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ABSTRACT

Recent studies have indicated that bone marrow cells can
regenerate damaged muscles and that they can adopt phe-
notypes of other cells by cell fusion. OQur direct visualization
system gave evidence of massive muscle regeneration by green
fluorescent protein (GFP)-labeled CD45*¢-Kit*Seca-1"Lin-
cells (KSL cells), and we investigated the role of KSL cells
in muscle regeneration after transplantation with or with-
out lethal irradiation. In the early phase, GFP signals were
clearly observed in all the museles of only irradiated mice.
Transverse cryostat sections showed GFP*myosin* muscle
fibers, along with numerous GFP* hematopoietic cellsin dam-
aged muscle. These phenomena were temporary, and GFP

N

signals had dramatically reduced 30 days after transplanta-
tion. After 6 months, GFP* fibers could hardly be detected,
but GFP+c-Met* mononuclear cells were located beneath the
basal lamina where satellite cells usually exist in both condi-
tioned mice. Immunostaining of isolated single fibers revealed
GFP*PAX7+, GFP*MyoD+*, and GFP*Myf5* satellite-like cells
on the fibers. Single-fiber cultures from these mice showed
proliferation of GFP* fibers. These results indicate two differ-
entroles of KSL cells: one leading to regeneration of damaged
muscles in the early phase and the other to conversion into sat-
ellite cells in the Iate phase. STEM CELLS 2005;23:610-618

INTRODUCTION

Various tissue-specific stem cells have been identified in epidermis
[1], intestinal epithelium [2], testis [3], liver [4], brain [5], and mus-
cle [6]. Until recently, it was thought that tissue-specific stem cells
could only differentiate into their original tissue, but it has been
demonstrated that they can also differentiate into other lineages.
Forexample, cells of donor origin have been detected in liver, heart,
vascular endothelium, skeletal muscles, and other organs after
bone marrow (BM) transplantation [7-14]. Of special interest for
our study is that BM-derived cells have been shown to participate
inthe regeneration of chemically damaged fibers ini skeletal muscle
[12]. Subsequent studies showed that dystrophin-positive myofi-

bers were restored in mdx mice, an animal model of Duchenne’s
muscular dystrophy, after transplantation of stem cells purified
by fluorescence-activated cell sorting with Hoechst 33342 low-
stained cells, also known as side population (SP) cells [15]. Inshort,
stem cells in BM, comprising hematopoietic stem cells (HSCs) and
mesenchymal stem cells (MSCs), have been found to be capable of
regenerating damaged muscle fibers after BM transplantation.

Ithasalsobeendemonstrated, however, that BM cells can adopt
the phenotype of other cells by means of cell fusion [16, 17]. These
investigators warned thatin vivo “transdifferentiation” mightresult
from cell fusion. The differentiation potential of BM cells beyond
the lineage restriction of stem cells remains to be determined.
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In addition to BM cells, SP cells have also been identified in
muscle tissues [13, 18]. These muscle SP cells are reported to have
hematopoietic as well as myogenic potential [19] and to express
CD45 antigen, which is recognized as a hematopoietic cell
marker. Another study gave evidence that CD457 cells in skeletal
muscle are of BM origin [20]. These reports thus indicate that
hematopoietic cells of BM origin seem to be present in skeletal
muscles. However, the correlations among HSCs, CD45* cells in
skeletal muscle, satellite cells, myogenic precursors, and muscle-
derived stem cells have not yet been determined. It is important to
clarify these relationships, both for scientific research and for the
application of stem cell therapy.

To investigate the potential and the kinetics of HSCs in skel-
etal muscles, we transplanted c-Kit*Sca-1"Lin~ (KSL) cells as
enriched HSC fraction from green fluorescent protein (GFP)
transgenic mice into lethally irradiated C57BL/6 mice or nonir-
radiated W/ W neonates that can accept HSCs without myeloab-
lation. We examined the time-course behavior of GFP* cells in
recipient muscles with a fluorescent stereomicroscope and immu-
nohistochemical staining during the early and late phases after
transplantation. Our visualization system makes it possible to
detect transplanted cells with GFP signals in intact organs with-
out the need to make sections first and can easily trace theirkinet-
ics throughout the entire body [21]. With this system, we found
that myeloablation enables KSL eells to migrate into damaged
muscles and to regenerate muscle fibers in the whole body during
the early phase following transplantation. In the late phase, prog-
enies of KSL cells had remained in muscle tissues and gave rise to
satellite cells with myogenic potential, regardless of whether the
mice had been irradiated.

MATERIALS AND METHODS

Mice

Pregnant female W/+ mice mated with W*/+ mice were obtained
from Shizuoka Laboratory Animal Center (Shizuoka, Japan).
GFP transgenic mice were kindly provided by Dr. M. Okabe
(Osaka University, Japan). The background of all these mice
was C57BL/6. All cells except erythrocytes of transgenic mice
expressed GFP protein. The mice were bred and maintained in a
specific pathogen-free microisolator environment. Neomycin in
acidic water was supplied to irradiated recipient adult mice dur-
ing the first month after transplantation.

Cell Sorting

BM cells were labeled with a cocktail of biotinated primary anti-
bodies for CD3 (145-2C11), B220/CD45R (RA3-6B2), Mac-1
(M1/70), Gr-1 (RB6-8C5), and TERI119 (TR119). Al antibod-
ies were purchased from Pharmingen (San Diego, http://www.
bdbiosciences.com/pharmingen). Lineage-negative (Lin~) cells
were obtained by auto—magnetic cell sorting (MACS; Militenyi
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Biotec, Bergisch Gladbach, Germany, http://www.miltenyibio-
tec.com), according to the manufacturer’s instructions. Lin~cells
were then stained with phycoerythrin (PE)—conjugated anti-Sca-
1 antibody and allophycocyanin (APC)—conjugated anti-c-Kit
antibody. KSL cells were collected by cell sorting on a FACS-
Vantage (Becton, Dickinson, San Jose, CA, http://www.bd.com).
To confirm that KSL cells are all hematopoietic cells based on
the expression of CD45 antigen, we stained Lin- cells collected
from wild-type C57BL/6 mice with fluorescein isothiocyanate
(FITC)—conjugated anti-CD45 antibody, PE-conjugated anti-
Sca-1 antibody, and APC-conjugated anti-c-Kit antibody.

Transplantation and Sequential Analysis

One to 5 x 10% of KSL cells with 2 x 10° Ly5.1 BM cells were
injected into the tail vein of C57BL/6 adult mice that had
received 9.0 Gy irradiation or into the orbital branch of the ante-
rior facial vein of W/WY neonates within 0-3 days after birth.
Ondays 3, 10, 20, and 30 after transplantation, all muscles were
observed under a fluorescent stereomicroscope (Leica, Heer-
brugg, Switzerland, http://www.leica.com). At least five mice
were analyzed in each time point.

Adherent Cell Culture

To see if KSL cells contain any mesenchymal cells, we cultured
1to5 x 107 per well of KSL cells with MesenCult Medium (Stem
Cell Technologies, Vancouver, Canada, http://www.stemcell.
com)in 24-well plates for 14 days.

Immunohistochemistry

Muscles were fixed with 4% paraformaldehyde, embedded in
the optimal cutting temperature compound. Frozen sections of
7-pum thickness were mounted on silane-coated glass slides. For
immunostaining of single-muscle fiber [22], fibers were fixed
with 4% paraformaldehyde and were permeabilized with 0.5%
(vol/vol) Triton X-100 phosphate-buffered solution (PBS). Rab-
bit or mouse anti-GFP (BD Biosciences Clontech, Palo Alto,
CA, http://www.bdbiosciences.com/clontech/), rat anti-CD45
(Pharmingen), mouse anti-myosin (Zymed Laboratories, San
Francisco, http://www.zymed.com), mouse anti-myogenin,
mouse anti~-MyoDI (Dako, Carpinteria, CA, http://www.ump.
com/dako.html), rabbit anti-c-Met, rabbit anti-Myf5 (Santa
Cruz Biotechnology, Santa Cruz, CA, http://www.scbt.com),
rabbit anti-laminin (Dako), and mouse-anti PAX7 (generated
from mouse hybridoma [23]) were used as the primary antibod-
ies. Either alkaline phosphatase (ALP)—conjugated anti-rab-
bit, Alexa488-conjugated anti-rabbit, Alexa350-conjugated
anti-rabbit, streptavisin Alexa350 Cy3—conjugated anti-rat or
anti-mouse, FITC-conjugated anti-rabbit or anti-mouse was
used as the secondary antibody. Hematoxylin or Hoechst 33324
was used for nuclear staining. These samples were then exam-
ined under a fluorescent microscope (Olympus, Tokyo, http://
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www.olympus-global.com), an AS-MDW (Leica), or a confo-
cal microscope (Olympus). Photographs were obtained with an
AxioCam (Carl Zeiss Vision GmbH, Hallbergmoos, Germany,
hitp://www.zeiss.com) or an AS-MDW (Leica).

FISH Analysis

For the detection of GFP DNA in myonuclei of the tissues at 30
days and 6 months after transplantation, fluorescence in situ
hybridization (FISH) analysis was done. GFP detection was
made using a polymerase chain reaction (PCR) digoxigenin
(DIG) probe synthesis kit (Roche, Basel, Switzerland, http://
www.roche.com). Hybridization was done according to the
instructions of in situ hybridization kit (Nippon Gene, Toyama,
Japan, http://www.nippongene.jp). Inbrief, frozen sections were
fixed in 100% ethanol, followed by incubation in 90%, 80%,
70%, and 50% ethanol. Sections were incubated in 50 ug/ml of
proteinase K for 15 minutes at 37°C. The GFP probe was déna-
tured at 95°C and added to each slide following incubation on a
95°C hotplate. The sections were hybridized overnightat42°Cin
ahumidified chamber. Sections were washed three times in 50%
formamide in 2x sodium chloride/sodium citrate (SSC) pre-
warmed to42°C, thenin 0.1x SSC at 42°C. Sections were washed
in PBS, and a hybridized GFP probe was detected using peroxi-
dase-conjugated anti-DIG antibody (Dako), following tyramide
signal amplification (PerkinElmer Life and Analytical Science,
Inc., Boston, http://las.perkinelmer.com).

