolejomyomas (26) and, very rarely, they
become ossified (27), which is consistent with the potential of
myoSP for differentiation not only into myocytes but also into
adipocytes and osteocytes. In support of our idea, Arango ef al.
(28) have reported that Miillerian duct mesenchyme-specific
disruption of -catenin results in a progressive turnover of
uterine myometrium to adipose tissue, suggesting a possible
existence of myometrial stem/progenitor cells that have the
potential for differentiating into adipocytes in the absence of
-catenin and eventually giving rise to lipoleiomyomas. Indeed,
the same group has recently isolated a myometrial SP from the
mouse uterus and provided evidence suggesting that the SP
contains putative myometrial stem/progenitor cells derived from
the Miillerian duct mesenchyme (29), which supports the en-
richment of stem/progenitor cells in myoSP in humans.
Human subendometrial myometrium originates from the Miil-
lerian duct, whereas the outer myometrium has non-Miillerian
origin (30); however, they both are derived from the mesen-
chyme (31). In addition to the origin of the myometrium, the
present results demonstrating the quiescent and undifferentiated
status of myoSP, its multidifferentiation potential, and self-
renewal/reconstitution capability suggest that myoSP may share
many characteristics of so-called mesenchymal stem cells
{MSCs). MSCs are defined as self-renewable, multipotent pro-
genitor cells with the capacity to differentiate into several
distinct mesenchymal lineages (32). However, there exist some
phenotypic and functional differences. First, although myoSP
expressed several MSC markers including CD90, CD73, CD105,
and STRO-1 (SI Fig. 6B), the majority of myoSP was CD34-
positive and CD44-negative (Fig. 1B and SI Fig. 6B), whereas
MSC:s are known to be negative for CD34 and positive for CD44
(33). Second, myoMP also expressed STRO-1 like MSCs; how-
ever, it did not possess stem cell-like properties. Third, unlike
bone marrow- or peripheral blood-derived MSCs (32), myoSP
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did not generate skeletal muscle cells when we transplanted them
into the intact or chemically injured skeletal muscle of NOG
mice (SI Fig. 10). Further studies will be required to elucidate a
mechanism by which myoSP behaves in a different way from
MSCs in response to the microenvironment and/or niche of
various tissues and organs.

We here demonstrated that myoSP, whose ESRI1 expression
level was relatively low, generated myometrial tissues efficiently
under the influence of E,. It is conceivable that mouse myome-
trial ESR-1-positive cells may produce and secret bioactive
substances in response to estrogen, which, in turn, may drive
transplanted myoSP to proliferate and differentiate into mature
myometrial cells in a paracrine manner. In this regard, there may
similar mechanism(s) underlying the contribution of myoSP to
the hormone-induced remodeling and expansion of human
uterus. In support of this idea, Chan ef al. (34) have reported that
label-retaining cells, which are thought to correspond to quies-
cent tissue-specific stem cells, are negative for ESR1 in the
endometrial epithelium but ESR1-positive in the stroma, sug-
gesting the capacity of the stromal stem/progenitor cells to
respond to estrogen and transmit paracrine signals to epithelial
cells for endometrial epithelium regeneration. Besides myome-
trial cell growth, E; and ESR1 are also involved in the induction
of OTR (35), one of the acquired functional properties of
myometrium throughout pregnancy, in particular, during the late
pregnancy and labor (18-20). In this study, human OTR was
dramatically up-regulated in the pregnant uterus compared with
nonpregnant Ep-treated uterus. These facts collectively raise a
possibility that, in addition to Ej, certain cell growth-promoting
microenvironmental factors of mouse pregnant uterus may
contribute to the induction of human OTR in the regenerated
human myometrium, and that there may be some similarities in
those factors between mouse and human.

A thorough characterization of myoSP is a prerequisite for
understanding the complex mechanisms underlying the morpho-
genesis and physiological regeneration of the myometrium. Gur
procedures for isolating and cultivating myoSP have made these
studies possible. The elucidation of functions and cellular prop-
erties of myoSP will broaden our understanding of pathogenesis
of myometrium-derived diseases notably leiomyomas. Addition-
ally, the techniques developed by our laboratory for culturing
and differentiating myoSP could be a starting point for using
these cells for the regeneration of the uterus or other organs.

Materials and Methods
Detailed protocols can be found in ST Methods.

Preparation of Human Myometrial Cells. Normal myometrial tissues
without any abnormalities including adenomyosis or malignan-
cies were obtained from 63 women (age range 35-54 years)
undergoing hysterectomy for benign gynecological diseases. The
use of these human specimens was approved by the Keio
University Ethics Committee, and all patients provided in-
formed consent. The myometrial tissue was cut up manually into
small pieces of 1 mm?® which were then incubated for 4-16 h
in Dulbecco’s modified Eagle’s medijum (Sigma-Aldrich) con-
taining 0.2% (wt/vol) collagenase (Wako), 0.05% DNase 1
(Invitrogen), 1% antibiotic-antimycotic mixture (Invitrogen),
10% FBS and 10 mM Hepes buffer solution (Invitrogen) at 37°C
on a shaker. After the shaking, the digested tissue was filtered
through a sterile 400- m polyethylene mesh filter to remove
undigested tissues, and again filtered through a 40- m cell
strainer (BD-Falcon). The filtrates were layered over Ficoll-
Paque PLUS (Amersham Biosciences) and centrifuged to re-
move red blood cells. The media/Ficoll interface layer was
aspirated, washed, and disaggregated in a 0.05% trypsin-EDTA
solution (Sigma-Aldrich) containing 0.05% DNase I by pipet-
ting to obtain single-cell suspensions.
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Hoechst 33342 and Pyronin Y (PY) Staining. The dissociated myome-
trial cells were resuspended at a concentration of 2 106 cells per
milliliter in SP solution (calcium- and magnesium-free Hanks’
balanced salt solution containing 2% FBS, 1% penicillin/
streptomycin, and 10 mM Hepes). Hoechst 33342 (Sigma-Aldrich)
was then added at a final concentration of 5 g/ml and the sample
incubated at 37°C for 90 min. A parallel aliquot was stained with
Hoechst dye in the presence of 50 M reserpine (Sigma-Aldrich).
After incubation, the cells were centrifuged at 1,500 g for 7 min,
resuspended in 2 mi of cold SP solution and further incubated with
1 g/ml propidium iodide (PI; Sigma-Aldrich) to label nonviable
cells. The cells were kept on ice at all times after staining with the
Hoechst 33342 dye. The Hoechst dye- and PI-treated cells were
subjected to flow cytometric analysis to separate the myoSP and
myoMP. For costaining with Hoechst 33342 and PY, sorted myoSP
and myoMP were washed twice in SP solution, incubated with 1

g/ml Hoechst33342 together with 50 M reserpine in a 37°C water
bath for 45 min, and then, without any additional washing, incu-
bated with 3.3 M PY (Polysciences) for another 45 min. The cells
were washed once in an excess volume of SP solution and subjected
to FACS analysis. Cells cotreated with Hoechst and reserpine or
treated with PY alone were used as negative controls. PY was
excited with an argon laser.

