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RNA interference. K562 cells were cultured in medium containing 1 uM
imatinib for 24 h. Cells (2 X 10°) were then transfected with 5 pg of double-
stranded Cy3-labeled Bim small interfering RNA (siRNA) or control siRNA by
using a hemagglutinating virus of Japan (HVJ) envelope (GenomeONE; Ishi-
hara Sangyo Kaisha, Osaka, Japan) according to the manufacturer’s directions.
Cell culture was continued in the presence of imatinib for 24 h, and then cells
were harvested to isolate RNA and cell lysate. Cells were also stained with
annexin V-fluorescein isothiocyanate (FITC) (Promega), followed by analysis
with flow cytometry. The primers used were the following, according to Reginato
et al. (42); control sense, 5'-(GGCUGUAACUUACGUGUACUU)YI(TT)-3';
control  antisense, 5'-(AAGUACACGUAAGUUACAGCC)(TT)-3'; Bim
sense, 5'-{GACCGAGAAGGUAGACAAUUG)A(TT)-3"; Bim antisense, 5'-(C
AAUUGUCUACCUUCUCGGUCHM(TT)-3'.

Immunoblot analysis. Cells were solubilized in Nonidet P-40 lysis buffer (150
mM NaCl, 1.0% Nonidet P-40, 50 mM Tris [pH 8.0}) containing protease inhib-
itor mixture (Complete; Roche Molecular Biochemicals, Mannheim, Germany);
total cellular proteins were separated by sedium dodecyl sulfate-polyacrylamide
gel electropharesis. Cell lysates extracted from 10° living cells for hematopoietic
progenitors isolated from primary culture or 10° living cells for Baf-3 or cel! lines
established from patients with leukemia were applied to each lane. After their
wet electrotransfer onto polyvinylidene difluoride membranes, the proteins were
detected with the appropriate antibodies by following standard procedures. The
blots were then stained with primary antibodies followed by horseradish perox-
idase-conjugated anti-rabbit or anti-mouse immunoglobulin secondary antibed-
ies and subjected to chemiluminescence detection according to the manufactur-
er's instructions (Amersham, Little Chalfont, Buckinghamshire, United
Kingdom). Bim-specific polyclonal antibodies were raised against glutathione
S-transferase fusion proteins containing amino acids 9 to 33 of mouse BimL, as
previously described (44). Bcl-2 and Bcl-x polyclonal antibodies were purchased
from Transduction Laboratories (Lexington, Ky.), a monoclonal antibody against
B-actin was purchased from Chemicon (Temecula, Calif.}, and polyclonal anti-
bodies against total and phosphorylated-specific Akt and MAPK were purchased
from Cell Signaling Technology (Beverly, Mass.).

Experiments using Baf-3 cells, Murine IL-3-dependent cells were cultured in
RPMI 1640 medium containing 10% fetal calf serum, 20 mM HEPES, 50 pM
2-mercaptoethanol, and 0.5% conditioned medivm of 10T1/2 cells as a source of
murine IL-3. To deplete IL-3, we washed the cells twice with IL-3-free growth
medium. Cell lines established from patients with leukemia were cultured in
RPMI 1640 medium supplemented with 10% fetal catf serum. Cell viability was
determined by trypan blue dye exclusion. For retrovirus-mediated gene expres-
sion, we constructed a control CD8-expressing vector plasmid (pMX/IRES-CDS8)
from the pMX retroviral vector (a2 gift of T. Kitamura) (38) by inserting an
internal ribosomal entry site (IRES)-CD8 cassette in which the mouse CD8
cDNA was fused in frame to the IRES sequence. The Bcr-Abl gene was ex-
pressed by inserting the ¢cDNA immediately after the 5' long terminal repeat
sequence. The retrovirus was made by the method described by Onishi et al, (38),
using BOSC23 cells. Retroviral infection of Baf-3 cells and the sclection of
CD8-positive cells with a CD8 monoclonal antibody and MACS separation
columns (Miltenyi Biotec) were performed according to a methed described
previously (27). The selection procedure was repeated until more than 95% of
the cells were positive for CD8 by flow cytometry.

Reagents and statistical analysis. A MAPK inhibitor, PD9305% (PD), and a
PI3-K inhibitor, LY294002 (LY}, were purchased from Wako Pure Chemicals
and Sigma-Aldrich (St. Louis, Mo.), respectively. The 2-phenylaminopyrimidine
derivative imatinib mesylate was a kind gift of Elisabeth Buchdunger (Novartis,
Basel, Switzerland). An analysis of variance and the post hoc method were used
to compare viable cell counts in different culture conditions. Significant differ-
ences were defined as having a P value of <0.05.

RESULTS

Amplification and isolation of hematopoietic progenitors
from mouse bone marrow, We initially tested the role of Bim
in the regulation of cell survival by using cytokine-dependent
undifferentiated hematopoietic progenitors isolated from pri-
mary cultures of bone marrow cells from normal mice. Cells
from normal littermates of the Ber-Abl tg mice (18) were
cultured for 5 days in serum-free medium containing 10 ng of
TPO per ml and 50 ng of SCF per ml. After the elimination of
dead cells, mature granulocytes, and cells expressing lineage-
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specific markers (CD4, CD8, CD11b, CDA41, or Gr-1), more
than 90% of the cells were negative for lineage markers and
positive for c-Kit (c-Kit* Lin™). These cells were further di-
vided into Sca-1-enriched fractions (Sca-1* ¢-Kit* Lin~; typ-
ically more than 75% of cells were positive for Sca-1 immedi-
ately after separation) and Sca-1-depleted fractions (Sca-1~
c-Kit* Lin™; less than 5% of cells were positive for Sca-1) by
using magnetic beads coated with Sca-1 antibody. Figure 1A
shows the morphology of Sca-1" ¢Kit" Lin™ cells. Typical
yields of Sca-1-enriched and Sca-1-depleted fractions were 5 X
10° and 2 X 107 cells, respectively, pooled from 10 mice.

Cells in both fractions proliferated and differentiated into
mature granulocytes or monocytes when culture was continued
in medivm containing TPO and SCF (Fig. 1B). Cell numbers
increased by around 10-fold by 5 days and then decreased, and
cultures died out 10 days later. Although peak cell numbers of
the progeny of Sca-1* c-Kit* Lin~ cells were always greater
than those of Sca-1~ ¢-Kit* Lin~ cells, the time courses were
similar. When culture was continued in the absence of cyto-
kines, Sca-1" c-Kit* Lin~ cells rapidly died within 24 h without
maturation (Fig. 1C, left panel). Sca-1~ ¢-Kit* Lin~ cells also
died but did so more slowly than Sca-1* ¢-Kit* Lin™ cells, and
nearly half differentiated into mature granulocytes or mono-
cytes (Fig. 1C, right panel). To confirm that the cell death
observed in these experiments was apoptotic, we performed
TUNEL assays (Fig, 1D}, When Sca-1* ¢-Kit™ Lin~ cells were
cultured in the presence of cytokines, there was a substantial
number in S phase with few TUNEL-positive cells among them
(Fig. 1D, left panel). In contrast, in the absence of cytokines,
cells underwent G/G, arrest with many TUNEL-positive cells
(Fig. 1D, center and right panels). These results indicated that
the cell division and survival of Sca-1-positive early hemato-
poietic progenitors isolated by this method were cytokine de-
pendent.

Upregulation of Bim and downregulation of Bel-2 in cyto-
kine-deprived hematopoietic progenitors. To elucidate the
contribution of Bel-2 superfamily members to cytokine-depen-
dent cell survival in hematopoietic progenitors, expression lev-
els of Al, Bad, Bax, Bcl-2, Bel-x;, BimEL, Mcl-1, and DP5/Hrk
mRNA were assessed by using real-time quantitative RT-PCR
technology. In both Sca-i* c-Kit* Lin~ and Sca-1" c-Kit*
Lin~ cells from normal littermates, rapid downregulation of
Bcl-2 and upregulation of BimEL were consistently observed
in independent experiments (Fig. 2A), while mRNA expres-
sion of other Bcl-2 superfamily members did not change sig-
nificantly upon cytokine deprivation (data not shown). Al-
though downregulation of Becl-x, following cytokine
deprivation has been observed in many cytokine-dependent
cell lines, including Baf-3, FL5.12, and 32D (27, 28, 39), Bel-x,
expression in hematopoietic progenitors isolated by this
method was not affected by cytokine deprivation (Fig. 2A).
These findings were further supported at the protein level by
immunoblot analysis (Fig. 2B); simultaneous downregulation
of Bcl-2 and upregulation of BimEL were observed, while
Bel-x,, remained unchanged in both Sca-1* ¢-Kit* Lin~ and
Sca-17 ¢Kit* Lin~ cells. Importantly, the levels of the two
antiapoptotic Bel-2 family members Bel-x; and Bel-2 were 5- to
10-fold lower in Sca-1% ¢-Kit* Lin~ cells than in Sca-17 c-Kit*
Lin~ cells, possibly explaining the rapid apoptosis observed in
the former (Fig. 1C). These results suggest that the induction
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FIG. 1. Cytokine-dependent hematopoietic progenitors isolated from mouse bone marrow. (A) Cytospin preparation showing the morphology
of Sca-1-positive early hematopoietic progenitors {Sca-1* ¢-Kit* Lin™) isolated from primary cultures of mouse bone matrow cells visualized by
May-Giemsa staining. (B and C) Cultures of Sca-1* ¢-Kit* Lin~ (left panels) and Sca-1~ ¢-Kit™ Lin™~ cells (right panels) were continued in the
presence (B) or absence (C) of SCF and TPO. The numbers of viable cells were determined by trypan blue dye exclusion. Blast cells {black bars)
and terminally differentiated cells (open bars) were quantified by cytospin centrifugation. Resulits from one representative study (B) and the means
and standard errors of results from three independent experiments {C) are shown. (D) Sca-1* ¢-Kit* Lin~ cells were cultured in cytokine-free
medium for the indicated periods. Cells were harvested, the TUNEL assay was performed with fluorescein-dUTP, and cells were stained with
propidium iodide. Cytospin preparations were made and analyzed with a laser cytoscan,
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FIG. 2. Expression of Bel-2, Bel-x, and BimEL in Sca-1* ¢-Kit* Lin~ and Sca-17 ¢-Kit* Lin~ cells from normal mice. Cells were cultured in
the absence of cytokines for the indicated times. (A) Real-time quantitative PCR was carried out, and the numbers of cycles required to produce
a detectable product were measured and used to calculate differences (n-fold) in starting mRNA levels for each sample by using 285 rRNA as an
internal control. mMRINA expression levels in cells cuttured for 0 (black bars), 3 (gray bars), and 6 (open bars) h without cytokines relative to those
in cells cultured in the presence of cytokines are shown. (B) Protein expression levels of the three Bel-2 superfamily members, as well as B-actin
as a control for equal loading, were analyzed by immunoblotting with specific antibodies for each protein.
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of Bim by cytokine deprivation plays an important role in
regulating cell fate in Sca-1-positive early progenitors.