Single-Fiber Culture

Single muscle fibers were explanted in matrigel-coated plates,
as described previously [24]. Briefly, the bilateral soleus mus-
cles were removed from the animal and incubated in collage-
nase for 90 minutes at 37°C. Digested fibers were then care-
fully explanted onto matrigel-coated 24-well plates. A plating
medium, consisting of 10% horse serum (HS) and 0.5% chick
embryo extract (Gibco, Carlsbad, CA, http://www.invitrogen.
comi) in Dulbecco’s modified Eagle’s medium (DMEM; Sigma
Chemiical Corp., St. Louis, http://www.sigma-aldrich.com)

was added. The medium was replaced on day 4 with a growth

medium consisting of 20% fetal calf serum (FCS), 10% HS, and
1% chick embryo extract in DMEM, and on day 8 with a dif-
ferentiation medium, consisting of 2% FCS, 10% HS, and 0.5%
chick embryo extractin DMEM. '

PCR Analysis ~ » .

Total DNA was.extracted with a Dneasy Tissue Kit (Qiagen,
Valencia, CA, http://wwwl.qiagen.com) from the 24-well plates
used for culturing single fibers from hind limb muscles 6 months
after transplantation of KSL cells. The primers for GFP were
(5'-3") CTG GTC GAG CTG GAC GGC GAC G and CAC GAA
CTC CAG CAG GAC CAT G. For nested GFP they were ACA
AGT TCA GCG TGT CCG GCG A and CTT CTC GTT GGG

Roles of Hematopoietic Stem Celis in Muscles

GTCTTTGCTC. The PCR cycle using AmpliTaq Gold (Applied
Biosystems, Foster City, CA, http://www.appliedbiosystems.
com) for the GFP or nested GFP primer comprised 8 minutes at
95°C, 35 cycles at 94°C for 30 seconds, at 64°C for 30 seconds,
and at 72°C for 40 seconds, followed by 7 minutes at 72°C.

REsuLTS

KSL Cells Can Repair Muscle Damage in Early Phase
After Transplantation

To investigate the process of settlement of donor hematopoi-
etic cells into skeletal muscles, HSC fraction, KSL cells [25],
derived from BM of GFP-transgenic mice, were transplanted
into lethally irradiated adult. mice by tail vein injection. The
entire KSL cell fraction was hematopoietic and expressed
CD45 (Fig. 1). The purity of KSL cells after sorting was 98%.
To exclude the possibility of contamination of mesenchymal
cells, we cultured 1 to 5 x 10 per well of KSL cells with Mes-
enCult medium for 14 days. No adherent cells were observed
(data not shown).

After transplantation, the muscles in the entire body were
examined, first with a fluorescent stereomicroscope and then
with immunohistochemical staining, to detect the GFP signals.
Onday 3 after transplantation, no GFP signals could be detected
in any muscles. On days 10 and 20, powerful GFP signals in

after sorting
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Figure 1. Purification of KSL cells. Aftercollecting Lin~ cells by
auto-MACS, KSL cells were sorted by FACSVantage. (A): Lin~ gat-
ing. (B): Sorting gate-for KSL cells. (C): AlLKSL gated cells express
CD435. (D): The purity of KSL cells after sorting was 98%. Abbrevia-
tion: FSC, forward scatter.
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the muscle fibers throughout the body were observed under a
fluorescent stereomicroscope such as in the intercostal, thigh,
abdominal, greater pectoral, and external ocular muscles (Fig.
2A). Transverse sections showed muscle fibers of variable sizes
with centrally localized nuclei, which represents the regenera-
tive status (Fig. 2B). Among these muscle fibers, GFP* region—
like muscle fibers were detected (Fig. 2B, b, arrowheads; faintly
red region). There were mainly two types of GFP* regions. One
region consisted of GFP* fibers (Fig. 3B), which were confirmed
by typical cross-striations (Fig. 3A) and by immunostaining
with anti-myosin antibody (Fig. 3C, D). And the other consisted
of GFP* mononuclear cells (Fig. 3E), most of which were not
stained with anti-myosin (Fig. 3G, H) but stained with anti-
CD45 antibody (Fig. 3F, H). In the region of GFP* fibers, myo-
genin* myoblasts or myotubes were detected around the fibers
(Fig.4D,E,arrowheads). Interestingly, CD45"*myogenin*GFP*
cells were also detected (Fig. 4B-E, arrows) but only very few
in number. This replacement by GFP* fibers could be observed
only from day 10 to day 20 and had dramatically decreased on
day 30 (Fig. 2A, g—1). FISH analysis revealed a small number
of GFP-DNAs in myonuclei (data not shown). These results
indicated that the irradiation for myeloablation evoked muscle
injury and that KSL cells engrafted in damaged muscles, fusing
the host’s muscle fibers, and participated in muscle regeneration

in the early phase of transplantation.

A

day 10

day 20

day 30

Figure 2. (A): Visualization of transplanted GFP* cells in muscles on
days 10, 20, and 30. Appearances of various muscles under a fluores-
cent stereomicroscope are shown. Muscle tissues were removed from
recipient mice and observed under a fluorescent stereomicroscope on
days 10, 20, and 30 after transplantation. a, d, g: Intercostal muscle
(the white lines indicate the shape of ribs). b: Abdominal muscle. ¢:
Thigh muscle. e: Greater pectoral muscle. f; External ocular muscle
(the white line indicates the shape of the eyeball). h: Dorsal muscle.
Bars: a—c, e,2mm; d, 500 pm; f-g, i, 1 mm; h, 200 pm. (B): Immuno-
histostaining of the section of muscle tissues on day 10. a; Negative
control. b: The section was stained with anti-GFP antibodies (alka-
line phosphatase, faintly red region; arrowheads), and hematoxylin
was used for nuclear staining.

Figure 3. GFP*regions in intercostal muscle on day 20. Intercostal muscles were removed from recipient mice and fixed with 4% paraformaldehyde
and made into frozen sections, as described in Materials and Methods. There were two types of GFP regions: (A-D) GFP* fibers and (E-H) GFP*
mononuclear cells. Each section was stained with anti-GFP antibody (B, D, E, H, green), anti-myosin antibody (C, D, Cy3 red; G, H, Alexa350
blue), and anti-CD45 antibody (F, H, Cy3 red). (A): Phase contrast (D, H): Merge. Bars: D, 10 um; H, 20 um.
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KSL Cells Settle in Muscle Tissue Like a Satellite Cell

Sections of the muscle tissues obtained 30 days and 6 months
after transplantation were stained with anti-GFP and anti-lam-
inin (a marker of the basal lamina) antibodies, showing that sev-
eral GFP* cells were located inside the basal lamina with laminin
expression (Fig. SA), which is where satellite cells are usually
found. GFP* cells under the basal lamina were coexpressed with
c-Met antigen (a marker of satellite cells) (Fig. 5E, arrows). Fur-
thermore, we isolated single fibers from soleus muscles 2 months
after transplantation and stained them with anti-PAX7, MyoD,
or Myf5, which are specific satellite cell markers. We detected
Myf5*GFP* satellite cells on the fibers (Fig. 6A-D), but neither
PAX7*GFP* cells nor MyoD*GFP* cells (data not shown). These
results suggested that GFP* KSL cells migrate into muscle tissues,
with some of them localizing beneath the basal lamina expressing

satellite cell markers.

Figure 4. Myogenic phenotypé of a CD45* cell in muscle tissues on
day 20. (A, B): GFP* muscle structure showed cross striations. These
sections were stained with anti-CD45 antibody (C, Cy3 red) and anti-
myogenin antibody (D, blue). (E): Merge. Myogenin* myoblast- or
myotube-like cells were detected (D, E, arrowhead), and an elongated
GFP* cell coexpressed myogenin and CD45 (B-E, arrow).

Roles of Hematopoietic Stem Cells in Muscles

KSL Cells Can Settle in Muscle Tissues Without
Muscle Damage

Tissue-specific stem cells occupy niches—microenvironments
that maintain self-renewal activity and multipotency of stemcells.
Since it is known that irradiation depletes endogenous satellite
cells and that injected muscle precursors can replace them [26],
we used lethal irradiation for the transplantation assay. However,
lethal irradiation also evokes various responses in the body. To
exclude the influence of irradiation damage, we next transplanted
KSL cells into W/ W neonates. W/W" mice possess a c-Kit gene
mutation and can accept transplanted HSCs in a BM niche without
irradiation [27]. Moreover, transplantation into W/W" neonates
results in a higher chimeric ratio than does transplantation into
adults [28]. Our experiments using transplantation into W/W"
neonates showed no evidence of GFP* muscle fibers at any time,
whereas BM cells were almost entirely replaced. However, small
GFP* mononuclear cells could be detected between muscle fibers
as early as 30 days after transplantation (Fig. 7A). Some GFP*

cells were also detected beneath the laminin-positive basement

Figure 5. GFP* cells localized like satellite cells long term after
transplantation. Sections from 6 months after transplantation were
stained with laminin (A, Cy3 red; D, E, Alexa350 blue) and c-Met
(C, E, Cy3 red) GFP* cells localized under the basal lamina (A, E,
arrows) and were costained with c-Met (E, arrows). Bar: 20 um.
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membrane (Fig, 7B), and some of them were also stained with
anti-c-Met antibody (Fig. 7C). We also examined isolated single
fibers I month after transplantation and detected MyoD*GFP*
cells and PAX7+*GFP* cells on the fibers (Fig. 6H, L). We could
also detect Myf5*GFP* cells on the fibers 2 months after trans-
plantation (Fig. 6P). These results showed that KSL cells and/or
their progenies could migrate into undamaged muscle tissues
expressing satellite cell-specific markers also, and that a suitable
microenvironment for them might exist in skeletal muscles.