Antibody Staining for FACS Analysis. Hoechst-stained single myo-
metrial cells were resuspended in SP solution at 1-5 107 cells
per milliliter. The antibodies used for FACS were conjugated
with fluorescein isothiocyanate (FITC), phycoerythrin (PE), or
allophycocyanin (APC) (SI Table 1). All incubations with an-
tibodies were carried out on ice for 30 min. After antibody
staining, the cells were washed with an excess amount of SP
solution and resuspended in SP solution at a concentration of
1 107 cells per milliliter before FACS analysis.

FACS Analysis. Myometrial cells were sorted by a FACS Vantage
SE flow cytometer (BD Biosciences) and analyzed with Cell-
Quest software (BD Biosciences). After collecting 5  10*
events, the SP and MP populations were defined as reported
previously (4, 9) (for details see SI Methods).

RT-PCR. The primers used for PCR amplification are as listed in
SI Table 2. Total RNA was extracted by using TRIzol Reagent
(Invitrogen) and reverse transcribed with SuperScript Il reverse
transcriptase (Invitrogen) and random hexamess, according to
the manufacturers’ instructions. cDNA was synthesized from
60,000 to 200,000 myoSP or myoMP. An aliquot was then assayed
for the relative amount of GAPDH signal. These data were then
used to calculate a dilution factor for each sample, so that each
contained the same concentration of GAPDH <DNA.

Cell Culture. Both myoSP and myoMP were cultured in MSC
growth medium (MSCGM; Cambrex Bio Science) under nor-
moxic (20% O;) or hypoxic (2% Oy) conditions for 4 weeks. Cell
proliferation activities were measured by using the Cell Titer 96
Aqueous One Solution Cell Proliferation Assay (Promega)
according to the manufacturer’s instructions.

For induction of differentiation, myoSP and myoMP were
plated at a density of 5 10 cells per well in 96-well dishes
with MSCGM and grown in a hypoxic environment until the cells
reached confluence (14-28 days). Subsequently, the cultures
were exported to a normoxic environment, fed with osteocyte
differentiation media or adipogenic induction/maintenance me-
dia (Cambrex Bio Science) for 2 to 3 weeks, and then harvested
for RNA extraction, or subjected to alkaline phosphatase stain-
ing or Oil red O staining (for details see ST Methods).

Transplantation Analysis. All experiments using NOG mice (Cen-
tral Institute for Experimental Animals) were conducted in
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accord with the Guide for the Care and Use of Laboratory
Animals of the Keio University School of Medicine. At trans-
plantation, both recipient ovaries were removed to eliminate the
influence of endogenous estrogen and the animals s.c. implanted
with single By peliet (1.5 mg E; per pellet, Innovative Research
of America). We have previously reported that the serum E,
level in mice implanted with single E; pellet was 216 144 pg/ml
(mean SE,n  3) (17). myoSP (5  10* cells) were injected
into each uterine horn of 16 NOG mice by using a 29-gauge
needle. The myoMP were similarly transplanted into 16 age-
matched NOG mice. The uteri were excised 10 weeks after
transplantation. Alternatively, NOG mice were mated to ICR
males 2 weeks after myoSP or myoMP (5  10° cells) were
injected into the uterine horn of each NOG mouse. The pregnant
uteri were excised at 7.5 d.p.c.

Immunofluorescence and Confocal Microscopy. Immunofluores-
cence analyses were performed on cytospun myoSP and
myoMP or cryosections derived from uteri transplanted with
myoSP or myoMP. Glass slides onto which the cytospun cells
were overlaid or sections were mounted were fixed with 4%
PFA for 20 min and washed with PBS, followed by perme-
ablization with 0.2% Triton X-100 in PBS for 10 min. After
blocking with 10% FBS for 60 min, slides were successively
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stained with various antibodies as listed in SI Table 1, followed
by incubation with secondary antibodies conjugated with
Alexa Fluor 488 (Molecular Probes) or red fluorescent dye Cy3
(Sigma-Aldrich) to visualize the primary antibodies. Nuclei
were stained by using Bisbenzimide H33258 (Sigma-Aldrich)
or TOTO3 (Molecular Probes). Images were collected by using
an inverted Leica DMIRE2 fluorescent microscope (Leica
Microsystems) equipped with a CCD camera (VB-700; Key-
ence) and a Leica TCS SP2 confocal microscopy system. Some
acquired images were subjected to three-dimensional recon-
struction using LCS software (Leica).

Statistical Analysis. A Pvalue was calculated by using the unpaired
Student ¢ test.
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ABSTRAGCT Several studies have shown that hepato-
cytes can be generated from hematopoietic stem cells,
but this event is believed to be rare and to require
hepatic damage. To investigate this phenomenon in
human cells, we used a NOD/SCID/ c“““ (NOG)
mouse model that can achieve a tremendously high
level of chimerism when transplanted with human
hematopoietic cells. Even without hepatotoxic treat-
ment other than irradiation, human albumin and -1-
antitrypsin-positive cells were invariably detected in the
livers of NOG mice after i.v. transplantation of human
cord blood CD34 cells. Human albumin was detected
in the murine sera, indicating functional maturation of
the human hepatocytes. Flow cytometric analysis of
recipient liver cells in single-cell suspension demon-
strated that human albumin-positive cells were also
positive for both murine and human MHC and were
negative for human CD45. PCR analysis of recipient
livers revealed the expression of a wide variety of
human hepatocyte- or cholangiocyte-specific mRNAs.
These results show that human CD34 cells fuse with
hepatocytes of NOG mice without liver injury, lose
their hematopoietic phenotype, and begin hepatocyte-

specific gene transcription, These phenomena were not ,

observed when CD34 cells were transplanted. Thus,
our model revealed a previously unidentified pathway
of human hematopoietic stem/progenitor cell differ-
entiation.—Fujino, H., Hiramatsu, H., Tsuchiya, A,
Niwa, A., Noma, H., Shiota, M., Umeda, K., Yoshimoto,
M., Ito, M., Heike, T., Nakahata, T. Human cord blood
CD34 cells develop into hepatocytes in the livers of
NOD/SCID/ " mice through cell fusion. FASEB J.
21, 3499-3510 (2007)