Ber-Abl reverses the upregulation of Bim by IL-3 depriva-
tion in IL-3-dependent cells. To test whether Ber-Abl down-
regulates Bim expression, we initially used Baf-3 cells express-
ing Ber-Abl. Baf-3 cells were infected with retrovirus
containing Ber-Abl and mouse CD8 cDNA as a marker (pMX-
Ber-ABI/IRES-CDS; see Materials and Methods), and infected
cells were selected with magnetic beads coated with CD8 an-
tibodies. As reported by others (11, 28), these cells proliferated
in IL-3-free medium at nearly the same rate as they did in
IL-3-containing medium (data not shown). As previously re-
ported (13, 44), the simultaneous downregulation of Bel-x
and upregulation of Bim were induced by IL-3 starvation in
wild-type Baf-3 cells (Fig. 3A). In Baf-3 cells expressing Ber-
Abl, Bel-x; expression levels were unaffected, while Bim pro-
tein was induced for 12 h after IL-3 deprivation, and then the
level of Bim declined and returned to its original level within 3
days (Fig. 3B). It was also reported previously that BimEL is
- phosphorylated by IL-3 signaling (44), shown here by slower
migrating bands (Fig. 3A, lane 1, and C, top blot). Similar
slower migrating bands were observed in Baf-3 cells expressing
Ber-Abl in the absence of IL-3 [Fig. 3B and C, blots labeled
Bim and Baf-3 (Ber-Abl)], suggesting that Ber-Abl also phos-
phorylates BimEL.

In wild-type Baf-3 cells, it was demonstrated previously that
signals from the distal portion of the Bc chain independently
downregulate Bim expression through both the classical Ras/
Raf/MAPK and Ras/PI3-K pathways (44). To test whether
Ber-Abl downregulates Bim expression via the same signaling
pathways in this particular ceil system, Baf-3 cells expressing
Ber-Abl were cultured in the absence of IL-3 for 3 days, after
which they were treated with the MAPK inhibitor PD, the
PI3-K inhibitor LY, or both. The effects of these inhibitors
were monitored by immunoblot analysis using antibodies rec-
ognizing phosphorylated Akt (pAkt) or phosphorylated
MAPK. When cells were treated with PD, phosphorylated
MAPK but not pAkt decreased, and viability was slightly re-
duced (Fig. 3D and E). When cells were treated with LY or
both PD and LY together, levels of pAkt decreased, and mas-
sive cell death occurred. Immunoblot analysis revealed a mild
enhancement of Bim expression in cells treated with PD, while
a marked elevation was observed in cells treated with LY or
both kinase inhibitors (Fig. 3F). These results suggest that,
although both Raf/MAPK and PI3-K pathways contribute to
cell survival and the downregulation of Bim by Ber-Abl kinase,
PI3-K pathways are more important than Raf/MAPK pathways
in this particular cell system.

Bim expression is downregulated in cells expressing Ber-Abl
from patients with leukemia. To gain insight into the roles of
Bim in the process of human leukemogenesis, we quantified
the levels of Bim and Bel-x; proteins in cell lines established
from patients in the BC phase of CML (CML/BC) and from
patients with Philadelphia chromosome (Ph')-positive acute
lymphoblastic leukemia (ALL) and compared them with the
levels in patients with human acute myeloid leukemia (AML)
and ALL cell lines that do not express the Ber-4b! fusion gene.
Levels of Bim in all six cell lines established from patients in
CML/BC were low (Fig. 4A, lanes 1 to 6) compared with those
in three control AML cell lines (Fig. 4A, lanes 7 to 9). Low

MoL. CELL. BioL.

levels of Bim, especially BimEL, in Ph'-positive cells were also
observed in five cell lines established from patients with ALL
(Fig. 4B, lanes 1 to 5). In contrast, levels of Becl-x, varied
among cell lines established from patients in CML/BC and
patients with AML (Fig. 4A), as expected based on results
from previous studies reporting that Bel-x expression levels
differ among AML patients (43). The levels of Bel-x, in all
ALL cell lines with or without Ber-Abl expression seemed
consistently low compared with those in AML cell lines (Fig.
4B).

To test whether the low level of Bim protein expression in
Ph'-positive leukemia cells was due to the potential of Ber-Abl
tyrosine kinase to downregulate it (as shown in Fig. 3B), we
blocked Bcr-Abl function by using a specific inhibitor of Abl
kinase, imatinib mesylate (formerly known as STIS71). As pre-
viously reported (12, 24), apoptosis was induced by imatinib in
five cell lines established from patients in CML/BC, and de-
phosphorylation of Akt and MAPK was observed in these cells
(Fig. 5A and B). Increased levels of Bim proteins, especially
BimEL and BimL, were induced by the addition of imatinib to
KOPM30, K562, and BV173 cells (Fig. 5C). Moreover, de-
phosphorylation of BimEL was observed (Fig. 3C), suggesting
that Ber-Abl phosphorylates BimEL or BimL in human Ph'-
positive leukemia cells. Expression levels of Bel-xp were not
altered in KOPM30 and were downregulated only transiently
in K562 and BV173 cells (Fig. 5C). Similar results were ob-
tained with KOPM28 and KOPMS53 (data not shown).

To examine whether the upregulation of Bim expression
contributes to apoptosis induced by imatinib, K562 cells were
transfected with Cy3-labeled siRNA oligonucleotides homolo-
gous to the Bim sequence or control siRNA (42). The induc-
tion efficiency was judged to be around 60% based on obser-
vations with fluorescence microscopy (data not shown).
Real-time quantitative RT-PCR analysis using a primer set to
cross the cleavage site [Bim(si)] (Table 1) revealed a 45%
reduction of Bim mRNA by the Bim siRNA when whole cells
were analyzed (Fig. 5D, left panel). Immunoblot analysis re-
vealed a greater-than-60% reduction of Bim protein, while
Bel-x; analyzed as a control was reduced by less than 10% (Fig.
5D, right panel). The percentage of apoptotic cells was deter-
mined with annexin V-FITC. Cells transfected with Bim
siRNA showed a significantly lower percentage of annexin
V-positive cells (68.1% + 7.3% [average * standard devia-
tion]} than those transfected with control siRNA (38.1% =
9.3%) (Fig. 5SE). These data suggest that Ber-Abl supports cell
survival in cell lines established from patients in CML/BC
through the downregulation of Bim, although it was not clear
whether the magnitude of Bim induction in these cells was
sufficient to account for all of the apoptosis caused by imatinib.

Prolonged survival of Sca-1-positive early progenitors from
Ber-Abl tg mice in cytokine-free medium, Cell lines established
with cells in CML/BC harbor additional abnormalities that
develop during progression to BC and/or during adaptation to
the ex vivo artificial culture environment. To test whether
Ber-Abl downregulates Bim expression in cells from patients in
the chronic phase of CML, we used progenitors expressing
Ber-Abl from primary cultures of bone marrow cells obtained
from Ber-Abl tg mice that always develop CML-like myelopro-
liferative disease (see the introduction). Their survival and
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FIG. 3. Bim expression is regulated by IL-3 or Ber-Abl through Raf/MAPK and/or PI3-K pathways in Baf-3 cells. EL, BImEL; L, BimL; S,
BimS. (A and B) Expression of Bel-2, Bel-x;, and Bim proteins in wild-type Baf-3 cells (A) and Baf-3 cells expressing Ber-Abl after infection with
a retrovirus vector (B). Cells were cultured in the absence of IL-3 for the indicated times. An immunoblot analysis using antibedy specific for each
protein was performed. A bracket in panel A indicates the phosphorytated forms of BimEL. (C) Phosphorylation of BimEL protein. Parental Baf.3
cells were cultured in the presence of IL-3 (lane 1) or in the absence of IL-3 (lane 2) for 4 h; IL-3-starved and Ber-Abl expressing Baf-3, KOPM30,
BV173, and K562 cells were cultured in the absence (Jane 1) or presence (lane 2) of imatinib for 12 h. (D to F) Baf-3 cells expressing Ber-Abl were
cultured in TL-3-free medium for 72 h and then treated with PD, LY, or both (LY +PD) at a concentration of 50 pM for the indicated times (in
hours). Immuncblot analyses using anti-phosphorylated form-specific Akt or MAPK, as well as antibodies recognizing total Akt or MAPK (D) or
anti-Bim antibody (F), were performed, (E} Cell viability was determined by trypan blue dye exclusion, The survival curve of parental Baf-3 cells
is shown as a control. Standard errors are shown when they were greater than 3%.