KSL-Derived Cells in Muscle Can Generate Muscle
FibersIn Vitroin Long Term After Transplantation

So far it has been reported that damaged muscles by chemical
agent or stress were regenerated by donor cells after BM trans-
plantation {12, 15]. However, these muscle-regeneration assays in
vivo cannotclarify whether donor cells participate in regenerating
muscles directly from the settled muscle or indirectly from settled
BM. To determine whether GFP* mononuclear cells in muscle
tissues can differentiate into muscle fibers, a single-fiber culture
was performed. Six months after transplantation with KSL cells,

Figure 6. Immunostaining of single fibers. Single fibers were iso-
lated from (A-D) irradiated mice 2 months after transplantation and
from (E-P) W/W" mice 1 or 2 months after transplantation and were
stained with satellite cell-specific markers. (A, E, I, M): Anti-GFP
antibody (FITC green, arrowheads). (B, N): Anti-Myf5 antibody
(Cy3 red, arrowheads). (F): Anti-MyoD1 antibody (Cy3 red, arrow-
head). (J): Anti-PAX7 antibody (Cy3 red, arrowhead). (D, H, L, P):
Merge. Bars: D, P, 50 pm; H, L, 100 um.
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Figure 7. Analysis of the potential of GFP* satellite-like cells in
muscle 6 months after transplantation. Thirty days and 6 months
after nonirradiated transplantation into W/W" neonates, GFP*
mononuclear cells were detected between muscle fibers under flu-
orescent stereomicroécope (A, arrows). In the sections, immunos-
taining for laminin and c-Met was performed (B, C). (A): Appear-
ance of rib and rib muscle under fluorescent stereomicroscope on
day 30. Some GFP* mononuclear cells were detected (arrows). The
white lines indicate the shape of ribs. (B): Immunchistochemistry
with anti-laminin (Cy3 red) and anti-GFP antibodies. A confocal
microscope was used to determine the precise location of GFP*
cells. GFP* cells beneath basal lamina (arrow) were detected on day
30 and 6 months later. (C): GFP* cell under laminin-positive basal
lamina (Alexa350 blue) was also stained with anti c-Met antibody
(Cy3 red, arrow). (D-F): Single-fiber culture was performed with
single fibers isolated from recipient mice 6 months after transplan-
tation, followed by immunostaining. C, negative control; D, anti-
myosin (Cy3 red) staining; E, anti-GFP-ALP (red) staining. D and E
were same position. GFP-ALP* fibers were confirmed to be muscle
fibers using myosin Cy3 staining. (G): PCR analysis of extracted
DNA from single-fiber culture. DNA was extracted from the single-
fiber culture followed by PCR for GFP DNA, as described under
Materials and Methods. 1: negative control; 2: peripheral blood of
GFP transgenic mouse; 3: single fiber culture. Bars: A, 1 mm; B, C,
20 pm; D, 200 um; E, F, 50 pm.
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muscle fibers were isolated from the hind limb muscles of W/WY
mice or lethally irradiated mice transplanted, and single fibers
were cultured onto matrigel-coated plates. After 14 days, most of
the satellite cells had migrated from the fibers, proliferated, and
formed new muscle fibers, which were confirmed to be myosin-
positive by immunohistochemical staining (Fig. 7D, E). Since the
GFP signal in vitro was too weak to be detected by fluorescent
microscope, we determined the presence of GFP* cells by means
of immunohistochemical staining using the anti-GFP antibody or
by GFP DNA amplification with the aid of PCR. Staining with the
anti-GFP antibody proved the presence of GFP* myofibers (Fig.
7F), which were also myosin-positive. In addition, GFP DNA was
also confirmed by PCR to be present in samples extracted from
culture dishes of single-muscle fiber (Fig. 7G). No GFP* fibers
were generated in the single-fiber culture in the early phase of
transplantation inirradiated mice (data not shown), In brief, GFP*
KSL cell that engrafted muscle tissues could repair damaged
muscle but not produce muscle fibers in vitro in the early phase. In
the long term, however, they acquired the potential to differentiate
into muscle fibers like satellite cells also in vitro. Since the single-
fiber culture is a functional assay of the presence of satellite cells,
it can be said that GFP* KSL cells can give rise to satellite cells
with myogenic potential in the long term after transplantation.

Di1scussIoN
In this study, we showed early repair of damaged muscles by KSL
cells and first demonstrated that KSL cells could differentiate
into satellite-like cells in skeletal muscle in the long term after
transplantation (Fig. 8).

The thoroughly studied and identified characteristics of sur-
face markers for HSCs showed that our KSL cells contained a

Lethal irmadiation X
: HSC transplantation

Vo
e 8,

Temporary repair of damaged muscle
Homing to skeletal muscle

Transplanted KSL cells settle
in the muscle like a satellite
- cell in long term

Figure 8. Schematic representation of hypothesized behavior of
transplanted KSL cellsinmuscletissues. See Discussion foradetailed
explanation. Abbreviation: HSC, hematopoietic stem cell.
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dominant stem cell population. A single CD34-"°¥ ¢-Kit*Sca-1*
Lin~cell (CD34-KSL cell) has been demonstrated to be capable of
reconstituting long-term hematopoiesis in about 30% of lethally
irradiated adult mice [25]. Our 1 x 10? of KSL cells contained
about 5%—10% of CD34- cells, which was enough to reconstitute
BM of the irradiated mice, and hardly any CD45" cells (less than
0.1%; Fig. 1). And we cultured 1 to 5 x 10° of KSL cells for 14 days
and obtained no adherent cells. It can therefore be safely assumed
that the 1 x 10* of KSL cells were originally all hematopoietic and
did not contain any mescenchymal cells, which do not express
CD45 antigen, demonstrating that CD45* KSL cells can differen-
tiate into muscle fibers. So far, unfractionated BM cells have been
used to demonstrate transdifferentiation to muscle fibers [12,
29]. LaBarge and Blau [30] reported recently on the biological
progression from adult BM cells to muscle stem cells to muscle
fiber, and their findings support our hypothesis. Their study used
unfractionated BM cells, which contained both HSCs and MSCs.
In contrast, we used CD45* KSL cells as the enriched HSC frac-
tion, and we showed that KSL cells could contribute to muscle
regeneration in both the early and late phases after transplanta-
tion. Very recently, it has been reported that a single HSC gener-
ated skeletal muscle [31, 32]. These reports support our results.
BM SP cells are the same as HSCs and are reported to be involved
in muscle regeneration after transplantation, but no satellite cells
derived from BM SP cells have been documented [15, 31]. Our
study, by analyzing single fibers, is the first to demonstrate that
CD45* KSL cells can give rise to satellite cells both in vivo and
in vitro. Since BM SP cells and KSL cells are still heterogeneous
populations, further classification of HSCs may lead to the identi-
fication of a subpopulation specific to muscle regeneration.

It has been reported that mononuclear cells harvested from
murine skeletal muscle are capable of hematopoietic reconsti-
tution in lethally irradiated mice and that these muscle-derived
hematopoietic progenitor cells are originally derived from BM
[20, 33]. However, determination of the time when these hema-
topoietic cells settle in muscles after transplantation, as well as
the histological identification of their location in muscle tissues,
has not yet been accomplished. Our observations demonstrate
that GFP* mononuclear cells gather in damaged muscles before
BM has been fully replaced. Nearly all of these GFP* mononu-
clear cells consist of CD45* in muscle fibers. Interestingly, a few
CD45"*myogenin*GEP" cells were also detected, and this implies
that transplanted KSL cells might have an important and directrole
inregeneration in the very early phase after transplantation.

Thirty days after transplantation, single fibers from irradi-
ated mice were not stained by anti-PAX7, anti-MyoD, or anti-
Myf5 antibody, and they did not grow in vitro in culture, whereas
myofibers could develop in vitro in single-fiber culture from
age-matched nontreated mice. Because it is said that irradia-
tion eliminates satellite cells [26, 34], these phenomena might
mean that satellite cells had been damaged by irradiation at this
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time point. We speculated that, after 30 days, host satellite cells
recovered from radiation damage, producing new muscle fibers,
which replaced GFP* fibers gradually. We assume that GFP*
fibers were diluted, fusing with host-derived muscle fibers.
Simultaneously, GFP* cells remain beneath the basal lamina as
satellite cells in muscle tissue and acquire the potential to dif-
ferentiate into muscle fibers in the long term after transplanta-
tion. In this late phase, muscle regeneration can be obtained from
GFP* satellite-like cells, as well as from endogenous satellite
cells, as was confirmed by single-fiber culture. We therefore
propose two different roles of KSL cells in muscle regeneration:
repair of muscles damaged by irradiation in the early phase, and
generating satellite cells in the late phase.