Key Words: liver regeneration hematopoietic stem/progenitor
cell mature hepatocyte  bone marrow-derived cell

THE LIVER IS AN ORGAN WITH A NATURALLY HIGH
regeneration potential. A number of hepatic cell types
have been found to have regeneration potential, in-
cluding liver intrinsic stem/progenitor cells, oval cells,

0892-6638/07/0021-3499 © FASEB

and mature hepatocytes (1). As a general rule, the
replication of existing hepatocytes is the quickest and
most efficient way to generate hepatocytes for liver
regeneration. In contrast, liver regeneration by oval
cells takes place only when the replication of mature
hepatocytes is delayed or entirely blocked, such as when
acute and severe hepatocellular damage has occurred (1).

Recent studies of mice have revealed a new liver-
regenerating cell type, namely, bone marrow cells. In
2000, Lagasse et al. (2) first showed that iv. injection of
purified bone marrow hematopoietic stem cells (c-
kit"®"Thy'*"Lin Sca-1 cells) into mice with a lethal
fumarylacetoacetate hydrolase (FAH) deficiency res-
cued the recipients by restoring the biochemical func-
tion of their livers; on the basis of this, they proposed
the notion of “transdifferentiation,” or the differentia-
tion of hematopoietic stem cells into nonhematopoietic
cells. However, in 2002 this concept of plasticity was
challenged by Terada et al. (3) and Ying et al. (4), when
they found that adult stem cells spontaneously fused
with embryonic stem cells and took on their character-
istics; these authors concluded that “cell fusion” was the
mechanism of nonhematopoietic cell generation from
hematopoietic cells. Studies in 2003 by Wang et al. (5),
Vassilopoulos et al. (6), and Alvarez-Dolado et al. (7)
supported the cell fusion hypothesis. However, Jang ot
al. (8) and Harris et al. (9) reported in 2004 that
hepatocytes that differentiate from bone marrow-de-
rived cells are not the result of cell fusion. In the same
year, Willenbring et al. (10) and Camargo ¢t al. (11)
showed that hematopoietic myelomonocytic-commit-
ted cells such as macrophages are the major source of
hepatocyte fusion partners. Thus, it remains unclear
whether transdifferentiation or cell fusion is the main
mechanism that generates hepatocytes from hemato-
poietic cells.
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In humans, Alison ef ¢l (12) and Theise et al. (13)
showed that the adult human hematopoietic stem cell
population can yield hepatocytes upon instruction by
the appropriate environment. Korbling e al. (14)
showed that hepatocytes are generated from the bone
marrow of recipients of sex-mismatched bone marrow
transplants at a high frequency that ranges from 4% to
7%. Moreover, Ng ¢t al. (15) found that in human liver
allografts, although most of the recipient-derived cells
showed macrophage/Kupffer cell differentiation, re-
cipient-derived hepatocytes were also present and con-
stituted 0.62% of all the hepatocytes in the recipient.

To examine the mechanisms by which human hema-
topoietic cells contribute to liver regeneration, the
human-to-mouse xenogeneic transplantation model
was used. Several reports have shown that when human
cord blood (CB) cells (all cells, CD34 cells, or CD45
cells) are injected into mice through either the portal
vein or the systemic circulation, they can form human
hepatocyte-like cells in the murine liver environment
(16-23). However, even when there is massive liver
damage, the frequency with which this hepatocytic
differentiation occurs is low compared to that reported
in human-to-human transplantation studies. This low
level of efficiency makes it hard to clarify whether
transdifferentiation or cell fusion is the primary mech-
anism that generates hepatocytes from human hemato-
poietic cells. Many attempts have been made to estab-
lish more suitable models but have met with limited
success.

We postulated that the failure to achieve substantial
hepatic chimerism in standard mouse models is due to
1) the low frequency of human hematopoietic cells
combined with 2) the intrinsic immune barrier of the
murine liver, which will mask the true regenerating
potential of human hematopoietic cells. We previously
reported that the NOD/SCID/ """ mouse model pro-
vided far better human hematopoietic stem cell en-
graftment than did NOD/SCID and NOD/SCID/

2m™"  mice (24-26). NOD/SCID/ /™! mice
completely lack natural killer (NK) cell activity and
have dendritic cell dysfunction (24). Notably, func-
tional human T, NK, and mast cells have been gener-
ated and matured from human hematopoietic stem
cells in NOD/SCID/ ™! mice (25, 26).

Here we have used the NOD/SCID/ ™" mouse
model to address questions about the regeneration of
the liver from transplanted human hematopoietic stem
cells. First, we asked whether human CB CD34 cells
could develop into functional hepatic and cholangitic
cells in the murine liver environment. Second, we asked
whether the generation of hepatocytes is due to trans-
differentiation or cell fusion. Third, we examined the
status of human liver-specific gene transcription in the
murine liver. Finally, we investigated whether CD34
cells also have the ability to produce hepatocytes, Our
model proved suitable for answering these questions
and revealed a previously unidentified pathway of hu-
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man CD34 cell differentiation under steady-state con-
ditions.

MATERIALS AND METHODS
Mice

NOD/SCID/ ™! mice were generated at the Central Insti-
tute for Experimental Animals (Kawasaki, Japan), shipped to
the animal facility of Kyoto University (Kyoto, Japan), and
handled with humane care under pathogen-free conditions.
All experiments in this study were performed in accordance
with the Animal Protection Guidelines of Kyoto University.

Cell preparation and transplantation protocol

Human CB CD34 cells were purified using a described
method (25). Briefly, after we obtained informed consent
from the donors parents, we collected mononuclear cells
from human CB by Ficoll-Hypaque (Pharmacia, Uppsala,
Sweden) density gradient centrifugation. The CD34 fraction
was then isolated by using auto-MAGS (Miltenyi Biotec
GmbH, Bergisch Gladbach, Germany) with the “posseld2”
program according to the manufacturer’s recommendations.
The “depl 05” and “possel” programs were added to get the
CD34 fraction and the CD34 CD14 / fraction, respectively;
this yielded highly pure populatons. Eight- to 12-wk-old NOD/
SCID/ ™" mice were irradiated with 240cGy, and human CB
CD34 cells (2 10* or 1 10°) or CD34 CD14 7 cells
(1 107) were injected through the tail vein, Neomycin sulfate
(Invitrogen, Carlsbad, CA, USA) in acidic water was supplied
to irradiated recipient mice after transplantation.