levels of Bel-2 superfamily member expression were compared ~ mice. When these cells were cultured in the presence of cyto-
with those of their normal littermates. kines, they proliferated with kinetics similar to those of cells

Sca-17 ¢-Kit™ Lin~ and Sca-1~ ¢-Kit* Lin~ cells were iso-  from the normal littermates of the tg mice (Fig. 6A), although
lated from primary cultures of bone marrow cells from the g cell numbers from the tg mice were greater than those from
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FIG. 4. Levels of Bel-x; and Bim protein in human leukemia cell
lines. Immunoblot analysis using antibody specific for each protein was
performed. EL, BimEL; L, BimL; S, BimS. (A} Lanes 1 to 6, the
KQPM28, KOPM30, KOPMS53, K562, BV173, and KUS812 cell lines,
respectively, established with CML/BC cells; lanes 7 to 9, the HL6)
myeloid leukemia, HEL erythroid leukemia, and U937 monocytic leu-
kemia cell lines, respectively, lacking Ph'. (B) Lanes 1 to 5, the KOPN-
55bi, KOPN-57bi, KOPN-66bi, KOPN-72bi, and KOPN-30bi Ph'-pos-
itive pro-B ALL cell lines, respectively; lanes 6 to 9, the 920, 697,
RS4;11, and UQC-B1 pro-B ALL cell lines, respectively, lacking Ph'.

their normal littermates in both fractions (Fig. 1B). When
Sca-1% e-Kit* Lin™ cells were cultured in ¢ytokine-free me-
dium, they survived for more than 3 days (Fig. 6B, left panel},
much longer than those from normal littermates (Fig. 1C, left
panel). Indeed, virtually no viable cells from normal littermates
were observed 24 h after cytokine deprivation, while cells with
immature and mature morphology from Ber-Abl tg mice sur-
vived even after 48 h in repeated experiments. In contrast,
Sca-17 c-Kit* Lin~ cells underwent apoptosis with kinetics
simitar to those of cells from the normal littermates (Fig. 1C,
right panel). To confirm that Ber-Abl prolongs the survival of
Sca-1-positive early hematopoietic progenitors in cytokine-free
medium, we added 1 pM imatinib to the culture medium.
Imatinib did not affect the survival of the Sea-1" ¢-Kit™ Lin~
cells (Fig. 6C, middle panel). In contrast, Sca-1* ¢-Kit™ Lin™
cells rapidly underwent apoptosis (Fig. 6C, left panel). A com-
parison of the numbers of living cells with those of Sca-1*
c-Kit™ Lin~ cells from normal mice (Fig. 1C) revealed that
imatinib seemed not only to reverse the antiapoptotic effects of
Ber-Abl but even to enhance apoptosis at 8 and 16 h, This
finding might be explained in part by the inhibitory effects of
imatinib against ¢-Kit function, which could persist after the
removal of SCF because imatinib also induced apoptosis in
Sca-1* ¢-Kit* Lin~ cells from normal mice at 8 h (not statis-
tically significant; P = 0.14) and 16 h (P < 0.05) after the
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removal of the cytokines (Fig. 6C, right panel). These data
suggest that Ber-Abl protects Sca-1-positive early progenitors,
but not Sca-1~ ¢-Kit™ Lin~ cells, from apoptosis caused by
cytokine deprivation. Ber-Abl mRNA expression was detected
by RT-PCR in both fractions {data not shown).

Suppression of Bim induction in cytokine-deprived progen-
itors by Ber-Abl. To clarify the mechanism through which
Ber-Abl prolongs survival of Sca-1-positive progenitors, we
assessed the expression of Bcl-2 superfamily members in these
cells. Real-time quantitative RT-PCR revealed that neither
Bcl-2, Bel-x,, nor Bim mRNA expression was altered by cyto-
kine deprivation in either Sca-1-positive or Sca-1-negative
cells, except that Bim mRNA was induced twofold in Sca-17
c-Kit* Lin~ cells (Fig. 7A). These data were confirmed at the
protein level by immunoblot analysis. Bel-2 and Bel-x, levels
were unchanged by cytokine deprivation, while Bim protein
was barely detectable in either fraction (Fig. 7B), in contrast to
a clear induction of Bim and downregulation of Bel-2 in pro-
genitors from normal littermates {Fig. 2B).

To further confirm that Ber-Abl downregulates Bim, we
analyzed the expression of the Bel-2 superfamily members in
cells cultured in cytokine-free medium in the presence of ima-
tinib. Bim was markedly induced, while Bcl-2 was downregu-
lated in Sca-1-positive and -negative progenitors isolated from
Ber-Abl tg mice (Fig. 7C, left and center panels). In contrast,
induction levels of Bim in Sca-1-positive progenitors isolated
from normal littermates were not changed by treatment with
imatinib (Fig. 7C, right panel, and 2A, left panel), suggesting
that the reduction of viable cells in progenitors from normal
littermates by imatinib (Fig. 6C, right panel) was due to mech-
anisms other than Bim induction. Taken together, these data
indicate that Ber-Abl reverses the downregulation of Bel-2 and
upregulation of Bim that are observed in cytokine-starved nor-
mal hematopoietic progenitors.

DISCUSSION

In earlier studies, it was established that the induction of
Bim is an important step in Baf-3 cells undergoing apoptosis
due to IL-3 deprivation (44). Here we demonstrate that Bim
was induced by cytokine starvation in early hematopoietic pro-
genitors (Sca-1* ¢-Kit* Lin~) isolated by primary short-term
culture of bone marrow cells from normal mice. In contrast,
Bim was not induced by cytokine starvation in early progeni-
tors from CML model mice that were more resistant to apo-
ptosis than those from normal mice. We also found that Ber-
Abl downregulates Bim expression in Baf-3 cells and cell lines
established with cells from patients with Ph!-positive leukemia,
suggesting that Bim is one of the key target factors downstream
of Ber-Abl that render CML progenitors resistant to apoptosis
caused by cytokine deprivation.

The function of Bim is reported to be regulated by at least
four different mechanisms. First, mRNA expression is down-
regulated by cytokines in mouse IL-3-dependent Baf-3,
FL5.12, and 32D cells through the Ras/MAPK and PI3-K path-
ways, independently (13, 44). Moreover, NGF suppresses Bim
mRNA expression through the inactivation of the c-jun NH,-
terminal kinase in NGF-dependent neuronal cells, including
primary cultures of rat sympathetic neurons and neuronally
differentiated PC-12 cells (5, 40, 49). In addition, serum depri-
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FIG. 5. Effects of imatinib on cell lines established with CML/BC
cells. (A} Cell lines (KOPM28, KOPM30, KOPMS3, BV173, and
K562) established with cells from CML/BC patients were cultured in
medium containing imatinib at a concentration of 1 wM for the indi-
cated times. Viability was determined by trypan blue dye exclusion.
{B) Immuncblot analyses of K562 cell lysate using anti-phosphorylated
form-specific Akt or MAPK, as well as antibodies recognizing total Akt
or MAPK, were performed. (C) Levels of Bel-x;, and Bim proteins in
KOPM30, BV173, and K562 cells were determined by immunoblot
analysis. EL, BimEL; L, BimL; S, BimS. (D) K562 cells transfected
with either Bim siRNA {Bim) or control siRNA (Cnt) were cultured in
the presence of 1 pM imatinib for 48 h. The results of real-time
RT-PCR using the Bim(si) primers (left panel) and an immunoblot
analysis using antibodies specific for Bim (upper right panel) or Bel-x,,
(lower right panel) are shown. Numbers below the immunoblots indi-
cate the relative intensity of each band measured by densitometry.
(E) K562 cells were cultured in the absence of imatinib (upper left
panel), the presence of 1 pM imatinib for 48 h with mock transfection
(upper right panel}, Cy3-labeled control siRNA (lower left panel), or
Cy3-labeled Bim siRNA (lower right panel). Cells were stained with
annexin V-FITC and analyzed by flow cytometry.

