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Here, we demonstrate a significant ex vivo expansion of human hematopoietic stem cells capable of
repopulating in NOD/SCID mice. Using a combination of stem cell factor (SCF), F1k2/Flt3 ligand
(FL), thrombopoietin (TPO), and a complex of IL-6 and soluble IL-6 receptor (IL-6/sIL-6R), we cul-
tured cord blood CD34" cells for 7 days and transplanted these cells into NOD/SCID mice. Bone mar-
row engraftment was judged successful when recipient animals contained measurable numbers of
human CD45* cells 10-12 weeks after transplantation. When cells were cultured with
SCF+FL+TPO+IL-6/sIL-6R, 13 of 16 recipients were successfully engrafted, and CD45* cells repre-
sented 11.5% of bone marrow cells in engrafted recipients. Cells cultured with a subset of these fac-
tors were less efficiently engrafted, both as measured by frequency of successful transplantations and
prevalence of CD45" cells. In animals receiving cells cultured with all 4 factors, human CD45* cells
represented various lineages, including a large number of CD34* cells. The proportion of CD45* cells
in recipient marrow was 10 times higher in animals receiving these cultured cells than in those receiv-
ing comparable numbers of fresh CD34* cells, and the expansion rate was estimated at 4.2-fold by a
limiting dilution method. Addition of IL-3 to the cytokine combination abrogated the repopulating
ability of the expanded cells. The present study may provide a novel culture method for the expan-

sion of human transplantable hematopoietic stem cells suitable for clinical applications.

J. Clin. Invest. 105:1013-1021 (2000).

Introduction

There has been great interest in ex vivo expansion of
human long-term repopulating hematopoietic stem
cells (LTR-HSCs) for a variety of developing clinical
applications including HSC transplantation and gene
therapy. Because the development of HSC is thought
to be regulated, at least in part, by interactions of
cytokine receptor signals, many investigators used var-
ious combinations of cytokines that have been shown
to act on primitive hematopoietic cells to obtain the
optimal culture condition for HSC expansion. In par-
ticular, stem cell factor (SCF) and Flk2/Flt3 ligand (FL)
have been used as key cytokines for HSC expansion,
because c-Kit and Flk2/Flt3, tyrosine kinase receptors
for SCF and FL, respectively, were shown to transduce
signals crucial for HSC development (1-5). Throm-
bopoietin (TPO), a ligand for c-Mpl, originally identi-
fied as a primary regulator for megakaryopoiesis, has
also been shown to stimulate the expansion of primi-
tive hematopoietic cells (6-8). In addition, we have

demonstrated that gp130 signal activated by a complex
of IL-6 and soluble IL-6 receptor (IL-6/sIL-6R) syner-
gizes with c-Kit or FIk2/Flt3 signal to expand multipo-
tential hematopoietic progenitor cells (HPCs) (9-11).
On the other hand, previous reports on the effect of IL-
3 on the expansion of primitive hematopoietic cells
were controversial even though they found it stimu-
lates the expansion of relatively mature HPCs (12-16).

Clinically transplantable HSCs should prove to retain
a long-term repopulating ability. Until recently, how-
ever, most of the human HSC expansion studies aimed
at clinical application have used in vitro assays for
CD34" cells, colony forming cells in clonal culture,
cobblestone area-forming cells (CAFCs), and long-term
culture-initiating cells (LTC-ICs) to optimize the cul-
ture conditions (7, 17-20), but these surrogate assays
have been shown not to reflect stem cell activity cor-
rectly (21-23). The recent development of assays meas-
uring the ability to reconstitute human hematopoiesis
in ontologically or genetically immunodeficient ani-
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mals enabled investigators to evaluate the stem cell
activity of expanded hematopoietic cells (14-16,
24-26). We demonstrate here the significant expansion
of human LTR-HSCs by a combination of SCF, FL,
TPO, and IL-6/sIL-6R, using xenoplantation into
NOD/SCID mice. IL-3 was shown to negatively affect
the long-term repopulating ability of the cultured cells.
Our culture system may pave the way for the clinical
application of ex vivo expansion of human HSCs.