Flow cytometric analysis of peripheral blood from mice
transplanted with human cells

The peripheral blood of mice was collected and transferred
to ethylenediaminetetraacetic acid (EDTA) -2Na-containing
CAPIJECT (Terumo Medical, Somerset, NJ, USA). The cells
were then analyzed by flow cytometry (FACS caliber; BD
PharMingen, San Diego, CA, USA) to measure the frequen-
cies of various human hematopoietic cell types using the
following antibodies (all purchased from BD PharMingen):
fluorescein isothiocyanate- (FITC) and phycoerythrin- (PE)
conjugated mouse anti-human CD3, CD4, CD8, CD14, CD19,
CD33, CD45, and CD56, and allophycocyanin (APC)-conju-
gated rat anti-mouse CD45.

Detection of human CB-derived cells in the murine liver by
immunohistochemical analysis

Mice were anesthetized, killed by cervical dislocation, and
their livers were collected, fixed in 10% formalin, and em-
bedded in paraffin blocks. Four-micrometer sections were cut
and placed on silane-coated slides. After removing the paraf-
fin with xylene, the tissue sections were rehydrated with
graded alcohol, washed with water, and incubated with pri-
maiy antibodies diluted with phosphate-buffered saline (PBS)
or PBS containing 1% bovine serum albumin. The antibodies
(and dilutions) used were rabbit anti-human albumin (1:100)
(DAKO Carpinteria, CA, USA), mouse ant-human-specific
hepatocyte antigen (HepParl) (1:100) (DAKO), rabbit anti-
human -l-antitrypsin (1:100) (Neomarkers, Fremont, CA,
USA), mouse anti-human CD45 (1:100) (DAKO), mouse
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anti-human CD68 (1:100) (DAKO), mouse anti-human mito-
chondria (1:100) (Chemicon International, Inc., Temecula,
CA, USA), and rabbit anti-human c-met (1:100) (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA). All antibodies
except for rabbit anti-human c-met were confirmed to be
specific for the relevant human antigen by immunohisto-
chemical assays using mouse control specimens (including
those from irradiated mice). Three hours incubation at room
temperature or an overnight incubation at 4°C was followed
by incubation with the 1:100-djluted secondary antibodies:
Cy3-conjugated donkey anti-mouse IgG, FITC-conjugated
donkey anti-rabbit IgG, peroxidase-conjugated donkey anti-
mouse, and peroxidase-conjugated donkey anti-rabbit IgG
(all purchased from Jackson ImmunoResearch Laboratories,
West Grove, PA, USA). Hoechst 33324 (Molecular Probes,
Eugene, OR, USA) was used for nuclear staining. Endoge-
nous peroxidase activity was blocked by application of 3%
hydrogen peroxide for 5 min at room temperature and a DAB
Substrate Kit (Vector Laboratories, Burlingame, CA, USA)
was used for visualization. Antigen retrieval was performed by
heating the sections in 10 mM citrate or 10 mM citrate/2 mM
EDTA buffer in an autoclave oven for 5 min. These prepared
samples were then examined under a light or fluorescent
microscope (Olympus, Tokyo, Japan).

Serum human albumin enzyme-linked immunosorbent assay

(ELISA)

Peripheral blood was collected into serum separator tubes
(BD PharMingen) at various points after transplantation for
the human serum albumin assays, and ELISA was performed
according to the manufacturer’s instructions (Cygnus Tech-
nologies, Plainville, MA, USA).

Flow cytometric analysis of single liver cells obtained by
collagenase perfusion

Mice were anesthetized, their abdomens were opened, and
their inferior vena cava was cannulated. The hepatic vein and
whole liver were then retrogradely perfused gendy at 37°C
with Hanks’ buffered salt solution (HBSS; Gibco BRL, Grand
Island, NY, USA) containing 2-[4-(2-hydroxyethyl)-1-piperazi-
nyl]ethanesulfonic acid (HEPES) at a final concentration of
10 mM (Nakalai Tesque, Inc., Kyoto, Japan) and ethyleneg-
Iycoltetraacetic acid at a final concentration of 0.5 mmol/L
This was followed by perfusion with HBSS containing HEPES
(final concentration of 10 mM) and collagenase D (final
concentration of 200 g/ml) (Roche Diagnostics GmbH,
Mannheim, Germany). After perfusion, a homogeneous liver
cell suspension that contained hepatocytes, blood cells, and
nonparenchymal cells was obtained by gentle mechanical
dispersion and filtering through a 70 m nylon mesh cell
strainer. After centrifugation and resuspension in PBS with
2% fetal calf serum, this preparation was characterized by
flow cytometric analysis using a Cytofix/CytoPerm kit (BD
PharMingen). Briefly, the cells were stained with one of the
following primary antibodies: APC-conjugated mouse anti-
human CD45 (BD PharMingen); FITC-, PE-, or APCconju-
gated mouse anti-human HLA-ABC (BD PharMingen); or
PE-conjugated rat anti-mouse H-2K* (BD PharMingen). The
cells were then washed, fixed, and permeabilized with Cyto-
fix/Cytoperm solution for 20 min. After washing with Perm/
Wash buffer twice, cells were incubated with isotype IgG or
rabbit anti-human albumin for 30 min at 4°C, followed by
incubation with FITC-conjugated donkey anti-rabbit IgG for
30 min at 4°C. After washing with Perm/Wash, the cells were
analyzed by flow cytometry.
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Fluorescence in situ hybridization (FISH)

Cy3-dUTP-labeled human genome DNA probe and Cy5-
dUTP-labeled mouse genome DNA probe were used simulta-
neously. Slides were heated to 45°C for 30 min, then depar-
affinized and dried. Slides were then denatured for 5 min in
2 saline sodium citrate (SSC) buffer, microwaved for 10 min,
digested with 0.1% pepsin/0.1M HCl for 5 min, and washed with
PBS. After dehydration, probes were applied and sections were
incubated at 90°C for 13 min for denaturation. After overnight
incubation at 37°C, the sections were stringently washed in 2
and 1 SSC containing 50% formamide. The nuclei were
counterstained with 4 ,6-diamino-2-phenylindole and multicol-
ored immunofluorescent staining was analyzed by a fluores-
cence microscope (Leica, Wetzlar, Germany).