vation of CC139 fibroblasts upregulates Bim mRNA via the
classical MEK/extracellular signal-regulated kinase (ERK)
pathway {48). Second, subcellular localization of Bim is con-
trolled by IL-3 in FDC-P1 cells, another mouse IL-3-depen-
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dent line, and by exposure to UV light in 293 cells (29, 41).
BimEL and BimL, but not BimS, form complexes with an
8,000-molecular-weight dynein light chain, LC8 (also PIN or
Dlc-1) (10, 21, 25). The Bim/LC8 complex in the presence of
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¢c-Kit* Lin~ cells (right panef) amplified and isolated by primary cul-
tures of bone marrow cells from Ber-Abl tg mice were cultured in the
presence (A) or absence (B) of SCF and TPO. {C) Sca-1* ¢-Kit* Lin~
cells (left and right panels) or Sca-1~ ¢-Kit* Lin~ cells (middle panel)
amplified and isolated by primary cultures of bone marrow cells from
Ber-Abl tg mice (left and middle panels) or their normal littermates
(right panel) were cultured in the absence of SCF and TPQ. Imatinib
was added at a concentration of 1 pM. The number of viable cells was
determined by trypan blue dye exclusion. Blast cells (black bars) and
terminally differentiated cells (open bars) were determined by cytospin
centrifugation. The results from one representative study (A) or the
means + standard errors of results from three independent experi-
ments {B and C) are shown.
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IL-3 binds to the intermediate chain of the dynein motor com-
plex on the microtubules. IL-3 withdrawal releases the complex
from sequestration in the cytoplasm by mechanisms not yet
fully understood. In the case of 293 cells exposed to UV,
phosphorylation at Thr-56 of (human) BimL by activated c-jun
NH,-terminal kinase was reported to play an important role in
this process (29). Third, NGF phosphorylates BimEL and
BimlL but not BimS through the MEK/MAPK pathway in neu-
ronally differentiated PC-12 cells. Phosphorylation of (rat)
BimEL at Ser-109 and Thr-110, which are adjacent to but
distinct from the phosphorylation residues in 293 cells exposed
to UV as mentioned above, was reported to suppress the pro-
apoptotic function of BimEL without affecting its binding po-
tential to LC8 or its subcellular localization (5). Fourth, pro-
teasome-dependent degradation is involved in the regulation
of Bim expression in serum-deprived fibroblasts and macro-
phage colony-stimulating factor-dependent osteoclasts (2, 31).
These somewhat confusing results suggest that the functions of
BimEL and BimL on the one hand and BimS on the other may
be regulated in different ways in certain situations and that the
relative importance of these four mechanisms may differ be-
tween cell types. Indeed, it has been found that the enforced
expression of either BimL or Bim$ readily induced apoptosis
in Baf-3 and 293 cells, in contrast with five glioma cell lines, in
which a massive amount of BimL did not induce apoptosis, in
spite of the fact that a much lower amount of BimS easily killed
these cells (44, 50).

In this paper, we demonstrated that Bim is downregulated at
both the mRNA and protein levels by cytokines in hematopoi-
etic progenitors isolated from primary cultures of bone marrow
cells (Fig. 2). This finding indicates that the regulation of
mRNA expression is the major mechanism for controlling Bim
function in early hematopoiesis. We also demonstrated that
Ber-Abl reverses the induction of Bim mRNA caused by cyto-
kine deprivation in these progenitors (Fig. 7). Ameng several
pathways that are reported to regulate Bim mRNA, those
involved in PI3-K are most likely the major pathways for the
downregulation of Bim by Ber-Abl (Fig. 3F). In addition, phos-
phorylation of Bim (as with the third mechanism mentioned in
the previous paragraph) might contribute to the survival of
hematopoietic cells. It was previously reported that BimEL
and BimL are phosphorylated in Baf-3 cells by IL-3 signaling
via the same pathways that control the expression of Bim, i.e.,
the Ras/Raf/MAPK and Ras/PI3-K pathways (44). In this
study, although the phosphorylation of BimEL in early pro-
genitors may not be convincing (Fig. 2B), it was clearly de-
tected in Baf-3 cells expressing Ber-Abl cultured in IL-3-free
medium and in cell lines established from patients in CML/BC
cultured in the absence of imatinib (Fig. 3C). We consider it
unlikely that phosphorylation plays a major role in cytokine-
deprived Baf-3 cells, because cells expressing hyperphospho-
rylated BimEL or BimL in the presence of IL-3 still underwent
apoptosis (44). However, the possibility that phosphorylation
of BimEL and BimL by cytokines or Ber-Abl contributes to cell
survival to some extent in early hematopoietic progenitors or
leukemic cells cannot be excluded.

There are substantial differences between early (Sca-1" ¢-
Kit* Lin™) and late (Sca-1~ c-Kit* Lin™) progenitors in cyto-
kine dependence and the effects of Ber-Abl kinase., Early pro-
genitors undergo rapid apoptosis without maturation in the
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absence of cytokines (Fig. 1C). This could be explained at least
partially by relatively low levels of Bcl-2 and Bel-x; expression
(Fig. 2B), because it is generally accepted that cell fate is
determined by the balance between pro- and antiapoptotic
members of the Bcl-2 superfamily (1). Although Bcl-2 levels
were downregulated by cytokine deprivation in early progeni-
tors, this downregulation is unlikely to be the major cause of
rapid apoptosis, because levels of Bcl-2 in the presence of
cytokines are very low and Bcl-2-deficient mice did not show
apparent abnormalities in myeloid hematopoiesis (34, 47).
Thus, Bim is considered to be the major determinant of cell
fate in Sca-1* ¢-Kit* Lin~ cells, and downregulation of Bim in
cytokine-deprived Sca-1-positive early progenitors isolated
from Ber-Abl tg mice may result in longer survival (Fig. 6B).
On the other hand, Bim may not be the major determinant of
cell fate in Sca-1~ ¢-Kit* Lin~ cells, which express Bel-2 and
Bcl-x; at high levels (Fig. 2B). Moreover, half of these cells can
differentiate before undergoing apoptosis (Fig. 1C). Addition-
ally, late progenitors from the tg mice show virtually the same
time course as those from normal littermates in the absence of
cytokines (Fig. 1C and 6B, right panels) in spite of the fact that
there was little induction of Bim in these cells, similar to
Sca-1-positive early progenitors (Fig. 7A and B).

Many reports have maintained that the growth and survival
characteristics of CML progenitors in the chronic phase are
similar to those in healthy bone marrow (reviewed in refer-
ences 15 and 23). In spite of prominent antiapoptotic effects of

Ber-Abl in cytokine-dependent cell lines such as Baf-3, resis-
tance of CML progenitors to cytokine deprivation is contro-
versial. Bedi et al. reported that CD34-positive CML progen-
itors live longer in serum- and cytokine-free medium than
CML progenitors treated with Ber-Abl junction-specific anti-
sense oligonucleotides and normal CD34-positive cells (4), but
Amos et al. did not observe a survival advantage of CML
progenitors under cytokine-free conditions (3). In the present
study, we isolated early hematopoietic progenitors by using
Sca-1, which is one of the most reliable markers for early
progenitors, including stem cells, but is available enly for the
study of mouse hematopoiesis. Another advantage of our study
is the use of progenitors isolated from young mice (8 to 12
weeks of age) whose peripheral blood and bone marrow are
still indistinguishable from those of their normal littermates
(18). Taking these advantages, we revealed a relatively small
but distinct difference in apoptosis due to cytokine deprivation
between normal and Ber-Abl-expressing progenitors that cor-
related to the expression levels of Bim (Fig. 1, 2, 6, and 7).
Moreover, Bim was induced by imatinib in CML cell lines
undergoing apoptosis (Fig. 5C), and siRNA that reduced the
expression level of Bim effectively rescued these cells (Fig. SE).
Taken together, these results suggest that Bim is an important
downstream target that supports cell survival of Ber-Abl-ex-
pressing hematopoietic cells. Further studies are necessary to
clarify whether downregulation of Bim by Ber-Abl contributes
to the massive expansion of myeloid cells observed in CML.
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Abstract

Background Gene therapy is being studied as the next generation therapy
for hemophilia and several clinica] trials have been carried out, albeit with
limited success. To explore the possibility of utilizing autologous bone
marrow transplantation of genetically modified hematopoietic stem cells
for hemophilia gene therapy, we investigated the efficacy of genetically
engineered CD34 cell transplantation to NOD/SCID mice for expression of
human factor VIII (hFVIID).

Methods CD34* cells were transduced with a simian immunodeficiency
virus agmTYO1 (SIV)-based lentiviral vector carrying the enhanced green
fluorescent protein (eGFP) gene (SIVeGFP) or the hFVIII gene (SIVhFVII).
CD34% cells transduced with SIV vectors were transplanted to NOD/SCID
mice. Engraftment of transduced CD34% cells and expression of transgenes
were studied.

Results We could efficiently transduce CD34% cells using the SIVeGFP
vector in a dose-dependent manner, reaching a maximum (99.6 + 0.1%)
at MOI of 5 x 103 vector genome/cell. After transducing CD34% cells with
SIVhFVIII, hFVIIl was produced (274.3 £20.1 ng) from 105 CD34% cells
during 24 h in vitro incubation. Transplantation of SIVhFVII-transduced
CD34* cells (5-10 x 10°) at a multiplicity of infection (MOI) of 50 vector
genome/cell into NOD/SCID mice resulted in successful engraftment of
CD347 cells and production of hFVIII (minimum 1.2 £ 0.9 ng/mL, maximum
3.6 £ 0.8 ng/mL) for at least 60 days in vive. Transcripts of the hFVIII gene
and the hFVIII antigen were also detected in the murine bone marrow cells.

Conclusions Transplantation of ex vivo transduced hematopoietic stem cells
by non-pathogenic SIVhFVIII without exposure of subjects to viral vectors is
safe and potentially applicable for gene therapy of hemophilia A patients.
Copyright © 2004 John Wiley & Sons, Ltd.