Methods

Mice. Experimental NOD/Shi-scid (NOD/SCID) mice,
which possess a lack of mature lymphocytes, macro-
phage dysfunction, and an absence of circulating
complements (27), were obtained from the Central
Institute for Experimental Animals (Kawasaki, Japan).
The mice were kept in microisolator cages on laminar
flow racks in a clean experiment room. They were
maintained on an irradiated, sterile diet and given
autoclaved, acidified water.

Cytokines. Recombinant human IL-6 and sIL-6R were
prepared as described previously (28). Recombinant
human SCF was kindly provided by Amgen Inc. (Thou-
sand Oaks, California, USA). Recombinant human
TPO, IL-3, erythropoietin (EPO), and GM-CSF were
generously provided by Kirin Brewery (Tokyo, Japan).
Recombinant human G-CSF was kindly provided by
Chugai Pharmaceutical Co. (Tokyo, Japan). Recombi-
nant human FL was purchased from R&D Systems
(Minneapolis, Minnesota, USA). All the cytokines were
pure recombinant molecules and were used at concen-
trations that induced an optimal response in methyl-
cellulose culture of human bone marrow (BM) cells.
These concentrations are 100 ng/mL for SCF, IL-6, and
FL; 1,000 ng/mL for sIL-6R; 20 ng/mL for IL-3; 2 U/mL
for EPO; and 10 ng/mL for TPO, G-CSF, and GM-CSF.

Cell preparation. Human umbilical cord blood (CB)
was obtained during normal full-term deliveries after
obtaining informed consent. Mononuclear cells
(MNCs) were separated by Ficoll-Hypaque density gra-
dient centrifugation after depletion of phagocytes
with Silica (Immuno Biological Laboratories, Fujioka,
Japan). CD34" cells were purified from the MNCs by
using Dynabeads M-450 CD34 and DETACHaBEAD
CD34 (Dynal AS, Oslo, Norway). Approximately 95%
of the separated cells were found to be CD34* cells by
flow cytometric analysis.

Suspension culture. Purified CD34" cells were incubat-
ed in suspension culture using a modification of the
technique described previously (29). One milliliter of
culture mixture containing 1 X 104 to 2 X 10* CD34*
cells, 0-medium (Flow Laboratories, Rockville, Mary-
land, USA), 20% FBS (Hyclone Laboratories, Logan,
Utah, USA), 1% deionized fraction V BSA (Sigma
Chemical Co., St. Louis, Missouri, USA), and various
combinations of cytokines was incubated in 12-well tis-
sue plates (Nunc A/S, Roskilde, Denmark) at37°Cina
humidified atmosphere flushed with 5% CO; in air.
Serum-free suspension culture contained components

identical to serum-containing culture, except 2% deion-
ized crystallized BSA, 200 pg/mL of human transferrin
(Sigma Chemical Co.), 160 plg/mL of soybean lecithin
(Sigma Chemical Co.), 96 pg/mL of cholesterol
(Nakalai Tesque Inc., Kyoto, Japan), and 10 plg/mL of
human recombinant insulin (Sigma Chemical Co.)
replaced fraction V BSA and FBS. One-milliliter
aliquots of culture mixture were plated in 12-well tis-
sue plates and incubated for 1 week at 37°C in a
humidified atmosphere flushed with 5% CO,, 5% O,
and 90% N in air.

Clonal culture. The freshly isolated CD34* cells and
their progenies in the suspension culture were incu-
bated in methylcellulose culture at a concentration of
5 %102 cells/mL for CD34* cells and 2 x 103 to 10 % 103
cells/mL for cultured cells as reported previously (9,
11). One milliliter of mixture containing cells, d-medi-
um, 0.9% methylcellulose (Shinetsu Chemical Co.,
Tokyo, Japan), 30% FBS, 1% deionized fraction V BSA,
5 %1075 M mercaptoethanol (Eastman Organic Chem-
icals, Rochester, New York, USA) and a combination of
cytokines including human SCF, IL-6, IL-3, G-CSF,
GM-CSF, TPO, and EPO was plated in each 35-mm
standard nontissue culture dish (Nunc A/S), and incu-
bated at 37°C in a humidified atmosphere flushed
with 5% COs in air. To evaluate human HPCs in BM
cells of engrafted NOD/SCID mice, 1.5 x 10° cells/mL
of BM cells were incubated in methylcellulose culture
containing 15% FBS, 1% deionized fraction V BSA, 5 x
10> M mercaptoethanol, and a combination of human
SCF, IL-3, GM-CSF, and EPO. All cultures were done in
triplicate and scored at day 14 of culture according to
criteria reported previously (30). The abbreviations
used for the colony types are as follows: G, granulocyte
colonies; M, macrophage colonies; GM, granulocyte-
macrophage colonies; E, erythroid bursts; and MIX,
mixed hematopoietic colonies. G and M colonies were
included in GM colonies in some experiments.