In the case of transplantation into W/W* neonates, GFP* cells
engrafted into muscle tissues as early as 30 days after transplan-
tation without irradiation. Interestingly, we could detect satellite
cell markers MyoD, PAX7, and Myf5 on GFP* cells on muscle
fibers as early as 1 or 2 months after transplantation. GFP* single
fibers can develop in vitro at the same time (data not shown). This
means that KSL cells can migrate into muscle fibers and become
satellite-like cells without muscle damage. We therefore specu-
late that KSL cells might be part of a physiological satellite cell
source. Neonatal environment might give some effect to KSL
cells. And it is not yet clear why hematopoietic cells engraft into
undamaged muscles. The fact that CD45* hematopoietic cells
engraftinto skeletal muscles suggests the existence of some mus-
cle-specific molecular mechanism for HSC engraftment. During
the processes of HSC homing and engraftment into BM, the con-
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tribution of some adhesion molecules such as VCAM-1, which is
aligand for 04 integrins, has been reported [35, 36]. HSCs are
reported to have a4 integrins [37]. Furthermore, laminin, which
isaligand for 0.4 integrin, which in turn is a component of muscle
basement membrane, may be important for the maintenance of
hematopoietic cells in skeletal muscles.

About 1,000 KSL cells, which proved to be enough to recon-
stitute BM of irradiated mice, are also sufficient to distribute
throughoutall the muscles in the body and regenerate all damaged
muscles such as intercostals, diaphragm, and limb muscles. This
is an important finding in terms of potential for clinical applica-
tion. Patients with muscular dystrophy suffer from respiratory
distress due to respiratory muscle weakness. Our findings of pow-
erful engraftment of transplanted KSL cells in the entire body,
including respiratory muscles, may be the first step on the way to
the establishment of therapeutic strategies using HSCs. Further
studies are needed, however, to establish efficient engraftment of
HSCs to muscle tissues and to identify responsible molecules.
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HEMATOPOIESIS

Development of functional human blood and immune systems
in NOD/SCID/IL2 receptor v chain™!! mice

Fumihiko Ishikawa, Masaki Yasukawa, Bonnie Lyons, Shuro Yoshida, Toshihiro Miyamoto, Goichi Yoshimoto, Takeshi Watanabe,
Koichi Akashi, Leonard D. Shultz, and Mine Harada ’

Here we report that a new nonobese dia-
betic/severe combined immunodeficient
(NOD/SCID) mouse line harboring a com-
plete null mutation of the common cyto-
kine receptor vy chain (NOD/SCID/interleu-
kin 2 receptor [IL2r] ™!} efficiently
supports development of functional hu-
man hemato-lymphopoiesis. Purified hu-
man (h) CD34+% or hCD34*hCD38~ cord
blood (CB) cells were transplanted into
NOD/SCID/IL2ry™!t newhorns via a facial
vein. In all recipients injected with 105
hCD34* or 2 x 10' hCD34*hCD38~ CB
cells, human hematopoietic cells were
reconstituted at approximately 70% of
chimerisms. A high percentage of the

human hematopoietic cell chimerism per-
sisted for more than 24 weeks after trans-
plantation, and hCD34%* bone marrow
grafts of primary recipients couid recon-
stitute hematopoiesis in secondary NOD/
SCID/IL2ry"l recipients, suggesting that
this system can support self-renewal of
human hematopoietic stem cells.
hCD34+*hCD38~ CB cells differentiated
into mature blood cells, including my-
elomonocytes, dendritic cells, erythro-
cytes, platelets, and lymphocytes. Differ-
entiation into each lineage occurred via
developmental intermediates such as
common lymphoid progenitors and com-
mon myeloid progenitors, recapitulating

the steady-state human hematopoiesis. B
cells underwent normal class switching,
and produced antigen-specific immuno-
globulins (igs). T cells displayed the hu-
man leukocyte antigen (HLA)-dependent
cytotoxic function. Furthermore, human
lgA-secreting B cells were found in the
intestinal mucosa, suggesting reconstitu-
tion of human mucosal immunity. Thus,
the NOD/SCID/IL2ry™! newborn system
might be an important experimental model
to study the human hemato-lymphoid sys-
tem. (Blood. 2005;106:1565-1573)

Introduction

© 2005 by The American Society of Hematology

To analyze human immune and hematopoietic development and
function in vivo, a number of studies have been tried to reproduce
human hematopoiesis in small animal xenotransplantation models.!
Successful transplantation of human hematopoietic tissues in
immune-compromised mice was first reported in late 1980s by
using homozygous severe combined immunodeficient (C.B.17-
SCID) mice. In the first model of a humanized lymphoid system in
a SCID mouse (SCID-hu model), McCune et al simultaneously
transplanted human fetal tissues, including fetal liver hematopoi-
etic cells, thymus, and lymph nodes, into SCID mice and induced
mature human T- and B-cell development.” Mosier et al success-
fully reconstituted human T and B cells by transferring human
blood mononuclear cells into SCID mice.” These initial swdies
suggested the usefulness of immunodeficient mice for reconstitu-
tion of the human lymphoid system from human bone marrow
hematopoietic stem cells (HSCs).

Alter these initial reports, a number of modified SCID models
have been proposed to try to reconstitute human immunity* In
addition, recombination activating'gene (RAG)—delicient strains

have been used as recipients in xenotransplantation: T- and
B-cell-deficient Prkdc™™, Ragl ™, or Rag2™/ mutant mice™’
were capable of supporting engraftment ol human cells. The
engraftment levels in these models, however, were stll fow,
presumably due to the remaining innate immunity of host animals.’
Nonobese diabetic/severe combined immunodelicient (NOD/
SCID) mice have been shown to support higher levels ol human
progenitor cell engraftment than BALB/c/SCID or C.B.17/SCID
mice.! Levels of human cell engraftment were further improved by
treating NOD/SCID mice with anti-asialo GM1 (ganglioside-
monesialic acid) antibodies? that can abrogate natural killer (NK)
cell activity. Recently, NOD/SCID mice harboring either a null
allele at the B,-microglobulin gene (NOD/SCID/g2m™/~}'" or a
truncated common cytokine receptor y chain (yc) mutant lacking
its cytoplasmic region (NOD/SCID/v, ™" )!1? were developed. In
these mice, NK- as well as T- and B-cell development and functions
are disrupted, because $2m is necessary Lor major histocompatibil-
ity complex (MHC) class I-mediated innate immunity, and because
~c (originally called IL-2Ry chain) is an indispensable component
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of receptor heterodimers for many lymphoid-related cytokines (ie,
IL-2, IL-7, IL-9, IL-12, IL-15, and IL-21)."3 Injection of human
bone marrow or cord blood (CB) cells into these mice resulted in
successful generation of human T and B cells. In our hands,
efficiencies of CB cell engraftment represented by percentages of
circulating human (h) CD45 "' cells were significantly (2- to 5-fold)
higher in NOD/SCID/$2m ™~ newborns than those in adults (F.I.,
MH., and L.D.S., unpublished data, April 2003). More recently,
transplantation of hCD34* CB cells into Rag2™/~ ¢ newborns
regenerated adaptive immunity mediated by functional T and B
cells,'* suggesting heightened support for xenogeneic transplants
especially in the neonatal period. Efficiency of reconstitution of
human hcmatopoieéis may be, however, still suboptimal in these
models because chimerisms of human cells are not stable in each
experiment.'t1 >4 Furthermore, there is little information regarding
reconstitution of human myeloerythroid components in these
xenogeneic models.

Two types of mouse lines with truncated or complete null e
mutant’*!'7 have been reported. NOD/SCID/~.™'~ and Rag2~/~
vc™” mouse strains harbor a truncated vc mutant lacking the
intracellular domain,” and therefore, binding of vyc-related cyto-
kines to each receptor should normally occur in these models.'® For
example, IL-2R with the null yc mutations would be an wf
heterodimer complex with an affinity approximately {0 times
Jower than that of the high affinity af3-v heterotrimer complex in
mice with the truncated yc mutant.'” yc has also been shown to
dramatically increase the affinity to its ligands through the recep-
tors for IL-4, IL-7, and IL-15."2} Previous studies suggested that
ve-related receptors including IL-2Rf} chain and IL-4Re chain
could activate janus-activated kinases (JAKS) to some extent in the
presence of the extracellular domain of +c, independent of the
cytoplasmic domain of yc.***3 Thus, in order to block the signaling
through ~yc-related cytokine receptors more completely, we made
NOD/SCID mice harboring complete null mutation of vc'S (the
NOD/SCID/IL2ry™¥ strain). By using NOD/SCID/IL2ry"" new-
borns, we successfully reconstituted myeloerythroid as well as
lymphoid maturation by injecting human CB or highly-enriched
CB HSCs at a high efficiency. Reconstitution of human hematopoi-
esis persisted for a long term. The developing lymphoid cells were
functional for immunoglobulin (Ig) production and human Jeuko-
cyte antigen (HLA)—dependent cytotoxic activity. Our data show
that the NOD/SCID/IL2ry*! newborn system provides a valuable
tool to reproduce human hemato-lymphoid development.

Materials and methods
Mice

NOD.Cg-Prkde1L2rg" ™Sz (NOD/SCID/IL2ey™") and NOD/LtSz-
Prkdesrid/B2m™! (NOD/SCID/B2m™!) mice were developed at the Jackson
Laboratory (Bar Harbor, ME). The NOD/SCID/IL2ry™!! strain was estab-
lished by backerossing a complete null mutation at v locus'® onto the
NOD.Cg-Prkde™ strain. The establishment of this mouse line has been
reported elsewhere.?® All experiments were performed according to the
guideline in the Institutional Animal Committee of Kyushu University.