Keywords hemophilia; gene therapy; simian immunodeficiency virus; hemato-
poietic stem cell

Introduction
Hemophilia A is an inherited X-linked lifelong bleeding disorder caused by

abnormality in the coagulation factor VHI (FVIII} gene [1]. The genetic
abnormalities result in deficiency of FVIII, which in turn creates a bleeding
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phenotype, such as life-threatening intracranial bleeding
and bleeding in joints and muscles. Hemophilias occur
as mild, moderate, or severe phenotypes, depending on
the blood FVII level of 6% or more, 2-5%, or 1% or
less [1,2]. Current standard therapy is intravenous (i.v.)
injection of human plasma-derived FVIII or recombinant
FVIIL. Aside from certain specific situations such as pre-
operative factor coverage, i.v. infusion of FVIII usually
is used to treat acute bleeding episodes. However,
maintenance of blood FVIII levels to more than 5% of
the normal FVIII concentration may result in significant
clinical improvement. Furthermore, if one can increase
FVII levels to more than 1% in severe hemophilia
patients, they may have significantly fewer bleeding
episodes and improved quality of life. Additionally, in the
past, infection with hepatitis B and C viruses or human
immunodeficiency virus (HIV) in hemophilia patients was
a tragic result of contaminated blood-derived commercial
products. In this regard, gene therapy is being explored
as the next generation therapy for hemophilia patients.
Hemophilia is considered suitable for gene therapy for
the following reasons: (1) treatment is feasible through
replacement of a normal copy of the factor VIII gene;
(2) increase of factor VIII levels to just 1% or more
of the normal level may provide significant clinical
improvement; and (3) gene therapy offers the potential
for more sustained and less expensive treatment than the
current standard therapy [2].

Hematopoietic stem cells are thought to be highly desir-
able targets for gene therapy because of their capability
for self-renewal and multi-lineage ditferentiation [3].
Non-obese diabetic severe combined immunodeficient
(NOD/SCID) mice are well-characterized immunodefi-
cient mice obtained by transferring the SCID mutation
onto the NOD background. They lack functional T and B
cells and diminished natural killer (NK) and macrophage
activities and, thus, they are thought to be suited
for transplantation of hematopoietic stem cells. Human
hematopoietic stem cells can be engrafted and generate
their progeny in NOD/SCID mice, and virally transduced
hematopoietic stem cells have also been transplanted
successfully into NOD/SCID mice [4-6].

Rewroviral vectors including lentiviral vectors are now
widely used to transduce hematopoietic stem cells [4-6].
These vectors can integrate transgenes into the target
cell genome, allowing transmission of the transgenes to
daughter cells in vivo [7]. Lentiviral vectors transduce
hematopoietic stem cells more efficiently than the
classical retroviral vectors. However, there are safety
concerns in utilizing HIV-1-based lentiviral vectors for
gene therapy clinical trials. In this regard, simian
immunodeficiency virus agmTYO1 (SIVagmTYO1)-based
vectors are of particular interest. SIVagmTYO1 is an HIV-
related lentivirus isolated from the African green monkey
and shown to be non-pathogenic to both their natural
hosts and to experimentally inoculated Asian macaques
[8,9]. Additionally, due to the use of contaminated blood
products, some hemophilia patients are HIV-1 carriers. If
an HIV-1-based vector is administrated to such patients,

Copyright © 2004 John Wiley & Sons, Ltd.
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the replication-competent lentivirus particles carrying
the therapeutic gene may be generated by homologous
recombination between the recombinant HIV vector and
the wild-type HIV genome. The packaging signal in the
HIV vector sequence may be another factor contributing to
production of replication-competent lentivirus particles.
From this perspective, then, a SIV vector based on the
S1VagmTYO! strain may be a better vehicle for hemophilia
gene therapy because SIVagmTYO1 has less than 60%
genomic sequence similarity to HIV-1. We have developed
SIVagmTYO1-based vectors that can transduce various
cells, including hematopoietic stem cells. While early
studies have indicated the lack of factor VIII secretion
by hematopoietic cells [10], recent studies have shown
the ability of hematopoietic cell lines [11] and stem
cells [12,13] to secrete detectable amounts of factor VIII
upon lentiviral transduction. In the present study, we
use human cord blood derived CD34% (CB-CD341) cells
and SIVagmTYQ1l-based vectors to show that high FVIII
expression levels are achieved in D34+ cells transduced
with the SIV vector in vitro and that transplantation of
SIVagmTYO1 vector-transduced hematopoietic stem cells
may be used for hemophilia gene therapy in vivo.

Materials and methods

Cell lines, medias and cytokines

Recombinant human thrombopoietin (TPO)} and stem
cell factor (SCF) were kindly supplied by Kirin Brewery
Co. (Tokyo, Japan). Dulbecco’s modified Eagle’s medium
{DMEM) and Iscove’s modified Dulbecco’s medium
{(IMDM) were purchased from Invitrogen Japan (Tokyo,
Japan) and fetal bovine serum (FBS) from Hyclone
(Logan, UT, USA). Human embryonal kidney 293T
(HEK293T) cells were obtained from the American Type
Culture Collection (Manassas, VA, USA) and cultured in
DMEM containing 10% FBS.

CD34* cell purification

Cord blood was drawn from umbilical cords of normal
full-term deliveries after obtaining informed consent.
Mononuclear cells were separated by density gradient
centrifugation using Lymphoprep tubes (Dai-ichi Phar-
maceutical, Tokyo, Japan) after depletion of phagocytes
using silica particles (Immuno Biological Laboratories,
Gunma, Japan). The mononuclear cells were suspended
in phosphate-buffered saline (PBS} at 3-5 x 107 cells/ml
and mixed with Dynabeads M-450 CD34 (Dynal AS, Oslo,
Norway) at a bead-to-cell ratio of 1:1. After incubation
at 4°C for 30 min with gentle rotation, the cell-beads sus-
pension was placed in a DYNAL MPC (magnetic particle
concentrator) to collect the Dynabeads M-450 CD34-
rosetted cells. The rosetted cells were incubaied with
DETACHaBEAD CD34 (Dynal) at 37°C for 15 min to
release CD34* cells from the beads. The purity of CD34%

J Gene Med 2004; 6: 1049-1060.
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cells was evaluated by flow cytometry using a FACScan
{Becton Dickinson) and approximately 95% of the sepa-
rated cells were CD34-positive.

Production of SIVagm vectors

Human FVIII ¢cDNA spanning the entire coding region
was a generous gift from Dr. J. A. van Mourik. Because
the B domain is excised from other FVIII domains upon
activation by thrombin and is not essential for coagulation
activity expression of FVIIIa, the human FVIII ¢cDNA was
subjected to PCR-based mutagenesis to delete most of the
fragment that encodes the FVIII B domain (BDD FVIII
c¢DNA) as described previously [14]. The characteristics
and production of SIVagm vector used in this study
have been described previously [9,14]. Self-inactivating
SIVagm vectors are pseudotyped with vesicular stomatitis
virus glycoprotein G (VSVG), We constructed gene
transfer vectors to express the hBDDFVIII gene and eGFP
gene driven by the cytomegalovirus (CMV) promoter. To
produce SIV vectors, HEK293T cells were transfected with
the packaging vector, the gene transfer vector, and pvVSVG
{Clontech) as described previously [9,14]. Transduction
units of SIV vectors carrying the eGFP gene (SIVeGFP)
were determined by infection of SIVeGFP to HEK293T
cells followed by determination of eGFP expression by
FACS analysis. Since determination of transduction units
of SIV vectors carrying the human BDDFVII ¢cDNA (SIV
hEVIID} was difficult compared with SIV eGFP, RNA dot
blot analysis was performed to quantify the amount of
SIV vector genome (vg) of vector preparations. To detect
replication-competent SIV particles in cells infected with
SIV vectors, HEK 293T cells were cultivated in media
containing SIV eGFP or SIV hVIIl at a multiplicity of
infection (MOI) of 100 vg/cell. RNA was isolated from
the supernatants of vector-infected cells on day & after
infection using an RNA isolation kit {QIlAamp viral RNA
mini kit; QIAGEN). Detection of the gag gene and the pol
gene required for virus replication in the RNA preparation
was carried out by reverse transcription-polymerase chain
reaction (RT-PCR) using the gag-specific primers {5'-GTC
CTA GAC ATT AGG CAG GGA CCT-3, 5-TTT TGC CCC
CAT CCA CCG TCC ATA-3') and the pol-specific primers
{5’-CAG AAA TTC AAA AGA AGG AAA AGC A-3, 5'-CTT
CTT GGG AGG TAA AGT TAG GCC CA-3'), respectively.

In vitro culture and transduction of
human CB-CD34™* cells

The cells were cultivated at 5 x 10° cells/mL in
IMDM supplemented with 1% bovine serum albumin
(BSA), 10 pg/mL bovine pancreatic insulin, 200 pg/mL
human transferrin (BIT 9500; StemCell Technolo-
gies, Vancouver, Canada), 40 pg/mL human low-density
lipoproteins (Chemicon International), 10~* mol/L 2-
mercaptoethanol, SCF (100 ng/mL) and TPO (50 ng/mL)
at 37°C with 5% CO; in 48-well tissue culture plates

Copyright @ 2004 John Wiley & Sons, Ltd.
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(Falcon, Lincoln Park, NJ, USA) [15]. For transduc-
tion, SIV vector (0.25-5 x 10'° vg/ml) was added to
the cell suspension, and the plates were incubated at
37°C in the presence of 5% CO,;. After incubation,
SIVeGFP-transduced CD34* cells were analyzed for eGFP
expression by flow cytometry and the conditioned medium
of SIVhFVIII-transduced CD34% cells was harvested and
subjected to FVIII enzyme-linked immunosorbent assay
(ELISA).