Transplantation into NOD/SCID mice. Xenotransplan-
tation of the freshly isolated CD34* cells and their
progenies in the suspension culture was performed
with a modification of the method described previ-
ously (31). Briefly, cells were injected into 8- to 10-
week-old NOD/SCID mice irradiated with 2.4 Gy (60
Co) of total body irradiation through the tail vein.
Because the natural killer cell activity of the NOD/Shi-
scid mice we used is detectable (27), the recipient mice
were injected intraperitoneally with 400 UL of PBS
containing 20 PL of anti-asialo GM1 antibody (Wako,
Osaka, Japan) immediately before the cell transplan-
tation. Identical treatments were performed on days
11, 22, and 33 after infusion of experimental cells.
Mice were killed in a CO, chamber 10-12 weeks after
the transplantation. Femurs and tibiae were collected
and aspirated with 5% FBS-containing PBS to liberate
BM cells. Cell suspensions were filtered through a ster-
ile 40-um cell strainer (no. 2340; Becton Dickinson
Labware, Franklin Lakes, New Jersey, USA) to get rid of
clumps and debris and were then processed for flow
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Figure 1

The expansion of total cells (a) and HPCs (b) by SCF+FL,
SCF+FL+TPO, and SCF+FL+TPO+IL-6/sIL-6R. A total of 2 x 104 CB
CD34* cells from 3 samples were cultured, and the numbers of total
cells and colony-forming cells in the clonal culture were analyzed at
day 7 of culture. AStatistically different from data corresponding to
the fresh CB CD34* cells (P < 0.01, Student’s t test).

cytometric analysis and clonal culture assay. In some
recipient mice, peripheral blood (PB) collected by
puncture of the tail vain was periodically analyzed
until 6 months after the transplantation.

Flow cytometric analysis of transplanted NOD/SCID mice.
Surface markers on human cells reconstituted in
NOD/SCID mouse BM were analyzed by flow cytome-
try using the FACSCalibur (Becton Dickinson Immuno-
cytometry Systems, Mountain View, California, USA) as
described elsewhere (31). Briefly, 1 X 10° mouse BM cells
suspended with 200 UL of PBS containing 2% FBS were
stained with antibodies at concentration of 20 pL/mL.
All antibody incubations were carried out for 30 min-
utes on ice. The presence of human hematopoietic cells
was determined by detection of cells positively stained
with FITC-conjugated anti-human CD45 in flow cyto-
metric analysis. Successful engraftment by human
hematopoietic cells was defined by the presence of at
least 1% of human CD45* cells in NOD/SCID mouse
BM cells 10-12 weeks after the transplantation. In all
recipients whose BM cells contained more than 1%
CD45" cells, human ALU sequences were detected in
DNA extracted from the BM cells by PCR analysis as dis-
cussed later here. Specific subsets of human hematopoi-
etic cells were quantified by gating on human CD45-
phycoerythrin-cyanine 5-succinimidylester-positive
(PE-CyS5-positive) cells and then assessing staining with
anti-human CD34-FITC, CD10-FITC, CD3-FITC,
CD33-PE, CD19-PE, and CD13-PE. All antibodies were
from Becton Dickinson Immunocytometry Systems
(San Jose, California, ,USA) except for anti-human CD3-
FITC and CD45-PE-Cy5S (Immunotech, Marseille,
France). For each mouse analyzed, an aliquot of cells

was also stained with mouse IgG conjugated to FITC,
PE, and PE-CyS as isotype controls.