Reverse transcription-polymerase chain reaction (RT-PCR)

Mice were anesthetized, then killed by cervical dislocation.
Total RNA was extracted from chimeric liver, nontransplanted
liver, irradiated liver, human liver, and human CB CD34 cells
using Trizol reagent (Invitrogen Corp., San Diego, CA, USA)
according to the manufacturer’s instructions. Equal amounts of
RNA from all samples were subjected to firststrand cDNA
synthesis with an oligo dT primer and Superscript II RT
(Invitrogen Corp.) The cDNAs were then amplified using an
AmpliTaqGold Kit (Applied Biosystems, Foster City, CA,
USA) and human-specific primers. Amplification was per-
formed at 95°C for 5-10 min, followed by 30-40 cycles of
94-95°C for 30 s, 56-60°C for 30-60 s, and 72°C for 60 s,
with a final extension at 72°C for 7 min. The primers and PCR
reaction conditions used are detailed in Table 1. The PCR
products were separated by electrophoresis in 1% agarose
gels, stained with ethidium bromide, and photographed.

Real-time quantitative RT-PCR analysis

Forward and reverse primers as well as fluorogenic probes
were designed according to Perkin-Elmer guidelines (Primer
Express Software). Human glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) primers and probes were purchased
from Applied Biosystems. Quantitative assessment of mRNA
expression was performed using a human GAPDH internal
standard. The expression of each mRNA was compared with
each human liver mRNA expression. The primers and probes
are detailed in Table 2.

Statistical analysis

Statistical significance was determined by using the Pearson’s
correlation coefficient test.

RESULTS

Large numbers of human liver parenchymal and
nonparenchymal cells are present in the murine liver
after human CB CD34 cell transplantation

We transplanted liver-intact NOD/SCID/ C"““ mice
with purified human CB CD34 cells and subjected the
livers to immunohistochemical analysis at various time
points to determine whether the murine livers contain
hepatic cells derived from human CB CD34 cells.
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TABLE 1. The primers and PCR reaction conditions

Primers

Genes Sense (5' to 3') ' Antisense (5' to 3') Annealing (°C) Cycles
Albumin #1 gaacttcgggatgaagggaa gcaagtcagcaggcatctca 59 40
Albumin #2 aacgeccaagtaagtgacaga gaaaagaaaaacagatgaa 56 40
AlphalAT ctttgaagtcaaggacaccg gctgaagaccttagtgatge 56 35
Transferrin cctgatccatgggetaagaa ctacggaaagtgcaggettc 58 35
RBP4 gcetetttetgeaggacaac cgggaaaacacgaaggagta 60 40
Prealbumin cagaaaggctgetgatgaca caggtccactggaggagaag 59 40
CPSI gttgtctgaaccaagecagea cgcagtgtgceggatactaga 60 40
CYP3A4 tgtgaggaggtagatttggete tcaggaggagttaatggtgctaa 59 40
TAT cgecagattactccettgete gtgtccccaacttettteca 58 40
TO tgecagcagttttccattetg tcagecacctgttectettt 56 40
FVII tgccacaactcagacttteg gtcgecaagagcatcaacaaa 56 40
CK7 caggaactcatgagcgtgaa gggtgggaatettettgtga 58 40
CK19 aggtggattcecgeteegggea atcttcctgtecctegagea 58 40
eNOS tgctggcatacaggactcag taggtcttggggttgtcagg 59 40
Human HPRT aattatggacaggactgaacgte cgtggggtectttteaccagcaag 60 35
Mouse HPRT gctggtgaaaaggacctet cacaggactagaacacctge 59 30
TABLE 2. Primers and probes for real-time quantitative RT-PCR

Primers
Genes Sense (5' to 3') Antisense (5' to %) Probes
Albumin ttaccaaagtccacacggaatg caaggteccgeectgteat tgccatggagatetgettgaatgtget
CK7 gcgtgagtaccaggaactcatg gettgeggtaggtggeg tgaagectggecctggacategaga
CPSI ggcaatgetttecacagga ttggeeggaatgattget agataccccagaaaggcatcctgataggeat
TAT gactcgggcaaatataatgget gcaatctectcccgactgg tgecccatecateggettee

TABLE 3. Correlation between frequency of human albumin-positive cells by immunohistochemisiry and the levels of human albumin in

the blood of recipient mice

Frequency of human albumin-positive cells by

Mouse Time after transplantation immunochistochemistry (%) Serum human albumin { g/ml)
#1 3 months 1.67(17/1019) 0.8
#2 3 months 2.15(22/1023) 0.6
#3 5 months 2.56(28/1094) 1.4
#4 5 months 2.61(33/1263) 2.3
#5 6 months 3.43(32/933) 3.7

Human albumin-expressing cells were invariably found
in the livers of all the recipient mice. Some formed
large clusters around the portal veins (Fig. 14) whereas
others were scattered throughout the liver lobule and
showed a punctuate distribution away from the portal
veins (Fig. 1B). Double staining for human albumin
and human-specific hepatocyte antigen (HepParl) re-
vealed that the human albumin-positive cells were also
HepParl-positive (Fig. 1C, D).

Because the liver contains a large amount of periph-
eral blood, we checked the distribution of human
peripheral blood cells. Double staining of the liver
sections for human CD45 and human albumin revealed
small, round, human CD45-positive peripheral blood
cells beneath the basal membrane of the portal veins
and in the sinusoidal area of the livers (Fig. 1E, F); an
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anti-human albumin antibody stained a different pop-
ulation of cells in the same section. We also detected
human -l-antittypsin-positive cells in the liver (Fig.
1H), which indicates the functional maturation of
human CB-derived hepatocytes; these cells were also
present in a section of human liver used as a positive
control (Fig. 1G). These hepatocytes were first detected
1 month after transplantation and tended to increase in
number with time (data not shown).

Kupffer cells are spindle-shaped; they are located
between hepatocytes and retain macrophage markers
such as CD68 (27) (Fig. 24). Mature human Kupffer
cells were present in the murine liver environment of
the recipient mice (Fig. 2B). Murine Kupffer cells were
not stained by anti-human CD68 antibody (Fig. 2C).