Mice

Experimental NOD/SCID mice were obtained from the
Central Institute for Experimental Animals (Kawasaki,
Japan). The NOD/SCID mice were kept in a clean
experimental room and were maintained on a y-
irradiated sterile diet and given autoclaved, distilled
water containing I pg/mL of neomycin sulfate after
transplantation [16]. Peripheral blood was drawn into
EDTA-containing tubes from mouse tail veins and platelet-
poor plasma was prepared by centrifugation, Platelet-rich
plasma was also prepared from 1 ml of mouse blood
upon sacrifice. Platelets were collected from platelet-rich
plasma by centrifugation and were extracted in 50 pL
of 0.5% Triton X-100/PBS. Bone marrow cells and bone
marrow blood were collected from femurs by irrigation
with PBS. After centrifugation, bone marrow cells were
subjected to fluorescence-activated cell sorting (FACS)
analyses and the supernatants were subjected to ELISA
for quantification of human FVIIL. The bone marrow
volume of a mouse femur preparation was estimated
to 10 mm?® since it was approximately one-third of the
volume of the femur calculated by the expression of
1 mm (radius)? x = x 10 mm (length).

Transplantation of CB-CD34* cells into
NOD/SCID mice

Xenograft transplantation of the CB-CD34% cells was per-
formed according to methods previously described [16].
Briefly, 5-10 x 10 CB-CD34% cells were transduced
with SIVagm vector and injected into 6- to 12-week-
cld NOD/SCID mice through the tail vein after sub-lethal
irradiation with 350-360 ¢Gy of y-ray (®°Co, Gamma
Cell; Nortion International, Kanata, ON, Canada}. For
internal controls, NOD/SCID mice were injected with
non-transduced (mock) CB-CD34* cells using identical
procedures. Because NK cell activity of NOD/SCID mice is
not completely impaired, 400 ul of PBS containing 20 pL
of anti-asialo GM1 antiserum (Wako; Osaka, Japan) were
injected intraperitoneously to the recipient mice imme-
diately before the cell transplantation to delete NK cells
[17]. Anti-asialo GM1 antiserum injection was carried
out once a week after transplantation of CD34% cells.
Peripheral blood (100 pL) was collected from mouse tail
veins into tubes containing EDTA. Platelet-rich plasma
(PRP) was prepared by centrifuging whole blood at 200 g

J Gene Med 2004; 6: 1049-1060.

— 250 —



1052

for 10 min. After collection of PRP, platelet-poor plasma
was prepared by centrifugation at 400 g for 5 min, and
subjected to FVIII ELISA. Peripheral leukocytes were pre-
pared after disrupting red blood cells using Lysis buffer
(155 mM NH,4Cl, 10 mM NH,HCO;, 0.1 mM EDTA, pH
7.4). Leukocytes and platelets were subjected to flow
cytometric analysis using the FACScan. Mice were sacri-
ficed on day 60 after transplantation. Bone marrow cells
were drawn from femurs and the spleen cells were also
collected. These cell suspensions were filtered through
sterile 40-um cell strainers (#2340; Falcon) to get rid of
clumps and clots [16]. Cells and platelets were processed
for flow cytometric analysis and the immunofluorescent
analysis (see below). Platelet-poor plasma prepared from
peripheral blood and the supernatant of bone marrow cell
suspension were subjected to the FVIII ELISA assay.

Flow cytometric analysis of
transplanted human cells in NOD/SCID
mice

Surface markers on human hematepoietic cells reconsti-
tuted in peripheral blood, bone marrow cells, and spleen
cells of NOD/SCID mice were analyzed by flow cytometry
as described [18]. Briefly, after depletion of erythro-
cytes using Lysis buffer, mouse peripheral white blood
cells, bone marrow cells, spleen cells, and platelets were
incubated on ice for 30 min with a series of fluorescence-
labeled monoclonal antibodies (Dako Japan, Tokyo,
Japan) to human cluster of differentiation (CD) anti-
gens in 100 pL of PBS containing 5% FBS. The presence
of human hematopoietic cells was determined by detec-
tion of cells positively stained with phycoerythrin-cyanine
5-succinimidyl ester {PE-Cy5)-conjugated anti-human
CD45. Successful engraftment of human hematopoietic
cells was defined by the presence of at least 1% of
human CD45* cells in peripheral blood or bone mar-
row of NOD/SCID mouse 60 days after transplantation
[17,18]. Specific subsets of human hematopoietic cells
were quantified by gating human CD45-positive cells and
detection of surface antigens with fluorescein isothio-
cyanate isomer-1 (FITC)-conjugated anti-human CD3 and
CD33 or R-phycoerythrin(RPE)-conjugated anti-human
CD14, CD19, and CD34. Flatelets, separated from the
peripheral blood or the bone marrow, were detected with
RPE-conjugated anti-human CD41.

ELISA for hFVIII antigen

Since human FVIII (hFVII) clotting activity could not
be quantified directly in the NOD/SCID mice because of
the presence of endogenous murine FVIII in the plasma,
hFVIII expressed in NOD/SCID mice was quantified by
a hFVIII-specific ELISA as described previously [14,19].
Briefly, 96-well microtiter plates (Costar, Cambridge,
MA, USA) were coated with 1 ug/mL mouse monoclonal
antibodies to hFVIII (Chemo-Sero Therapeutic Institute,

Copytight @ 2004 John Wiley & Sons, Lid.
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Kumamoto, Japan) [19]. After blocking with 5% casein
in PBS, mouse plasma samples or pooled normal human
plasma in Tris-buffered saline (TBS) containing 0.1%
Tween 20, 1% casein were added. After 16 h incubation
at 4°C, hFVIIl bound to the plates was detected with sheep
ant-hFVIII polyclonal antibodies (Cedarlane Laboratories
Itd, Homby, ON, Canada) and horseradish peroxidase-
conjugated rabbit anti-sheep IgG. Monoclonal antibody-
purified hFVII[ was kindly provided by the Chemo-Sero
Therapeutic Institute and was used as the standard.
Normal pooled platelet-poor plasma was also used as
the standard. The ELISA could specifically detect hFVIII
in mouse plasma as low as 0.5 ng/mL or FVIII in 300-fold
diluted normal human plasma [14].

Immunofluorescence microscopy

Bone marrow cells were attached to glass slides using a
Cytospin3 (Shandon, ThermoShandon, Inc., Pittsburgh,
PA, USA), fixed with 4% paraformaldehyde in PBS
and blocked with 1% BSA and 1% donkey serum in
PBS. Samples were incubated with polyclonal anti-hFVIII
antibody at 4°C for 16 h. After washing in PBS, cells
were incubated with donkey anti-sheep IgG antibody
conjugated with Alexa488 (Molecular Probes, Eugene,
OR, USA) at 4°C for 16 h for visualization of hFVIII by
fluorescent microscopy as described previously [14].

Detection of the BDD-FVIII transcript
by RT-PCR

Total cellular RNA was isolated from 105 cells by the acid-
guanidine method [20] and were reverse-transcribed to
cDNA using reverse transcriptase (Superscript; Invitrogen
Japan, Tokyo, Japan) and oligo-(dT) primers in a 20 pL
mixture (QIAGEN Japan, Tokyo, Japan) after DNase I
(Amplification grade, Invitrogen) treatment. Subsequent
PCR-amplification was carried out with 1 pL of ¢cDNA
solution (corresponding to 5000 cells) in a 50 uL reaction
mixture containing 5 units of Taq polymerase, 10 mmol/L
Tris-HCl (pH 8.5), 50 mmol/L KCl, 1.5 mmol/L MgCl,
and 100 pmol/L dNTPs in the presence of specific
primer pairs (200 nmol/L) designed to amplify the DNA
fragments derived from the transcript of the BDD-FVIII
transgene [14]. Each PCR cycle consisted of denaturation
at 94°C for 15s, annealing at 55°C for 30s, and
extension at 72°C for 30s. The PCR products were
analyzed by agarose gel electrophoresis. Authenticity of
PCR. products was confirmed by their molecular sizes
on agarose gel electrophoresis, and their sequences. The
primer sequences are as follows: hFVIIL: sense, 5'-ATT
GGA GCA CAG ACT GAC TT-3'; antisense, 5'-ATA TGG
TAT CAT CAT AGT CA-3' (400 bp); human GAPDH:
sense, 5'-TGA TGA CAT CAA GAA GGT GGT GAA G-3/;
antisense, 5-TCC TTG GAG GCC ATG TGG GCC AT-3'
(240 bp); mouse GAPDH: sense, 5'-GCA GTG GCA AGT
GGC AAA GTG GAG ATT-3'; antisense, 5'-TGA GTG GAG
TCA TAC TGG AAC ATG-3’ (88 bp)

J Gene Med 2004; 6: 1049-1060.
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Results

SIV vectors

SIV vectors carrying the human BDDFVIII ¢DNA (SIVh-
FVIII) used in this study have been shown previously to
transduce cells efficiently in vitro and invivo [14]. No
PCR-amplified fragments for the SIV gag gene or the SIV
pol gene were detected by RT-PCR in the supernatants
of vector-infected 293T cells in vitro {not shown), sug-
gesting that no replication-competent virus particles were
generated in the vector-infected cells.

Transduction of CB-CD34* cells with
SIVeGFP and SIVhFVIII

To assess the invitro transduction efficiency of CB-
CD34% cells with the SIV vector, CB-CD34%* cells were
cultured in the presence of increasing concentrations
of SIVeGFP for 48h or in the presence of the fixed
concentration of SIVeGFP for various incubation times.
After incubation, expression of eGFP in CB-CD34% cells
was analyzed by flow cytometry. As shown in Figure 1A,
eGFP expression in CB-CD34*% cells increased in a
dose-dependent manner. 99.6 + 0.1% of CB-CD34% cells
were efficiently transduced with SIVeGFP at MOI of
5 x 10 vg/cell {100 TU/cell). Half-maximal expression
of eGFP was achieved when cells were incubated with
SIVeGFP at MOIL of 50 vg/cell (1TU/cell). When CB-
CD34t cells were cultured in the presence of SIVeGFP
at MOI of 50 vg/cell (1TU/cell), expression of eGFP
increased with time, reaching a maximum at 48h
incubation, followed by a gradual decline at 72h
(Figure 1B). The gradual dedline in eGFP expression
may be due to either pseudotransduction or reduction
of cell viability. We also assessed hFVIIl production in
CB-CD34* cells in vitro. CB-CD34* cells were incubated
in the presence of increasing concentrations of SIVhFVIII
and the supernatants were harvested after 48 h incubation
and were subjected to ELISA for the hFVIII antigen.
FVIII production in the CB-CD34*% cells increased in
a dose-dependent manner, reaching a maximum at
2743 = 20.1 ng/10° cells/24 h at MOI of 5 x 102 vg/cell
(Figure 1C).