Limiting dilution analysis. The frequencies of human
HSCs capable of repopulating in NOD/SCID mice in
CB CD34" cells and their progenies in the suspension
cultures were quantified by a limiting dilution analysis
as described previously (10, 16, 32). The data from sev-
eral limiting dilution experiments were pooled and
analyzed by applying Poisson statistics to the single-hit
model. The frequency was calculated using the maxi-
mum likelihood estimator.

PCR analysis. The detection of human ALU sequences
in DNA was performed by PCR analysis (31, 33). DNA
extracted from BM cells of recipient mice or the colonies
in clonal culture was subjected to PCR amplification
using a pair of oligonucleotide primers: ALU-5, CACCTG-
TAATCCCAGCAGTTT-3; ALU-3, CGCGATCTCGGCTCACT-
GCA. Samples were denatured at 94°C for 4 minutes,
then amplified by rounds consisting of 94°C for 1
minute (denaturing), 55°C for 45 seconds (annealing),
and 72°C for 1 minute (extension) for 21 cycles. Prod-
ucts were separated on a 3.0% agarose gel, stained with
ethidium bromide, and photographed.

Statistical analysis. Data are presented as the mean =+
SEM or mean + SD. The statistical significance of the
data was determined by Mann-Whitney U test or Stu-
dent’s ¢ test. The significant level was set at 0.01.

Results
Long-term repopulating ability of the cells cultured with single
cytokines or 2-cytokine combinations. We initially examined
NOD/SCID mice-repopulating ability of variable doses
of fresh CB CD34* cells. As shown in Table 1, none of 14
NOD/SCID mice transplanted with less than 5 x 103
cells revealed successful engraftment. Three (18.8%) of
16 and 3 (33.3%) of 9 recipients transplanted with 1 x 10*
and 2 x 10*cells, respectively, were successfully engraft-
ed. When 4 x 10*CD34* cells were transplanted, the high
engraftment rate was obtained (66.7%). Then, 1 x 10*to
2% 10*CB CD34* cells and their progenies in the culture
were transplanted for analysis sensitive to the expansion
of NOD/SCID-repopulating cells in the present study.
We first examined the expansion of NOD/SCID-
repopulating cells by SCF, FL, TPO, IL-6, IL-6/sIL-6R,

Table 1
Evaluation of initial cell dose of fresh CD34* cells

Cell dose injected No. of mice reconstituted Percent of positive mice

/transplanted

1 %103 0/5 0
5% 103 0/9 0
1% 109 3/16 18.8
2%104 3/9 333
4%104 6/9 66.7

NOD/SCID mice (n = 48) were injected with variable cell doses of fresh CB
CD34* cells and analyzed 10-12 weeks after transplantation. Successful
engraftment of human hematopoietic cells was determined by detection of

greater than 1% of CD45%cells in recipient BM cells.
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Table 2
Reconstitution of NOD/SCID mice transplanted with fresh and expanded CD34* cells

Percent of each lineage of cells in CD45* cells expressing No. of CD34* cells

No. of mice  Percent of CD45* in recipients
Culture conditions  reconstituted cellsin BM of CD19/CD10 CD13 CD33 CD3 CD34 engrafted (% 106)
/transplanted® recipients®

Fresh 6/25 1.40+0.63 85.4+3.2 6.4+1.2 8.7+1.0 0 49+33 0.45+0.24
SCF+FL 7/16 2.32+1.53 72.8+1.0 16.9+1.9 22.0+1.0 0 149+3.0 1.66 +2.29
SCF+FL+TPO 7/14 6.69 £3.69¢ 77.5+11.2 10.7+£3.9 16.3£11.8 0 16.8 £6.3 792 +6.61
SCF+FL+TPO 13/16 11.47 +5.87¢ 751+3.2 13.8+2.4 13.8+2.4 0 21.5+£23 13.72+10.65
+IL-6/sIL-6R

ANOD/SCID mice (n = 71) were injected with 1 X 104 to 2 X 104 CB CD34" or their progenies. 8Values are means + SEM. CStatistically different from data cor-

responding to mice transplanted with the fresh sample (P < 0.01; Mann-Whitney U test).