Cell preparation and transplantation

CB cells were obtained from Fukuoka Red Cross Blood Center (JTapan). CB
cells were harvested after written informed consent. Mononuclear cells
were depleted of Lin® cells using mouse anti-hCD3, anti-hCD4, anti-hCD8,
anti-hCD 1 Ib, anti-hCD 19, anti-hCD20, anti-hCDS56, and anti-human gly-
cophorin A (hGPA) monoclonal autibodies (BD Immunocytometry, San
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Jose, CA). Samples were cnriched lor hCD34* cells by using anti-hCD34
microbeads (Miltenyi Biotec, Auburn, CA). These cells were further stained
with anti-hCD34 and hCD38 antibodics (BD Immunocytometry), and were
purified for Lin"CD34 "CD38~ HSCs by a FACSVantage (Becton Dickin-
son, San Jose, CA). Lin~ hCD34* cells (105) or 2 x 104
Lin"hCD34 hCD38~ cells were transplanted into irradiated (100 cGy)
NOD/SCID/IL2ry™" or NOD/SCID/2m™!" newborns via a facial vein??
within 48 hours of birth.

Examination of hematopoietic chimerism

At 3 months after transplantation, samples of peripheral blood, bone
marrow, spleen, and thymus were harvested from recipient mice. Human
common lymphoid progenitors were analyzed based on the expression of
hCD127 (IL-7 receplor « chain) and hCD 10 in Lin (hCD3, hCD4, hCDS.
hCD11b, hCDI19, hCD20, hCD56, and hGPA)~™ hCD34 hCD38™ (rac-
tion.**2? Human mycloid progenitors were analyzed based on the expres-
sions of hCD45RA and hCD123 (JL-3 rcceptor w chain) ‘in Lin
CD10"CD34 CD38° fractions. For the analysis of megukaryocyte/
erythroid (MegE) lineages, anti-hCD41a (HIPS), anti-hGPA (GAR-2),
anti-mCD41a (MW Reg30), and anti-mTer 19 (Ter-119) antibodics were
used. Samples were treated with ammonium chloride to climinate mature
erythrocytes, and were analyzed by selting nucicated cell scatter gates. For
the analysis of circulating erythrocytes and platelets, untreated blood
samples were analyzed by sclting scatter gates specific for cach cell
fraction, Human B lymphoid progenitors were evaluated according to the
criteria proposed by LeBien W

Methylcellulose culture assay

Bone marrow cells of recipient mice were stained with anli-hCD34, hCD3§,

~ hCD45R0, hCD123, and lineage antibodics. Human HSCs, CMPs, GMPs,

and MEPs were purified according to the phenotypic definition?®2? by using
a FACSVantage (Becton Dickinson). One hundred cells of cuch population
were cultured in methylcellulose media (Stem Cell Technologics, Vancou-
ver, BC, Canada) supplemented with 10% bovine scrum albumin (BSA), 20
wg/mL steel factor, 20 ng/mL 1L-3, 20 ng/mL IL-11, 20 ng/mL Fins-like
tyrosine kinase 3 (Flt3) ligand, 50 ng/mL granulocyte-macrophage colony-
stimulating factor (GM-CSF), 4 U/ml erythropoictin (Epo), and 50 ng/mL
thrombopoietin (Tpe). Colony numbers were enumeruated on day 14
of culture.

Histologic analyéis

Tissue samples were fixed with 4% paraformaldehyde and dehydrated with
graded alcohol. After treatment with heated citrate buffer for antigen
retrieval, paraformaldchyde-fixed paraffin-embedded scctions were immu-
nostained with mouse anti-hCD19, anti-human 1gA, anti-hCD3, anti-
hCD4, anti-hCD8, and anti-hCD1 L¢ antibodies (Duko Cytomation, Carpinteria,
CA). Stained specimens were observed by confocal microscopy (LSMS10
META microscope; Carl Zeiss, Oberkochen, Germany). Image acquisition
and data analysis were performed by using LSMS5 software. Numerical
aperture of the objective lens (PlanApochromat #63) used was 1.4,

ELISA

Hunman Ig concentration in recipient sera-was measured by using a human
immunoglobulin assay kit (Bethyl, Montgomery, IL}. For detection of
ovalbumin (OVA)-specific humin IgM and 1gG antibodics, 5 recipient
mice were immunized twice every 2 weeks with 100 j2g of OVA (Sigma, St
Louis, MO) that were emulsified in sluminum hydroxide (Sigma). Scra
from OVA-treated mice were harvested 2 wecks after the second immuniza-
tion. OVA was plated ats concentration of 20 pg/mL on 96-microtiter wells
at 4°C overnight. After washing and blocking with bovine serum albumin,
serum samples were incubated in the plate for 1 hour. Antibodics binding
OVA were then measured by a standard enzyme-linked immunosorbent
assay (ELISA).
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Cytotoxicity of alloantigen-specific human CD4* and CD8*
T-cell lines

Alloantigen-specific human CD4* and CD8* T-cell lines were established
according to the method as reported.) After stimulation with an Epstein
Barr virus—transformed B lymphoblastoid cell line (TAK-LCL) established
from a healthy individual (TAK-LCL.) for 6 days, 100 hCD4* T cells or
hCD8™ T cells were plated with 3 X 10* TAK-LCL cells in the presence of
10 U/mL human IL-2 {Genzyme, Boston, MA), and were subjected to a
chromium 51 (*'Cr) release assay. A Limiting number of effector cells and
10" "'Cr-labeled allogeneic target cells were incubated. KIN-LCLs that do
not share HLA with effector cells or TAK-LCL were used as negative
controls. Cytotoxic activity was tested in the presence or absence of
anti-HLA class ] or anti-HLA-DR monoclonal antibodies.

Results

Reconstitution of human hematopoiesis is achieved
in NOD/SCID/IL2r~"ul mice

NOD/SCID/IL2ry™" mice lacked mature murine T or B cells
evaluated by fluorsscence-activated cell sorting (FACS), and
displayed extremely low levels of NK cell activity.}! This mouse
line can survive more than 15 months®' since it does not develop
thymic lymphoma, usuvally a fatal disease in the immune-
compromised mice with NOD background.®?

Lin"hCD34* CB cells contain HSCs, and myeloid and
lymphoid progenitors.®?Y We and others have reported that
engraftment of human CB cells, which contain hematopoietic
stem and progenitor cells, was efficient in NOD/SCID/f2m™/~
and RAG27/7/y, 7/~ mice, especially when cells were trans-
planted during the neonatal period.'*3} We therefore trans-
planted purified Lin"hCD34% CB cells into sublethally irradi-
ated NOD/SCID/IL2ry""¥ newborns via a facial vein.?’

We first transplanted 10° Lin"hCD34* CB cells from 3
independent donors into 5 NOD/SCIDAL2ry™" newborns, and
found that the NOD/SCID/IL2ry™! newbomn system is very
efficient for supporting engraftment of human hematopoietic
progenitor cells. Table 1 shows percentages of hCD45 cells in
these mice 3 months after transplantation. Strikingly, the average

Table 1. Chimerism of human CD45+ cells in NOD/SCID/B2m"! mice
and NOD/SCID/IL2ry" mice

" % nucleated cells

Mouse no. {donor no.) PB BM Spleen

NOD/SCID/AL2pynul
1(1) 7.2 0.9 6.8
2(1) 81.7 81.4 47.1
3(2) 1 5 ‘. 58.8 49.5
43) 68.0 83.1 51.1
5(3) 73.3 7001 58.1
Mean * 8D 68.9 - 11.6" 729 9.8 545 & B.0"

NOD/SCID/p2mnut
1(1) 10.4 46.1 22.0
2(2) 11.6 315 24.3
3(3) 6.9 18.1 20.7
4(3) ) 20.7 30.4 31.2
Mean * SD 124 + 5.9 315 2115 22.6 *+ 4.7°

To compare the engraftment levels in the two strains, 1 = 105 Lin- CD34* cells
derived from 3 CB samples were transplanted into 5 NOD/SCID/IL2ry™! mice and 4
NOD/SCID/p2m™ mice. At 3 months after transplantation, BM, spieen, and periph-
eral blood (PB) of the recipient mice were analyzed for the engraftment of human
cells. Data show percentages of human CD45* cells in each tissue.
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engraftment levels were approximately 70% in both the bone
marrow and the peripheral blood. Compared with 4 control
NOD/SCID/2m ™~ recipient mice given transplants from the
same donors, engraftment levels of hCD45 " cells in NOD/SCID/
IL2rv"" mice were significantly higher (Table 1).

Table 2 shows the analysis of human hematopoietic cell
progeny in mice that received transplants of human Lin"hCD34*
CB cells. In the peripheral blood, hCD45* cells included hCD33*
myeloid, hCD19" B cells, and hCD3" T cells in all mice analyzed
(Figure 1A and Table 2). We then analyzed the reconstitution of
erythropoiesis and thrombopoiesis in these mice. Anti-human
glycophorin A (hGPA) antibodies recognized human erythrocytes,
while mTer119 antibodies* recognized GPA-associated protein on
murine erythrocytes, respectively (Figure 1B). Human and murine
platelets could also be stained with anti-human and anti-murine
CD41a, respectively (Figure 1B). Circulating hGPA™ erythrocytes
and hCD41a '’ platelets were detected in all 3 mice analyzed (Figure
1B, right panels). hGPA * erythroblasts and hCD41a* megakaryo-
cytes were detected as 9.5% * 6.2% (n = 5) and 1.64% * 0.42%
(n =35) of nucleated bone marrow cells, respectively. Thus,
transplanted human Lin"hCD34* CB cells differentiated into
mature erythrocytes and platelets in NOD/SCID/IL2ry™" recipients.

In all engrafted mice, the bone marrow and the spleen contained
significant numbers of hCD1lc’ dendritic cells as well as hCD33'
myeloid cells, hCD19* B cells, and hCD3™ T cells (Table 2 and
Figure 1C). hCDllc™ dendritic cells coexpressed HLA-DR that is
essential for antigen presentation to T cells (Figure 1D). In contrast,
in the thymus, the majority of cells were composed of hCD3' T
cells and rare hCD19™ B cells (Table 2).