We assessed the ability of human CB CD34 cells to
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Figure 1. Large numbers of human CB CD34 cell-derived liver parenchymal cells are found in the livers of recipient mice. A,
B) Human albumin-expressing cells in murine liver sections were identified using an FITClabeled anti-human albumin
antibody. C, D) Triple staining of murine liver sections for human albumin (green), human HepParl (red) and nuclei (blue).
E, F) Triple staining of murine liver sections for human albumin (green), human CD45 (red), and nuclei (blue). G)
Immunohistochemical analysis of a human liver section as a positive control for human -l-antitrypsin staining. H)Identification
of human -l-antitrypsin-expressing cells in transplanted murine liver sections.

produce cholangiocytes by immunohistochemistry with
antibodies for human mitochondria and cmet. The
antibody for c-met is reported to recognize both hepa-
tocytes and cholangiocytes, particularly when they are
proliferating (28, 29). Cube-shaped cholangiocytic cells
in the recipient livers were positive for human mito-
chondria and c-met, which suggests that these cells are
of human origin (Fig. 2D-F). Indeed, we identified 250
portal areas from 10 independent mice and found three
ducts containing human marker (human mitochondria).

To exclude the possibility that 240cGy radiation
might induce liver injury, we evaluated the liver after
radiation. Histology showed no liver damages such as
inflammation, lobar necrosis, or fibrosis. We could not
detect TUNEL (TdT-mediated dUTP-biotin nick end
labeling)-positive cells. Furthermore, serum AST/ALT
levels did not increase (data not shown).

These results indicate that human CD34 cells can

DEVELOPMENT OF HEPATOCYTES FROM BLOOD CELLS

produce human hepatocytes, Kupffer cells, and cholan-
giocytes in the murine liver environment; these cells
develop even in the absence of massive hepatotoxic
damage.

Human albumin is present in the peripheral blood of
recipient mice and increases with time after
transplantation

To check whether the human albumin-positive cells in
the livers of recipient mice have the ability to secrete
albumin into the murine bloodstream, we measured
levels of human albumin in the blood of recipient mice
by ELISA at various points after the transplantation. We
could not detect human albumin at all in the periph-
eral blood of either untransplanted mice (nz 5) or
mice within 2 months after transplantation (n 5) (Fig. 34
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Figure 2. Kupffer cells and cholangiocytes derived from human CB CD34 cells are present in the transplanted murine liver. A)
Immunohistochemical analysis of a human liver section as a positive control for human CD68 staining. B) Liver sections of a recipient
mouse. Human CD68-expressing cells were identified by staining with an HRP-labeled anti-human CD68 antibody. C) Murine Kupffer
cells were not stained by anti-human CD68 antibody. D, F)Liver sections from recipient mice were analyzed for the presence of human
mitochondria-positive cells (stained red, D) and human or mouse cmet-positive cells (green, E). The two images in panels D, Eare
merged in panel F. Arrowheads indicate the human mitochondria-positive cells. Nuclei are stained blue.

and data not shown). Serum human albumin was first
detected 3 months after transplantation, and the levels
increased gradually with time after transplantation. In
addition, the human albumin levels increased in all four
mice whose levels we measured serially (Fig. 34). These
results indicate that human CB CD34 cells can generate
human albumin-positive cells continuously in the murine
liver and that these cells become mature enough to
secrete albumin from their cytoplasm into the blood-
stream. Indeed, we found a positive correlation between
the frequency of human albumin-positive cells deter-
mined by immunochistochemistry and levels of human
albumin in the blood of recipient mice (Table 3).

Human albumin levels in the peripheral blood of
recipient mice correlate with the degree of peripheral
blood chimerism and human T cell frequencies

Using flow cytometry, we detected various types of
human hematopoietic cells in the peripheral blood of
the recipient mice, including T cells (CD3 , CD4 ,
CD8 ), B cells (CD19 ), myelomonocytic cells
(CD14 ,CD33 ), and NKcells (CD56 ) (Fig. 3Band
data not shown). This is consistent with previously
reports (24, 25). We examined whether the human
CB CD34 cells first give rise to a particular hemato-
poietic cell population in the peripheral blood and
then participate in producing the human cell-derived
hepatocytes in the recipient mice. To address this
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question, we first asked whether the chimerism of the
liver in the recipient mice (defined as the levels of
human albumin in the serum) correlated with the
chimerism of the whole peripheral blood cell popu-
lation (defined as the percentage of human CD45

cells relative to all mouse and human CD45 cells).
We found a strong positive correlation between the
chimerism of the liver and the whole peripheral
blood cell population (Fig. 3C). We then examined
whether the liver chimerisin correlated with the per-
centages of particular types of human leukocytes in the
peripheral blood. We found that the percentage of
human T cells (human CD3 cells) most strongly
correlated with the levels of human albumin in the
serum (Fig. 3D). The percentage of human my-
elomonocytic cells [defined as either human CD45

minus (CD3 plus CD19 ) or human CD14 ] corre-
lated weakly with the human albumin levels (Fig. 3D
and data not shown). In contrast, the human albumin
levels did not correlate with human B cell (human

CD19 ) frequency (Fig. 3D).

Human albumin-positive cells in the livers of
recipient mice express both human and mouse
markers, suggesting that cell fusion occurs

We next characterized the human hepatocytes and
blood cells in the recipient mice by assessing their
expression of various surface markers and intracellular
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proteins by flow cytometry. We first obtained cells from
the liver by twostep collagenase perfusion at least 3
months after the transplantation (Fig. 44). When the
dissociated cells from untransplanted control mice
were plotted on the basis of their forward scatter and
side scatter, we identified two regions: R1 and R2 (Fig.
4B). R]l contained mature hepatocytes whereas R2
contained CD45 hematopoietic cells (data not
shown). For the recipient mice, 0.88% to 4.73% of the
cells in R1 (mean 2.73%) were positive for human
albumin (see R4 in Fig. 4C, D). These human albumin-
positive cells were distinguishable from the human
CD45 hematopoietic cells (see R5 in Fig. 4C). We
confirmed that the human albumin-positive cells and

DEVELOPMENT OF HEPATOCYTES FROM BLOOD CELLS

human CD45 cells expressed human HLA-ABC (Fig.
4F). Staining with an anti-mouse H-2K? antibody re-
vealed that the human albumin-positive cells also ex-
pressed the murine MHC class I molecule (Fig. 45). In
contrast, human CD45 cells in the liver were negative
for mouse H-2K® (Fig. 4G). These data suggest that the
human albumin-positive hepatocytes in this model were
produced by cell fusion.