or IL-3 alone. When the cells cultured from 2 x 10* CB
CD34" cells with each of these cytokines for 1 week
were injected into 3 NOD/SCID mice, no recipients
revealed successful reconstitution of human hema-
topoietic cells, although 1 of 3 recipients transplanted
with the initial CB CD34" cells did. We next evaluated
the long-term repopulating ability of the cells cultured
with various combinations of 2 cytokines among these
cytokines. Only 2 of 3 recipients transplanted with the
cells cultured with SCF+FL for 1 week were successful-
ly engrafted, whereas all 3 transplants with the initial 2
x 104 CB CD34" cells failed. On the basis of these find-
ings, we determined to compare the hematopoietic
activities of the fresh CB CD34" cells and the cells cul-
tured with SCF+FL, SCF+FL+TPO, and SCF+FL+
TPO+IL-6/sIL-6R.

Reconstitution by the cells cultured from CB CD34" cells with
SCF, FL, TPO, and IL-6/sIL-6R in NOD/SCID mice. When
2 x 10* CB CD34* cells were cultured with SCF+FL,
SCF+FL+TPO, and SCF+FL+TPO+IL-6/sIL-6R for 1
week, total cell numbers increased 7.2-, 17.3-, and 45.4-
fold, respectively (n = 3) as shown in Figure la. Mor-
phological observation of cytospin preparations
showed that there were no significant differences
among the compositions of the cells cultured with the
combinations, all of which contained 70-80% blastic
cells. HPCs in the culture with SCF+FL did not
increase, but those with SCF+FL+TPO and
SCF+FL+TPO+IL-6/sIL-6R increased 3.1- and 6.1-fold,
respectively. The increase of multipotential HPCs was
most significant in the culture with SCF+FL+TPO+IL-
6/sIL-6R (3.5-fold).

We then transplanted the cells cultured from 1 x 10* to
2% 10*CB CD34" cells with the 3 combinations for 1 week
into NOD/SCID mice and analyzed the recipient BM cells

23.6% and 39.0% of BM cells were CD45 positive, respec-
tively. In the recipient transplanted with the cells cultured
with SCF+FL+TPO+IL-6/sIL-6R, 68.5% were CD45" cells.
The expression of lineage markers on the reconstituted
human CD45" cells was analyzed (Figure 3). All the recip-
ients transplanted with the cells cultured under the 3 con-
ditions possessed CD13* and CD33* myeloid cells, CD19*
and/or CD10* B-cells,and CD34* immature cells, but not
CD3* T-cells, in BM CD45" cells, as did the recipient
engrafted with the initial CD34" cells.

Table 2 summarizes the results of the transplantation
of the cultured cells. Six (24.0%) of 25 NOD/SCID mice
transplanted with 1 x 10 to 2 x 10* CB CD34" cells
showed successful engraftment. When the cells generat-
ed from 1 x 10* to 2 X 10* CB CD34" cells in 1-week cul-
ture were transplanted, the rate of success increased. In
the transplantation of the cells cultured with SCF+FL and
SCF+FL+TPO, 7 (43.8%) of 16 and 7 (50.0%) of 14 recipi-
ents, respectively, were engrafted. The recipients trans-
planted with the cells cultured with SCF+FL+TPO+IL-
6/sIL-6R showed the highest engraftment rate; 13 (81.2%)
of 16 mice showed successful engraftment. The percent-
ages of human CD45* cells in BM cells of the recipients
transplanted with 1 X 104 to 2 x 10* CB CD34" cells and
the cells cultured with SCF+FL were similarly about 2%,
but higher in the mice transplanted with the cells cul-
tured with SCF+FL+TPO and SCF+FL+TPO+IL-6/sIL-6R
(6.7% and 11.5%, respectively).