Figure 2A shows the change in the percentage of circulating
hCD45% cells in another set of NOD/SCID/IL2rv™! newborns
injected with 2 X 10* Lin"hCD34*hCD38~ CB cells. Surpris-
ingly, the level of hCD457 cells in the blood was unchanged, and
was maintained at a high level even 24 weeks after transplantation.
Mice did not develop lymphoid malignancies or other complica-
tions. Furthermore, we tested the retransplantability of human
HSCs in primary recipients. We killed mice at 24 weeks aller the
primary transplantation of hCD34~ cells, purified | to 5 = 10%
hCD34° cells from primary recipient bone marrow cells, and
retransplanted them into NOD/SCID/IL2ry™" newborns. In all 3
experiments, secondary recipients successfully reconstituted hu-
man hematopoiesis at least until 12 weeks after transplantation,
when we killed mice for the bone marrow analysis (Figure 2B).
Thus, the NOD/SCID/IL2ry™" newborn system can support human
hematopoiesis for the long term.

Human cord blood hematopoietic stem cells produced myeloid
and lymphoid cells via developmental intermediates
in the NOD/SCID/IL2ry™ bone marrow

The Lin~hCD34* CB [raction contains early myeloid and lym-
phoid progenitors as well as HSCs.® To verify that differentiation
into all hematopoietic cells can be initiated from human HSCs in
the NOD/SCID/ILZ2ry™" newborn system, we transplanted
Lin~hCD34“hCD38°CB cells that contain the counterpart popula-
tion of murine long-term HSCs;* and are highly enriched for
human HSCs.337 hCD34* CB cells (15%-20%) were hCD38~
(data not shown). Mice given transplants of 2 X 104
Lin"hCD34 'hCD38~ cells displayed successful reconstitution of
similar proportion of human cells compared with mice reconsti-
tuted with 1 % 10° Lin"hCD34* cells at 12 weeks after transplan-
tation (Table 2). In another experiment, mice injected with 2 > 10*
Lin~hCD34*hCD38~ cells exhibited the high chimerism (> 50%)
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Table 2. Celluiar number and composition in tisstes of engrafted NOD/SCIDAL2r+™! mice

% nucleated cells (% hCD45* cells)

injected cells, mice, and tissue type Total no. cells Cb33 cD19 cD3 CDh11c
1 x 105 Lin-CD34+
Mouse rfo., 1/ donor no. 1 :
BM 2,4 X 107 8.2 (11.6) 54.8 (77.6) 10.7 (15.1) 1.1 (1.6)
Spieen .- S A A 2 107 4.3 (6.4) 33.5 (50.1) 26.1(39.1) 2.2(3.3)
Thymus 3.1 % 108 NE 1.3 (1.3) 96.2 (98.7) NE
PB : ciet o NE 4.0 (5.6) 35.1 (49.3) 19.8 (27.8) NE
Mouse no. 2/donor no. 1
BM . 1.8 x 107 5.5 (6.8) 56.5 (67.6) 8.9 (12.2) 2.9 (3.6)
Spleen _ 3.2 % 107 2.1 (4.5) 27.7 (58.8) 15.9 (33.8) 1.3 (2.8)
Thymus ) 45 % 105 “NE 1,1(1.2) 90.4-(98.8) NE
P8 NE 6.1(7.5) 53.8 (65.9) 21.6 (40.1) NE
Mouse no. 4/ doriar no.'3 U
BM ) 1.9 % 107 9.4 (11.3) 52.9 (63.7) 15.9 (19.1) 0.62 (0.75}
Spleen 4.4 =107 3.5 (6.8) 24.2 (47 4) -20.8 (40.7) 1.5 (2.9)
~ Thymus ‘ 0.8 % 105- . NE 0.88 (1.1) 78.2 (98.9) NE
PB R o “LNE 3.2 (4.7) 61.3 (30.1) 5.3(7.8) NE
Mouse no. 5/donor no. 3 -
BM e e g 2.1 107 10.2(14.6) 48.8 (82.0) 9.4 (13.4) 1.3 (1.9)
Spleen . 2Tx 107 6.6 (11.4) 30.4 (52.3) 18.6 (32.0) 1.1(1.9)
Thymus - ‘ : S %108 NE 3.1(3.7) 81.1(96.3) © NE
P8 NE 9.8 (13.4) 40.4 (55.1) 16.8 (22.9) NE
2 x 10 Lin-CD34+CD38~
Mcusé no. 6/dondr no, 4 : K
BM 2.6 X 107 3.1 (5.3) 46.1 (78.7) 8.1(13.8) 1.3 (2.2)
Spleen e Fee RS 3.9v107 13(27) 40.2 (83.9) 6.9(12.3) 0.54 (1.1)
Thymus ’ 1.9 x 105 NE 2.1(2.3) 89.4 (97.7) NE
PB NE 5.4(12.4) 28.9 (66.3) 9.3(21.3) NE
Mouse no. 7/donor no. 5
BM A : L4407 7.2'(14:2) 39.6 (78.1) 3.1 (6.1) 0.82 (1.6)
Spleen _ 2.2 % 107 2.4 (5.1) 37.2 (79.3) 6.8 (14.5) 0.52 (1.1)
Thymus o 1.3 7108 NE 0.6 (0.7) 85.1(99.2) NE
PB NE 2.3 (41.7) 49.3 (89.5) 3.5 (6.4) NE
Mouse no. B/donor Aa: 6. <7 AR
BM 1.1 3 107 6.1 (11.7) 36.8 (70.6) 7.7 (14.8) 2.5 (4.8)
Spleen LI RO 29 x107 2.9 (4.5) 33.8 {53.1) 24.6 (38.5) 2.4 (3.8)
Thymus 1.9 % 105 NE 1.1 (1.2) 94.1 (97.0) NE
PB ) : NE 8.1 (11.9) 50.2 (73.5) 10.0 (14.6) NE

BM, spleen, and thymus were harvested from engrafted NOD/SCID/IL2r"* mice at 3 months after transplantation. Total cell numbers in BM and thymus represent the cells
harvested from 2 femurs for BM and those harvested from a hemilobe for thymus. Recipients 1, 2, 4, and § received transplants of 1 X 10° Lin-CD34 - cells. Recipients 6, 7,
-and 8 received transplants of 2 x 10* Lin-CD34+CD38~ cells. NE indicates not examined.

of circulating human blood cells even 24 weeks after transplanta-
tion (not shown), suggesting the long-term engraftment of self-
renewing human HSCs.

In all mice injected with Lin"hCD34*hCD238" cells,
hGPA* erythroid cells and hCD41a* megakaryocytes were
present (not shown). We then tested whether differentiation of
Lin~hCD34*hCD38~ HSCs in the NOD/SCID/IL2ry"™" mouse
microenvironment can recapitulate normal developmental pro-
cesses in the human bone marrow. We and others have reported
that phenotypically separable myeloid and lymphoid progeni-
tors are present in the steady-state normal bone marrow in both
mice®¥ and humans.*2 Figure 2C shows the representative
FACS analysis data of recipient’s bone marrow cells. In all 3
mice tested, the bone marrow contained the hCD34“hCD38~
HSC*37 and the hCD34*hCD38* progenitor fractions.® The
hCD34-hCD38*hCD10*hCD127 (IL-7Rw)” common lym-
phoid progenitor (CLP) population® was detected (Figure 2C, top
panels). According to the phenotypic definition of human myeloid
progenitors,™ the hCD34"hCD38 * progenitor [raction was sublrac-
tionated into hCD45RA"hCD123 (IL-3Rw)P common myeloid
progenitor (CMP), hCD45RA"hCD 123~ megakaryocyte/erythro-

cyte progenitor (MEP), and hCD45RA "hCD123% granulocyte/
monocyte progenitor (GMP) populations (Figure 2C, bollom
panels). We then purified these myeloid progenitors, and tested
their differentiation potential. As shown in Figure 2D, purified
GMPs and MEPs generated granulocyte/monocyte (GM)— and
megakaryocyte/erythrocyte (MegE)-related colonies, respectlively.
while CMPs as well as HSCs generated mixed colonies in addition
to GM and MegE colonies. These data strongly suggest that
hCD34-hCD38~ human HSCs differentiate into all myeloid and
lymphoid lineages tracking normal developmental steps ol the
steady-state human hematopoiesis within the NOD/SCID/IL 2y
mouse bone marrow.

Development of human systemic and mucosal immune
systems in NOD/SCID/IL2r~™! mice

We further evaluated development of the human immune system in
NOD/SCID/IL2ry""" recipients. In the thymus, thymocyles were
mostly consisted of hCD3* T cells with scattered hCD19* B cells
(Figure 3A-B). This is reasonable since the normal murine thymus
contain a small number of B cells in addition to T cells.
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Figure 1. Analysis of human hematopoietic cells in NOD/
SCID/iL2ry™! recipients. (A) In the scatter gates for nucie-
ated cells, anti-hCD45 and anti-mCD45 antibodies (Abs)
reacted exclusively with human and murine leukocytes, re-
spectively. In the recipient blood, the majority of nucleated
cells were human leukocytes {top row). High levels of engraft-

1569

GENERATION OF THE HUMAN HEMATO-LYMPHOID SYSTEM

ment by hCD33 ' myelomonocytic cells, hCD18 B cells, and
hCD3* T cells were achieved in peripheral blood of recipient
mice given transplants of Lin"hCD34* CB cells (bottom row).