Determination of human CB-CD34*%
cell-derived white blood cells in
NOD/SCID mice

CB-CD34% cells were transduced with the SIVhFVIII
vector in the presence of TPO and SCF, because
transduction efficiency is enhanced when cells are induced
to enter the cell cycle [21]. Reduced cell viability after
transduction was observed due to exposure with SIV in
the absence of cytokines and even in the presence of
cytokines at high MOIs (data not shown). Reduction of
cell viability observed during transduction may well be

Copyright © 2004 John Wiley & Sons, Ltd.
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Figure 1. Transduction of CB-CD34% cells by SIVeGFP and
SIVhFVIII. CB-CD34+ cells (5 x 105 cells/mL) were incubated
with increasing concentrations of SIVeGFP for 48 h (A) or
with a fixed concentration (MOI, 50 vg/cell) of SIVeGFP for
various times (B). After incubation, expression of eGFP was ana-
Iyzed by flow cytometry. The percentages of transduced cells
expressing eGFP are shown (mean + SD, n = 3). CB-CD34+ cells
(5 x 105 cells/mL) were incubated with increasing concentra-
tions of SIVhFVIII and supernatants were harvested after 24 h
incubation and subjected to the FVIII ELISA for quantification of
the hFVII antigen {mean + SD, n = 3)

due to cytotoxicity of VSVG. Ex vivo expanded CB-CD34+
cells are reportedly less potent for engraftment in vive
[22]). Therefore, we transduced cells with an MOI of 50
vg/cell for 24 h in the presence of cytokines and then
transplanted them into NOD/SCID mice. 5 x 107 of the
transduced CB-CD34* cells (+/— hFVIID) suspended in
400 pL of IMDM were injected intravenously (i.v.) into
NOD/SCID mice after sub-lethal irradiation as described
in Methods. Peripheral white blood cells were obtained
from recipient mice and were subjected to flow cytometry
to confirm engraftment of the human cells. Figure 2 shows
the percentage of human CD45% cells in peripheral white
bloed and bone marrow cells of NOD/SCID mice after

J Gene Med 2004; 6: 1049-1060.
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Figure 2. Presence of human CD45* cells in peripheral white blood and bone marrow cells of NOD/SCID mice after transplantation
of human CB-CD34* cells. Peripheral blood was obtained from recipient mice on days 24, 48, and 60 after transplantation of
CB-CD34* cells. White blood cells derived from transplanted human cells were quantified by detecting human CD45% cells by
flow cytometry. The percentages of human CD45* cells in peripheral blood white blood cells (PB) from the NOD/SCID mice who
received SIVHFVIII (closed circles) and mock (open circles) transduced CB-CD34* cells (A} and those in bone marrow cells (BM)

collected on day 60 (B) are shown (mean + §D, n = 3)

transplantation. The percentages of human CD45% cells
in mouse periphera! white blood cells were 16.8 +9.1%
on day 24, 10.5 + 5.8% on day 48 and 7.4 + 2.5% on day
60 after transplantation (Figure 2A). When the mice were
sacrificed on day 60, the percentage of human CD45%
cells in bone marrow cells was 56.9 £ 9.9%(Figure 2B).
These data suggested that the transplanted human cells
were well engrafted in the NOD/SCID mice.

Plasma hFVIII levels in NOD/SCID mice
after transplantation

Mouse plasma was obtained on days 1, 6, 24, 48 and
60 after transplantation and human FVIII (hFVII) levels
in mouse plasma were quantified by the hFVIIl-specific
ELISA. Plasma hFVIII levels rose to 3.0 £ 1.2 ng/mL on
day 1 and reached a maximum at 3.6 £ 0.8 ng/mL on day
6 after transplantation. hFVIII levels gradually decreased
by 24 days, but continued a low-level basal production
of at least 1.2 ng/mL for 60 days after transplantation
(Figure 3A). Since the normal hFVIII concentration in
human plasma is 100-200 ng/mL [23], levels of hFVIII
in plasma of NOD/SCID mice which received transduced
cell transplantation were approximately 1-3% of the

Copyright © 2004 John Wiley & Sons, Ltd,

normal hFVIII, However, hFVIII levels in the bone marrow
of recipient mice were 13.4+ 6.5 ng/mlL (Figure 3B},
suggesting that those in recipient mouse bone marrow
were considerably higher than the plasma levels. Control
animals that received mock-transduced human CB-CD34*
cells did not yield any detectable hFVIII in their plasma
or the bone marrow.

Expression of CD markers in engrafted
human cells from peripheral blood,
spleen, and bone marrow

To analyze populations of human cells in CB-CD34*
cell-engrafted NOD/SCID mice, bone marrow cells and
spleen cells were isolated at 60 days after transplantation
and analyzed for the expression of human lineage-
specific markers by flow cytometry. Figure 4 shows a
typical analysis of bone marrow cells from a mouse
engrafted with SIVhFVIIl-transduced CB-CD34% cells.
From this mouse bone marrow, 42.8% of mouse bone
marrow cells were positive for human CD45. In the
human CD45% cell fraction, human CD34, CD19, CD3,
CD14, or CD33 positive cells were 22.9, 65.1, 0.1, 14.8,
and 13.2%, respectively. On average, human CD45%

J Gene Med 2004; 6: 1049-1060.
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Figure 3. Plasma hFVIII levels in transplanted NOD/SCID mice. Peripheral blood was obtained from recipient mice on days 1, 6,
24, 48, and 60 after transplantation of CB-CD34% cells. Human FVIII concentrations in plasma (PB) of the NOD/SCID mice which
received SIVHFVIII (closed circles) or mock (open circles) transduced CB-CD34+ cells (A) and the hFVIII concentrations of the bone
marrow preparation (BM) obtained on day 60 (B) are shown {(mean £ 5D, n = 3}

cells account for 56.9 + 9.9% of mouse bone marrow
cells. The average percentage of human cells expressing
human CD34, CD19, CD33, or CD14 markers in the
human CD45% cell fraction was 22.6 +£ 3.7, 54.9+ 7.9,
6.0 £ 0.8, or 10.3 £ 1.0%, respectively. No human CD3*
T cells were detected in the mouse bone marrow
samples. CD41* human platelets were found in not only
0.32 & 0.06% of the peripheral blood platelets, but also in
16.4 £ 5.8% of the bone marrow platelets. Transduction
of human CD34% cells by SIV vectors did not affect
expression of lineage-specific markers in reconstituted
peripheral blocd cells, bone marrow cells, or spleen
cells.

Detection of FVIII transcripts in bone
marrow cells of NOD/SCID mice

To assess the expression of genes in engrafted bone
marrow cells of NOD/SCID mice, bone marrow cells
were harvested at 60 days after injection and subjected

Copyright @ 2004 John Wiley & Sons, Ltd.

to RT-PCR analysis for detection of human BDD-FVIII
transcripts. Total RNA extracted from bone marrow cells
was subjected to PCR amplification using human FVIII,
human GAPDH, or mouse GAPDH specific primers. As
shown in Figure 5A, hFVII transcripts were detected
in bone marrow cells from the mice injected with
hFVIII gene-transduced CB-CD34t cells (lanes 4, 5),
but not detected from mock CB-CD34% cells (lanes
6, 7). Similarly, the hFVIII transcripts were observed
in spleen cells and peripheral blood cells from mice
engrafted for FVIII production, whereas the mock-
transduced mice were negative. The transcripts of human
GAPDH were detected in all cells (Figure 5B) derived
from recipient mice, but not those from NOD/SCID
mice without CD34% cell transplantation (Figure 5B,
lane 3). Also the transcripts of mouse GAPDH were
detected in all cells derived from NOD/SCID mice
{Figure 5C, lanes 3-11). Human GAPDH transcripts were
not detected in the liver, the lung, or the kidney (data not
shown).