The livers of recipient mice contain nucleus positive
for both human and mouse genomic DNAs

To clarify the genetic content of the human albumin-
positive hepatocytes, we performed FISH for human
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and mouse genomic DNA. Figure 4H illustrates the  presence of a single nucleus positive for both human
verification of probes on a test specimen. Figure 4/-K  and mouse genome. The percentage of these nuclei
demonstrates detection of human and mouse genomic  ranged from 2 to 5%, similar to the frequency of
DNA on the livers of recipient mice, revealing the  human albumin-positive cells determined by immuno-
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histochemistry. These data showed that nuclear fusion
occurred in the livers of recipient mice.

A wide variety of human liver-specific mRINAs are
transcribed in the CB-derived human hepatocytes in
the murine liver

We next used RT-PCR to analyze the murine liver for
the presence of human albumin mRNAs after human
CB CD34 cell transplantation into liver-intact mice
(Fig. 5A). We first used two different primer pairs to
assess the presence of human albumin mRNA, which
we detected in the livers of all seven mice transplanted
with human CB CD34 cells. We confirmed that nei-
ther the livers of untransplanted mice nor human CB
CD34 cells expressed human albumin mRNA. Human
albumin mRNAs were expressed just 1 month after
transplantation (data not shown).

We then examined the samples for mRNA expression
of other human hepatic parenchymal and nonparen-
chymal markers. To our surprise, we found that a wide
variety of human liver-specific mRNAs were newly tran-
scribed: human -l-antitrypsin ( 1AT), transferrin and
retinol binding protein 4 (RBP4) and prealbumin (all
of which are rapid turnover proteins), carbamoyl phos-
phate synthetase I (CPSI), CYP3A4, tyrosine amino-
transferase (TAT) and tryptophan-2,3-dioxygenase
(TO) (all of which serve as terminal hepatic differenti-

DEVELOPMENT OF HEPATOCYTES FROM BLOOD CELLS

ation markers), coagulation factor VIII (FVIII), cytoker-
atin 7 (CK7), cytokeratin 19 (CK19), and endothelial
nitric oxide synthase (eNOS). All of these genes were
expressed in the livers of the recipient mice in the
absence of any liver damage. We also found that human
CK18 mRNA (mature hepatocyte marker; ref. 21) was
newly transcribed in the livers of all seven mice trans-
planted, although we found that CB CD34 cells also
expressed it (data not shown). It is notable that, as with
albumin, the percentage of mice with livers bearing
human liverspecific mRNA tended to rise with time
after transplantation. Furthermore, using real-time
quantitative RT-PCR analysis, we confirmed expression
levels of the human albumin, CK7, CPS1, and TAT in
chimeric livers (Fig. 5B). The levels of these genes also
tended to rise higher with time after transplantation,
and some exceeded 10% compared with those of
human livers. These data indicate that human CB
CD34 cells, which are initially destined to become
mature blood cells, begin human liver-specific gene
transcription in the murine liver through cell fusion.

Human CB CD34 cells can develop into human
albumin-positive hepatocytes whereas CD34 cells

cannot

To test whether CD34 cells can develop into mature
hepatocytes in the murine liver as CD34 cells do, we
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Figure 6. Comparison of the hepatocyte-producing ability of human CB CD34 and CD34 cells. A) Depiction of the process
used to prepare the transplantable cell populations and analysis of their purity by flow cytometry. B)CD34 cells generated high
numbers of human blood cells and human albumin-positive cells (as shown by immunohistochemistry) as well as considerable
amounts of human albumin mRNA levels in the liver (as shown by RT-PCR) and human albumin protein levels in the murine
bloodstream, whereas CD34 cells did not. Each column in the table refers to the lane directly above it. M, size marker; n.e.,

not examined,

sorted the CB from the same donor into three popula-
tions and injected each iv. into NOD/SCID/ c"““
mice: 1) CD34 cells, 2) CD34 CD14 cells (mono-
cytes), and 3) CD34 CD14 cells (T cells, B cells, NK
cells, mesenchymal stem cells (MSCs), and others). A
flow cytometric analysis showed that contamination of
the CD34 groups with CD34 cells was negligible and
that the CD14 and CD14 cells were efficiently sepa-
rated by cell sorting (Fig. 64). Although2  10* CD34
cells generated large numbers of functional hematopoi-
etic and hepatic cells that expressed human markers,
no human albumin expression was detected in the liver
at either day 10 or day 110 when 1 107 CD34 14 or
CD34 14 cells were transplanted (500-fold the CD34
cell dose) (Fig. 6B). In the case of CD34 14 cells
transplantation, significant hematopoietic chimerism
came from temporarily expanding donor T cells. In-
deed, all the hematopoietic cells in these mice are CD3
positive. These results clearly show that only human CB
CD34 cells, and not CD34 cells, can generate human
albumin-expressing cells in the livers of recipient mice
in our model.

DISCUSSION

Lagasse et al. (2) were the first to demonstrate that
purified hematopoietic stem cells can differentiate into
hepatocytes in vivo. Subsequently, congenic mouse-to-
mouse transplantation of bone marrow populations
rich in hematopoietic stem cells was used to show
hepatic differentiation of hematopoietic cells. How-
ever, it is controversial how hematopoietic stem cells
generate hepatocytes. Many researchers have used the
human-to-mouse xenogeneic transplantation model,

3508 Vol.21 November 2007

The FASEB Journal

but with extremely low efficiency ( 0.5%), making it
difficult to analyze the mechanism by which hemato-
poietic stem cell transplantation induces liver regener-
ation. We previously demonstrated that NOD/SCID/

J mice show superior efficient human
hematopoietic stem cell engraftment (24, 25). In the
current study, small numbers of CD34 celis (which
represent hematopoietic stem cells) were transplanted
to exclude the effects of other cells types (eg., the
CD34 MSCs and other unknown stem cells). We
demonstrated that the livers of the recipient mice
expressed human albumin, HepParl, and -l-antitryp-
sin protein. In addition, we detected considerable
numbers of human albumin-positive cells (an average
of 2.73% of the total number of hepatocytes) by flow
cytometry. These numbers are close to the numbers
detected in the clinical human-to-human transplanta-
tion cases. We also detected human albumin in the
murine bloodstream. Finally, we revealed that livers of
the recipient mice express a variety of human liver-
specific genes. These findings suggest that functional
human hepatic cells develop in the liver after transplan-
tation of human CB CD34 cells into liver-intact NOD/
SCID/ ™" mice.