(B) Analysis of circulating erythrocytes (top row) or platelets
{bottorn raw) in a NOD/SCID/L2ry™ recipient. In the blood,
Ter119 ' murine erythrocytes as well as hGPA*' human eryth-
rocytes were detected. mCD41a* murine platelets were also
reconstituted. (C) Muttilineage engraftment of human cells in
the NOD/SCID/IL2ry™! murine bone marrow. hCD33* my-
elomonocytic cells, hCD19~ B cells, and hCD3* T cells were
present, hGPA* erythroid cells and hCD41a* megakaryo-
cytes were also seen in the nucleated cell gate of the bone
marrow. (D, left) HLA-DR*hCD1ic* dendsitic cells were
delected in the spleen by a flow cytometric analysis, {Right)
Immunchistochemical staining of CD11cin the spleen. CD11c™
cells displayed dendiitic cell morphotogy.

h{R45

o
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Thymocytes consisted of immature hCD4*hCD8" double-positive
(DP) T cells (Figure 3C) as well as small numbers of hCD4* or
hCD8* single-positive (SP) mature T cells (Figure 4A, top panel),
while hCD3"* human T cells in spleen were mainly constituted of
either hCD4 ' or hCD8' single positive T cells (Figure 4A, botiom
panel). These data suggest that normal selection processes of T-cell
development may occur in the recipients’ thymi.

In the spleen, lymphoid follicle-like structures were seen
(Figure 3D-E), where predominant hCD19* B cells were associ-

ated with sumrounding scattered hCD3™ T cells (Figure 3F).
Development of mesenteric lymph nodes was also observed, where
the similar follicle-like structures consisted of human B and T cells
were present (not shown). In the bone marrow and the spleen,
nucleated cells in each organ contained hCD34 hCDI19" pro-B
cells, hCD10*hCD19* immature B cells, and hCD19~hCD20*
mature B cells (Figure 4B). Figure 4C shows the expression of
human immunoglobulins on hCD19* B cells. A significant fraction
of hCD19* B cells expressed human IgM on their surface. A

T ¥ T
14 2 2
pspiant

Figure 2. Purified Lin~hCD34*hCD38~ CB cells reconstitute hematopoiesis via physiological intermediates, and display long-term reconstitution in the
NOD/SCID/IL2ry™H newborn system. (A) Serial evaluation of chimetism of human cells in peripheral blood of recipient mice injected with 2 « 104 Lin~hCD34°hCD38~ CB

cells. White, gray, and black dots represent 3 individual recipients. (B) hCD34* cells purified from a primary recipient manow (left) were sussessiully engrafied

to ihe

secondary newborn recipients. hCD18* B cells (middle) and hCD3* T cefls {right) in a representative secondary recipient is shown. (C) The Lin~ bone marrow cefls
contained hCD34 hCD38 hCD10thCD127 (IL-7Rx)' CLPs (top row). in the Lin~hCD10-fraction, hCD34'hCD38:hCD45RA-hCD123 (IL-3Rw)® CMPs,
hCD34*hCD38 *hCD45RA* hCD123" GMPs, hCD34°hCD38"hCD45RAhCD123~ MEPs were present. Each number for progenitors indicates percentages of hCD45~

colls, 850 indicates side scatter. {1 Colony-forming activity of purified myelcid progenitar poputation in the methyleellulose as

are shown. Error bars represent standard deviation.

. Represeniative data from 1 of 3 recipients
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Figure 3, Histology of lymphoid organs in engrafted NOD/SCID/IL2r-out recipi-
ents. (A) The thymus showed an increased cellularity after reconstitution. (B) The
thymus stained with anti-hCD3 (green) and anti-hCD19 (red) antibodies. (C) The
thymus stained with anti-hCD4 (green) and anti-hCD8 (red) antibodies. The majority
of thymocytes are doubly positive for hCD4 and hCDS8. (D-E) Lymphoid follicle-like
structures in the spleen of a recipient. (F) The lymphoid follicles mainly contained
hCD19* B cells (red) that were surrounded by scattered hCD3* T celis (green). (G)
Histology of the intestine in an engrafted NOD/SCID/IL2r! recipient {left). (H) In the
intestine, DAPI* (4',6-diamidino-2-phenylindole)-nucleated cells (blue) contained
both scattered hCD3* T cells (green) and human IgA* cells (red). (1) The DIC image
of the same section shows that IgA~ B cells were mainly found in the inferstitial region
of the intestinal mucosal layer. White bars inside panels represent 80 1m (C), 100;:m
(F), and 20pum (1).

fraction of cells expressing IgD were also observed in the blood
and the spleen, suggesting that class switching occurred in these
developing B cells. As reported in the Rag2™~ ~v¢™/~ mouse
models,'1*# hCD19"IgA* B cells were detected in the bone
marrow and the spleen in NOD/SCID/IL2ry™" recipients. We then
evaluated concentrations of human immunoglobulins in sera of
mice given transplants of human Lin"hCD34* CB cells by ELISA.
In all sera from 3 NOD/SCID/IL2r~"" recipients, a significant
amount of IgG (257 = 76 pg/mL) and IgM (600 * 197 wg/mL)
were detectable, whereas sera from the control NOD/SCID/
2m™/~ mice contained lower levels of IgM (76 =+ 41 ig/ml) and
little or no IgG (Table S1, available on the Blood website; see the
Supplemental Table link at the top of the online article). These data
collectively suggest that class-switching can effectively occur in
NOD/SCID/IL2ry"™" mice. 7

The intestinal tract is one of the major sites for supporting host
defense against exogenous antigens. Since bone marrow and spleen
hCD19" B cells contained a significant fraction of cells expressing
IgA, we tested whether reconstitution of mucosal immunity could
be achieved in the NOD/SCID/IL2ry™" recipients. Immunohisto-
logic analyses demonstrated that the intestinal tract of recipient
mice contained significant numbers of cells expressing human IgA
in addition to hCD3~ T cells (Figure 3G-I). Thus, human CB cells
could reconstitute cells responsible for both systemic and mucosal
immunity in the NOD/SCID/IL2ry"™! newborn system.

Function of adaptive human immunity in engrafied
NOD/SCIDAL2rv™" mice

Five NOD/SCID/IL2ry™" mice reconstituted with 3
human CB samples were immunized twice with ovalbumin (OVA)

independent
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at 3 months after transplantation. Two weeks after immunization,
sera were collected from these immunized mice, and were sub-
Jected to ELISA to quantify OVA-specific human IgG and IgM. As
shown in Figure 5A, significant levels of OVA-specific human IgM
and IgG were detected in all serum samples from immunized mice,
but not in samples from nonimmunized engrafted mice. Thus, the
adaptive human immune system properly Functioned in the NOD/
SCID/IL2ry™" strain to produce antigen-specific human TgM and
IgG antibodies.

We next tested the alloantigen-specific cytotoxic function of
human T cells developed in NOD/SCID/IL2ry™ recipients. hCD3"
T cells isolated from the spleen of NOD/SCID/IL 2yl recipients
were cultured with allogeneic B-LCL (TAK-LCL). We established
8 hCD4™ and 10 hCD8" T-cell clones responding LCL-specific
allogeneic antigens. We then estimated cytotoxic activity of these
T-cell clones in the presence or absence of anti-HLA-DR and
anti-HLA class I antibodies. We randomly chose 3 each of CD4
and CD8 clones for further analysis (Figure 5B). A 3!Cr release
assay revealed that both hCD4* and hCD8~ T cell clones exhibited
cytotoxic activity against allogeneic TAK-LCL, whereas they
showed no cytotoxicity against KIN-LCL, a cell line not sharing
HLA classes I or 11 with TAK-LCL. Cytotoxic activity of hCD4*

1

Bone bdarrow ~

Bpsteen

Figure 4. Development of lymphocytes in NOD/SCID/IL2ry™! recipients. (A) The
flow cytometric analysis of humen T czllz in recipients. The majority of coils
thymus were hCD4*hCD8" double-positive thymocytes (top). The CD3* spleen cells
contained hCD4* or hCD8- single-positive mature T cells (bottom). (B)
hCD34+*hCD19* pro-B, hCD10~hCD18* pre-B, and hCD18+hCD20" mature B cells
were seen in different proportions in the hone marrow and the spleen of recipient
mice. Numbers represent percentages within total nucleated cells. (C) B cells
expressing each class of human immunoglobulin heavy chain were seen in the bone
marrow, the peripheral blood (PB), or the spleen of engrafted NOD/SCID/AL2r-m1!
mice. Numbers represent percentages out of nucieated cells.
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Figure 5. Functional analysis of human T and B cells A
developed in NOD/SCID/IL2ry™" recipients, (A) Produc-
fion of OVA-specific human immuniegloblins, Two weaeks
after immunization with OVA, sera of 5 independent recipi-
ents were sampled, and were evaluated for the concentra-
tior ol QVA-specific human Ighd {[7) and IgG (&) by ELISA.
Sera of 3 nonimmunized NOD/SCID/L2rv™! recipients
were used as controls. O.D. indicates optical density, (8)
Cytotoxic activity of human T cells generated in NOD/SCID/
IL2rg-null mice. hCD4* and hCD8" T-cell clones derived
from the recipient spleen were cocultured with aliogeneic
target celis (TAK-LCLs). KIN-LCLs that do not share any
HLA type with effector celis or TAK-LCLs (X) were used as
negative controls. Both hCD4° and hCD8+* T-cell lines
displayed cytotoxic activity against TAK-LCL in a dose-
dependent manner. In hCD4* T-celf clones, this effect was
blocked by anti-HLA-DR antibodies (A), whereas in hCD8*
T-cell clones, the effect was blocked by anti-HLA class |
antibodies (B). % indicates cytotoxic response to TAK-LCLs
without addition of antibodies.

and hCD8™ T cell clones was significantly inhibited by the addition
of anti-HLA-DR and anti~HLA class I antibodies, respectively.
These data clearly demonstrate that human CB-derived T cells can
exhibit cytotoxic activity in an HLA-restricted manner.