J Gene Med 2004; 6: 1049-1060.
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Figure 4. Expression of lineage markers in human CD45% cells and detection of human CD41+ platelets in bone marrow cells.
Expression of CD3, CD19, CD33, CD14, and CD34 in the human CD45% cells isolated from the bone marrow of a recipient
mouse were analyzed by flow cytometry. Human platelets were detected by staining with RPE-conjugated anti-human CD41. The
figure shows typical histograms of CD antigen expression on bone marrow cetls obtained from NOD/SCID mouse on day 60 after

transplantation with hFVIII-transduced CB-CD34% cells

Detection of hFVIII expressed in bone
marrow cells and platelets of
NOD/SCID mice

To detect hFVIIE molecules in engrafted human-derived
cells, mouse bone marrow cells were processed for detec-
tion of FVIII antigen in tissues using immunofluorescence.
As shown in Figure 6, hFVIII was detected in bone
marrow cells isolated from mice injected with SIVhFVIII-
transduced CB-CD34* cells (Figure 6B), but not in cells

Copyright © 2004 John Wiley & Sons, Ltd.

from mice who received the mock-transduced CB-CD34+
cells (Figure 6A). These data confirm the notion that
the hFVIII was produced from the SIVhFIII-transduced
cells. Upon sacrifice, platelets were collected from 1 mL
of peripheral blood of recipient mice and extracted
with 0.1 mL PBS containing Triton X-100 (0.5%). The
platelet extracts were subjected to ELISA for quantifi-
cation of hFVII. We could detect 2ng of hFVII in
platelets derived from 1 mL of recipient mouse peripheral
blood.
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Figure 5. RT-PCR analysis of bone marrow cells. On day 60 after transplantation, RNA obtained from 5000 bone marrow cells was
subjected to RT-PCR analyses with specific primer pairs for the human BDD-FVIII transcript (A), the human GAPDH transcript (B),
and the mouse GAPDH transcript (C), PCR-amplified products were analyzed on 2% agarose gels followed by ethidium bromide
staining (1, non-transduced CD34% cells; 2, SIVhFVIII-transduced CD34+ cells; 3, NOD/SCID bone marrow; 4 and 5, recipient
FVIII-transduced bone marrow cells; 6 and 7, mock-transduced bone marrow cells; 8, recipient spleen cells; 9, mock spleen cells;
10, recipient peripheral white blood cells; 11, mock peripheral white blood cells)

(A)

Figure 6. Immunofluorescent microscopy of hFVIIL in bone
marrow cells of the NOD/SCID mice. Bone marrow cells obtained
from mock mice (A) or from recipient mice {B) were attached
to glass slides using a Cytospin3. After fixation with 4%
paraformaldehyde and washing with PBS, cells were incubated
with sheep anti-hFVIII polyclonal antibodies. Bound antibodies
were detected by AlexaFluor488-conjugated secondary antibody
and visvalized using a fluorescence microscope (E800; Nikon
Co. Ltd., Tokyo, Japan)

Copyright @ 2004 John Wiley & Sons, Ltd.

Discussion

We have shown that SIV vectors carrying either eGFP
or a therapeutic gene can transduce isolated CB-
CD34% cells efficiently and that these cells can be
transplanted into NOD/SCID mice successfully. We
achieved high-level expression of human FVIII (hFVIII}
in CB-CD34% cells transduced with SIVhFVII in vitro,
although VSVG-pseudotyped SIV vectors affected cell
viability at high MOIs. Successful engraftment of SIV
vector-transduced and FVIII-producing human CB-CD34%
cells into NOD/SCID mice and the relatively low but
effective expression level of the hFVIII antigen in vivo for
60 days were also achieved.

Hematopoietic stem cells are of considerable interest
for gene therapy because of their self-renewal ability.
Many reports have shown that hematopoietic stem cells
are present in the CD34*% cell fraction in humans and
engraftment of human hematopoietic stem cells to mice
is achievable by transplantation of CD34% cells into
NOD/SCID mice. Previous reports showed that viral
vector-transduced CB-CD34+ cells could be engrafted in
NOD/SCID mice [4-6]. However, ex vivo transduction
of the FVIII gene to hematopoietic stem/progenitor
cells by retroviral vector followed by transplantation
into lethally irradiated normal or hemophiliac mice
did not result in FVII expression in the plasma,
despite efficient engraftment of transduced cells [11-13].
Similarly, subcutaneous implantation of murine or human
fibroblasts or bone marrow stromal cells transduced with
hFVIII using retroviral vectors into immunodeficient mice
resulted in long-term persistence of the engineered host
cells in vivo, but no or only transient FVIII expression in
plasma [24-26]. These disappointing results may weil be
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a result of inefficient transduction of the hematopoietic
stem cells by the retroviral vectors.

Lentiviral vectors have been developed to overcome
this inefficlency [7], with resultant transduction and
integration of therapeutic genes into the target genome
[4-6]. The commonly used lentiviral vectors are derived
from HIV-1 or HIV-2 and endeavors have been made
to make lentdviral vectors much safer [27]. However,
the pathogenicity of HIV-based lentiviral vectors to
humans is not clear especially in HIV carriers. Therefore,
use of these vectors raises safety issues. The safety
of HIV-derived vectors ultimately must be proven, but
remains difficult because of the limited availability
of animal models of HIV-induced diseases. The SIV
lentiviral vectors used in this study were derived from
SIVagmTYO1, non-pathogenic to its natural hosts or
to experimentally infected Asian macaques [8], and no
replication-competent virus particles were detected in
vector-infected cells in vifro. Furthermore, the risk of
development of replication-competent lentivirus particles
in HIV carrier patients may be significantly lower than that
for the HIV-1-based vectors because of the Jow sequence
homology between HIV-1 and SIVagmTYOI. In this
regard, SIVagmTYO1l-based vectors have an advantage
regarding safety issues and clinical application of gene
therapy. To our knowledge, this is the first report of stable
production of human FVIII in mice by hematopoietic cells
reconstituted from CB-CD34% cells transduced with SIV
vectors.

In the current study, the transduction efficiency of
the CB-CD34% cells with the SIV vectors (Figure 1)
was comparable to HIV-based lentiviral vectors [4].
Production of hFVIII (274.3 + 20.1 ng/10% cells/24 h) by
transduced CB-CD34% cells invitro was considerable,
raising the possibility of achieving therapeutic levels of
plasma FVIII in the mice. After engraftment of transduced
cells in NOD/SCID mice, plasma FVIII levels were maximal
at 3.6+0.8ng/mL on day 6 after transplantation,
declining gradually to a sustained level of 1.2 ng/mL
for at least 60 days. The hFVIII production was observed
in plasma and at the gene level in bone marrow cells. The
hFVIII levels in plasma were lower than expected based
on the in vitro production rate. One contributing factor
may be the shorter half-life of hFVII in mice compared
with humans. The half-life of injected hFVIII in mice is
approximately 1h, whereas the half-life in hemophilia
patients is closer to 8—12 h [25]. Chao et al. showed low-
level production of hFVIII in immunocompetent C57BL/6
mice expressing a hFVIII inhibitor or in NOD/SCID mice
without a detectable inhibitor, In these studies, FVIII
levels increased after 10 months in both mice populations
at the disappearance time of the inhibitor in the C57BL/6
tnice [28]. Thus, secreted hFVIIl was likely degraded
in the NOD/SCID mice, analogous to that observed in
the immunocompetent mice, resulting in low circulating
levels of FVIIL It is also possible that the number of FVIII-
producing cells decreased gradually after transplantation.
We incubated CB-CD34% cells with SIVhFVIII at MOI of
50 vg/cell and approximately 50% of the CB-CD34™ cells

Copyright © 2004 John Wiley & Sons, Ltd.
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were transduced. These cells consist of hematopoietic
stem cells and hematopoietic progenitor cells. During
the early period after transplantation, the transduced
cells produced hFVII, as reflected by the relatively
high level of plasma hFVIII in mice on days 1 and 6
after transplantation. After day 6, transduced human
hematopoietic progenitor cells may have differentiated
to progeny cells, which would be liberated from the
bone marrow and cleared. Thus, the number of hFVIII-
producing cells might be decreased after day 6 as they
are derived solely from transduced human hematopoietic
stem cells, their progeny and differentiated cells. The
expected result would be declining plasma FVIII levels
in the later periods of post-transplantation. It is also
possible that silencing of the CMV promoter in vivo could
have occurred, that in turn reduced FVIII production. The
FVIII levels achieved in mice in this study were relatively
low but such an increase of the FVIII level would develop
clinical effects in hemophilias such as decrease of bleeding
episodes and of use of FVIII concentrates. Data on clinical
trials of hemophilia A gene therapy support this notion
[29,30]. Therefore, we think that the FVIII levels achieved
in this study were relatively low but an increase of FVIII to
these levels would develop clinical improvement in severe
hemophilia patients.

The replication mechanism of HIV-1 has been exten-
sively studied in host cells. HIV-1 has the unique property
among retroviruses to replicate in non-dividing cells. This
property enables HIV-1 and other lentiviral-based vec-
tors to transduce non-dividing hematopoietic stem cells.
The central DNA flap of HIV-1 is thought to function as
a cis-determinant of HIV-1 DNA nuclear import and to
play a crucial role for lentiviral vector nuclear import and
gene transduction of hematopoietic stemn cells [31,32].
The SIVagm vectors used in this study were developed
essentially according to the HIV-1-based vectors, Although
SIVagm vectors are self-inactivating type vectors, the cen-
tral DNA flap has not been included in the vectors as yet.
We were able to transduce CD34% cells using SIVagm
vectors efficiently in vitro, as shown in Figure 1, but FVIII
production was decreased after transplantation. Thus,
transgene integration into the CD34% cell genome by the
SIVagmTYO1 vector might not oceur efficiently. Currently,
we are redesigning the $IVagmTYO1 vector to include
the DNA flap. Use of such third-generation SIVagmTYO1
vectors will be of interest in future studies.

Analyses of lineage marker expression on the
hematopoietic cells from the bone marrow and
spleen of NOD/SCID mice confirmed engraftment and
hematopoiesis of the transduced cells in the mice. Further-
more, we demonstrated CD41%* platelets in the periph-
eral blood and the bone marrow, indicating that the
human megakaryocytic progenitors could differentiate
and mature to produce platelets in the mice. In fact, 2 ng
of human FVIII were detected by ELISA in the platelet
extracts derived from 1 mL of recipient mouse peripheral
blood. These data also suggest that this is another advan-
tage of transplantation of FVIII-producing hematopoietic
stem cells, since the FVIII can be stored in platelets, These
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