Results showing that 1) the human albumin-positive
hepatocytes expressed not only human HLA-ABC, but
also mouse H-2K% and that 2) the livers of recipient
mice contained nucleus positive for both human and
mouse genomic DNAs strongly support not transdiffer-
entiation, but cell fusion, as the main mechanism of
this phenomenon. This appears to contrast with the
conclusions drawn from some other human-to-mouse
models (16, 19). It is possible that, in our model, the
human hematopoietic cells are abundantly supplied
from bone marrow to the systemic circulation, and that
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they infiltrate the liver and have more opportunity to
develop into functional human hepatic cells through
cell fusion due to the far better human hematopoietic
stem cell engraftment.

We found that human albumin levels in the periph-
eral blood correlated strongly with the overall periph-
eral blood chimerism and the numbers of human T
cells in the peripheral blood, but correlated weakly with
the numbers of human myelomonocytic cells in the
peripheral blood. However, our shortterm and long-
term observations revealed that neither CD34 CD14
cells (monocytes) nor CD34 CD14 cells (T cells, B
cells, NK cells, MSCs, and others) could produce albu-
min-positive cells. This shows that although these ter-
minally differentiated human cells (T cells and my-
elomonocytic cells) or MSCs may contribute to human
liver regeneration indirectly, each alone might be in-
sufficient to become a direct fusion partner. Previous
studies have shown that myelomonocytic cells are suffi-
cient for generating hepatocytes in mouse cells (10,
11). Selzner et al. (30) also proposed that Kupffer cells,
which reside in the sinusoids and produce cytokines,
recruit other cells or release TNF- and IL-6, which
then initiate hepatocyte proliferation in vivo. Some of
our findings support the possibility that myelomono-
cytic cells or Kupffer cells may to some extent drive the
production of human albumin-positive hepatocytes: we
detected a weak positive correlation between human
myelomonocytic cells and human albumin levels, and
detected human CD68 Kupffer cells in the trans-
planted murine livers. However, our data showed that
I)human CB CD34 CD14 cells alone did not develop
into human albumin-positive cells, and 2) many of the
human albumin-positive cells we detected by immuno-
histochemistry were not located adjacent to CD68
Kupffer cells (data not shown). These observations may
suggest that the production of human albumin-positive
cells, at least in our model, cannot be explained merely
by direct cell fusion between myelomonocytic cells/
Kupffer cells and hepatocytes, as has been shown in
mouse-to-mouse transplantation studies (10, 11). Nev-
ertheless, our experiment cannot exclude the possibil-
ity that differentiated progeny of human hematopoietic
stem cells fuse with hepatocytes, considering the very
long lag time between transplantation of CD34  cells
and the increase in albumin levels. If we transplanted
more cells or chose a different mode of transplantation,
we could achieve a more efficient deposition of cells in
the liver and could detect the fusion of infused human
cells. Recently, Manz ¢ al. (31) showed the prospective
isolation of the human clonogenic common myeloid
progenitors and their downstream progeny. The trans-
plantation of highly purified hematopoietic intermedi-
ates helps us to better understand the ability to fuse
them with hepatocytes.

A striking observation from our study is that CB CD34
cells are transcriptionally converted into liver cells after
entering the liver of NOD/SCID/ ™" mice even in the
absence of damage-associated stimuli other than a small

DEVELOPMENT OF HEPATOCYTES FROM BLOOD CELLS

dose of total body irradiation (with which the mice are
preconditioned prior to transplantation). It is generally
believed that tissue damage is indispensable for the he-
matopoietic-to-hepatic cell lineage transition (1) except
for the FAH mouse model (32). However, we found that
even without massive liver damage, human CB CD34
cells or their progeny cells could fuse with hepatocytes of
NOD/SCID/ ™! mouse, lose their hematopoietic sur-
face markers (CD45), and upregulate human liverspe-
cific gene transcription, contrary to other human-to-
mouse xenogeneic transplantation models (17, 18, 20—
23). There may be several reasons why a wide variety of
human hepatocyte-specific genes are so efficiently tran-
scribed and translated in our liver-dintact NOD/SCID/

2 mouse model. First, the NOD/SCID/ ™" mice
may provide murine liverspecific transcription factors
that promote human liver-specific gene transcription. It is
possible that different strains of xenograft recipients may
have different liver environments with respect to liver-
specific transcription factors and that these differences
influence the efficiency with which human cells with
different properties are developed. Second, the observa-
tion that human albumin levels in the peripheral blood
correlated strongly with human CD3 T cell levels sug-
gests that these human T cells in murine liver may, not
directly but indirectly, induce the hepatocyte develop-
ment pathway in vivo. Further study is needed to clarify
how the transcription of liverspecific genes is up-regu-
lated in nuclei once cells are committed to a hematopoi-
etic lineage. In our model, it took several months to
upregulate mature liverspecific genes. One explanation
for the delay in hepatocyte gene activation is that in the
case of donor-derived cells emerging around portal veins,
cell fusion might have occurred with a progenitor cell,
and thus maturation happened slowly.

We transplanted CB CD34  cells into NOD/SCID/

S mice without irradiation but could not observe
either hematopoietic engraftment or human hepato-
cytes in the liver of recipient mice. Therefore, we could
not determine the influence of radiation on the fre-
quency of cell fusion. With regard to the human
albumin level in the peripheral blood of recipient mice,
levels would be expected to be in micrograms per
milliliter, not only nanograms per milliliter. Human
albumin mRNA levels quantitated by real-time PCR
were also low. There seem to be additional factors that
control production and secretion of the albumin into
the bloodstream of the mice. This awaits further inves-
tigation.

Using immunohistochemistry, we also showed that
some cholangiocytes express human markers (human
mitochondria). Whether this hematopoietic-to-cholan-
giocytic transition is due to transdifferentiation or cell
fusion remains to be elucidated.

In conclusion, we have established a new model of
efficient hematopoietic-to-nonhematopoietic transi-
tion. This experimental model system allows the forma-
tion of relatively large numbers of human-derived
hepatic cells under near-physiological conditions, a

3509

— 669 —



valuable tool for investigating the development of
functional human hepatic cells from hematopoietic
cells. Further elucidation of the molecular mechanisms
by which blood cells efficiently become liver cells will
greatly promote the feasibility of using conventional
hematopoietic stem cell transplantation to treat pa-

tients with liver dysfunction. 5]
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