Discussion

Xenogeneic transplantation models have been extensively used to
study human hematopoiesis in vivo.!#!# In the present study, we
describe a new xenogeneic transplantation system that effectively
supports human hemato-lymphoid development of all lineages for
the long term.

NOD/SCID/IL2ry"! newborns exhibited very efficient reconsti-
tution of human hematopoietic and immune systems after intrave-
nous injection of a relatively small number of CB cells. In our
hands, NOD/SCID/IL2ry™" newborns displayed a significantly
higher chimerism of human blood cells compared with NOD/SCID/
f2m™~"" newborns under an identical transplantation setting (Table
1). This result directly shows that the IL2ry™" mutation has a merit
on human cell engraftment over the 32m™/~ mutation.

One of the critical problems in the NOD/SCID strain for the use
of recipients is that this mouse line possesses a predisposition to
thymic lymphoma due to an endogenous ectropic provirus (Emv-
30).%* Because of this, NOD/SCID and NOD/SCID/F2m™" mice
have the short mean lifespan of 8.5 and 6 months, respectively,
while NOD/SCID/IL2ry™!" mice did not develop thymic lym-
phoma surviving more than 15 months,*’ which allows a long-term
experimentation. ‘

In our study, NOD/SCID/IL2rv"" newborns injected with 10°
hCD34*% CB cells via a facial vein consistently displayed high
levels of chimerism of human hematopoiesis (50%-80%:; Table 1).
This model is comparable to, or may be more efficient than the
Rag2~/~ yc¢™/~ newborn model where intrahepatic injection of 0.4
to 1.2 ¢ 10 hCD34% CB cells generated variable levels of
chimerism of human cells (5%-65%).'* This slight difference of
engraftment efficiency, however, could reflect the homing effi-
ciency of HSCs by each injection route. The NOD/SCID/IL2r-y™!
newborn model might be more efficient than the NOD/SCID/v, ™'~
adult model in which the majority of recipients-showed approxi-
mately 30% chimerism of human cells after transplantation of
5 X 10* hCD34 " CB cells."" Although we did not test NOD/SCID/
v.~'" newborns side by side in this study, we have found that the
engraftment level of hCD34+ cells of human acute myelogenous
leukemia is approximately 3-fold higher in newbormns than adults in
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the NOD/SCID/IL2ry™ strain (FI, T.M., S.Y., M.Y., M.H.,, K.A
and L.D.S., manuscript in preparation). Therefore, it remains
unclear whether the IL2ry™! mutation has a significant advantage
over the truncated yc mutation'! for human cell engrafiment. It is
still possible that the improved engraftment efficiencies in the
NOD/SCID/IL2ry"*" newborn system as compared to those in the
NOD/SCID/+, ™~ adult system reflect the age-dependent matura-
tion of the xenogeneic barrier.

The Rag2~~ yc ™/~ newborn and NOD/SCID/~,. ™ adult mod-
els have provided definitive evidences that functional T cells, B
cells, and dendritic cells can develop from hematopoietic progeni-
tor cells in immunodeficient mice. Class-switching of immunoglobu-
lin in CB-derived B cells properly occurred in the NOD/SCID/
[L2ry™! but not in the NOD/SCID/B2m ™" newborms (Table St).
further confirming the advantage of the NOD/SCID/IL2pyml
model. We also showed that, consistent with a previous report using
the Rag2™" ~vc™/~ model,'* human T and B cells developed in
NOD/SCID/AIL2ry™" mice are capable of mounting antigen-
specific immune responses. Interestingly, human T and B cells
migrated into murine lymphoid organs and into the intestinal
tissues to collaborate in forming lymphoid organ structures.
Furthermore, we found that [gA-secreting human B cells can
develop in the murine intestine, suggesting that human mucosal
immunity could be generated. Thus, the cellular interaction and the
lymphocyte homing could occur at least to some extent across the
xenogenic barrier in this model. It is also of interest that developing
human cells in the thymus displayed normal distribution of SP and
DP cells (Figure 4A), and that mature human T cells displayed
cytotoxic functions in an HLA-dependent manner (Figure 3B).
This suggests that positive and/or negative selection of human T
cells could occur in NOD/SCID/IL2ry™! recipients. Thymic epithe-
lial cells in recipients reacted with anti-murine but not anti-human
centromere probes in a FISH assay (FL and M.H.. unpublished
data, September 2004), confirming their recipient’s origin. Thus, it
remains unclear how these human T cells effectively educated and
developed in murine thymus. It.is also possible that human mature
T cells developed by extrathymic education and selection.

Our data directly show that the most primitive hCD34"hCD38™
CB cells are capable of generating the human myeloerythioid
system in addition to the immune system in the NOD/SCID/
IL2ry™" recipients. The emergence of circulating hCD33* my-
elomonocytic cells after transplantation of human CB cells has
been reported in the NOD/SCID/E2m™~ newborn* and the
NOD/SCID/y, "~ adult!! systems. Development of human erythro-
poiesis, however, has not been obtained in previous models,
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although it has been reported that NOD/SCID mice can support
terminal maturation of hCD71* erythroblasts that were induced ex
vivo from human HSCs by culturing with human cytokines.** We
showed for the first time that human erythropoiesis and thrombopoi-
esis can develop in mice from primitive hCD34 "hCD38~ cells, as
evidenced by the presence of erythroblasts and megakaryocytes in
the bone marrow and of circulating erythrocytes and platelets in
NOD/SCID/IL2ry™" recipients. It is important to note that the
hCD34*hCD38~ CB HSC population generated myeloid- and
lymphoid-restricted progenitor populations such as CMPs, GMPs,
MEPs, and CLPs in the bone marrow (Figure 2E-F). Thus, the
NOD/SCID/IL2ry™" microenvironment might be able to support
physiological steps of myelopoiesis and lymphopoiesis initiating
from the primitive HSC stage.

In summary, we show that the NOD/SCID/IL2rv"! newborn
system efficiently supports hemato-lymphoid development from
primitive human HSCs, passing through physiological developmen-
tal intermediates. [t also can support development of human
systemic and mucosal immunity, and therefore may be usefu] to use
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human immunity to produce immunoglobulins or experimental
vaccines. The NOD/SCID/IL2ry™!" newborn system might also
serve as an efficient tool for understanding malignant hematopoi-
esis in humans, since the analysis of human leukemogenesis has
mainly been dependent upon the NOD/SCID adult mouse sys-
tem.*+46 Our mode] might also be useful to reproduce the transtorm-
ing process of human hematopoietic celis, as transplanted murine
hematopoietic progenitor and stem cells can develop leukemia by
transducing oncogenic fusion genes in syngeneic mouse mod-
els.*™#% Thus, the use of this system should open a more efficient
way to analyze normal and malignant human hematopoiesis.
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Abstract

Thrombopoietin (TPO) regulates megakaryocytopoiesis and platelet production in vivo and in vitro. Exogenous overexpression of TPO
in vivo by viral-mediated gene transfer induced bone marrow (BM) fibrosis and osteosclerosis. On the other hand, transgenic mice (Tg)
overexpressing TPO using a liver-specific apolipoprotein E (Apo-E) promoter did not exhibit myelofibrosis or osteosclerosis. These discrep-
ancies in phenotype are not fully understood. Then we have investigated the consequences of long-term in vivo overexpression of TPO in
a mouse model. Murine TPO Tg mice driven by the IgH promoter were generated. The number of platelets and neutrophils in peripheral
blood, and the number of megakaryocytes and granulocytic immature cells in the BM was elevated, together with the number of progenitor
cells for megakaryocyte and myeloid cells. TPO Tg mice demonstrated anemia but the number of progenitor cells for the erythrocyte was
increased. TPO Tg mice developed myelofibrosis and osteosclerosis as they aged with extramedullary hematopoiesis in the spleen. As plasma
transforming growth factors (TGF)-B1 and osteoprotegerin (OPG) levels were hi gher in TPO Tg mice than in wild-type mice, the development
of myelofibrosis and osteosclerosis depends on local TPO levels in BM and might be due to elevated TGF-B1 and OPG.
© 2005 Elsevier Ltd. All rights reserved.
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numbers [6,7], indicating that TPO is essential for megakary-
ocytopoiesis. TPO also has effects on hematopoietic stem
cells and progenitor cells [8~12], although no substantial dif-
ference in the number of blood cells except for platelets was

1. Introduction

‘Thrombopoietin (TPO) is a hematopoietic growth factor
that regulates megakaryocytopoiesis and platelet production

in vivo and in vitro [1-3]. The liver and kidneys are the ma-
jor sites for TPO production [4,5], although small amounts
of TPO mRNA can be detected in a variety of organs and tis-
sues. Administration of recombinant TPO results in elevated
circulating platelet levels [2], and mutant mice deficient for
TPO or TPO receptor show about an 80% reduction in platelet
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E-matl address: kshimoda@intmed!.med.kyushu-u.ac.jp (K. Shimoda).
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observed in either TPO or TPO receptor deficient mice. TPO
promotes the growth of hematopoietic progenitor cells and
augments the number of erythroid burst-forming units (BFU-
E), granulocyte-macrophage colony forming units (CFU-
GM), and mixed colony forming units (CFU-mix) in col-
laboration with early or late-acting cytokines [13].
Exogenous overexpression of TPO in vivo by viral-
mediated gene transfer induced bone marrow (BM) fibro-

-sis and osteosclerosis. These TPO-overexpressing mice were