Table 3

Formation of human hematopoietic colonies from BM cells of
NOD/SCID mice engrafted with fresh CB CD34" cells and their progenies

No. of colonies per 1.5 x 105 BM cells

by flow cytometry 10-12 weeks after the transplantation Culture conditions  GM E Mix Total
. . -1: Fresh 3.3+0.6 0 0 3.3+0.6
to examine the long-term repopulating ability of the cul-
tured cells. Figure 2 shows a representative result of flow SCPHFL 9-3%5.1 0.7£0.6 0 10.0£4.6
S TIZULE - pre v SCF+FL+TPO  11.3+3.2 0.3+0.6 0 11.7 £2.94
cytometric analysis of BM cells in recipients engrafted SCE+FL+TPO 377449 30817 1.0£10 41.646.8°
with the progenies of 2 X 10* CB CD34" cells obtained +1L-6/5IL-6R

from the same sample. The recipient mouse transplanted

The clonal cultures were incubated for 14 days with human SCF, IL-3, GM-
CSF, and EPO. Values are means + SD from triplicate cultures. AStatistically
different from data corresponding to mice transplanted with the fresh sam-
ple (P <0.01, Student’s ¢ test).

with 2 x 10* CD34" cells possessed 12.0% human CD45*
cells in BM. When NOD/SCID mice were transplanted
with the cells cultured with SCF+FL and SCF+FL+TPO,
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The repopulating ability of fresh CB CD34* cells and the cells cul-
tured with SCF+FL, SCF+FL+TPO, and SCF+FL+TPO+IL-6/sIL-6R. A
total of 2 x 104 CB CD34" cells and their progenies were transplant-
ed into NOD/SCID mice, and the proportion of human CD45* cells
in recipient BM cells was analyzed by flow cytometry 12 weeks after
the transplantation.

Although B cells were the most predominantly repop-
ulated in the recipients engrafted with the fresh CB
CD34* cells, there were no significant differences in the
reconstitution of each lineage of cells among the recip-
ients engrafted with the cultured cells. Interestingly, the
proportions of human CD34" cells in BM cells were
higher in the recipients engrafted with the cultured cells
than those with the initial CB cells, being only 4.9 + 3.3%
in the latter. In particular, CD34" cells comprised 21.5 +
2.3% of the BM cells in the recipients transplanted with
the cells cultured with SCF+FL+TPO+IL-6/sIL-6R. On
the basis of the data, it was estimated that 30.5-fold of
CD34* cells were present in the recipients transplanted
with SCF+FL+TPO+IL-6/sIL-6R, compared with those
with fresh CB CD34* cells.

Hematopoietic activity of the cells engrafted in NOD/SCID
mice. Because BM cells of the recipient mice contained
a number of human CD34* cells, the human
hematopoietic activity of the reconstituted cells was
examined. When 1.5 x 10° BM cells of NOD/SCID mice
untransplanted were incubated in the methycellulose
clonal culture with human SCF, IL-3, GM-CSF, and
EPO, no colonies were formed, although only a small
number of mouse macrophage clusters and erythroid
bursts were detected. However, BM cells of the engraft-
ed recipients shown in Figures 2 and 3 produced
human hematopoietic colonies, whose numbers
depended on the proportion of human CD34" cells in
each BM (Table 3). The confirmation that these
colonies derived from human HPCs was obtained by
the detection of human ALU sequences in DNA
extracted from the colonies by PCR analysis. We ran-

domly chose the colonies in the culture of BM cells of
the mice engrafted with the cells cultured with
SCF+FL+TPO+IL-6/sIL-6R, individually lifted the
colonies from culture medium, and extracted the DNA.
DNA from all of 5 G colonies, 5 M colonies, 5 GM
colonies, 5 E bursts and 3 MIX colonies contained
human ALU sequences (data not shown).

We also monitored the presence of human CD45* cells
in PB of 3 recipients engrafted with the cells cultured with
SCF+FL+TPO+IL-6/sIL-6R until 6 months after the
transplantation (Table 4). Although the proportion of
CD45" cells in PB was always lower than in BM, a stable
number of CD45" cells were detected for 6 months in all
the engrafted recipients examined.

Expansion of human HSCs capable of repopulating in
NOD/SCID mice. The results just discussed suggest the
efficient expansion of LTR-HSCs in the cultures, espe-
cially by SCF+FL+TPO+IL-6/sIL-6R. We then com-
pared the proportions of human CD45" cells in BM
cells of NOD/SCID mice engrafted with 1 x 10* to 2 x
10 fresh CB CD34" cells from 12 different samples (1
mouse per sample) and their progenies cultured with
SCF+FL+TPO+IL-6/sIL-6R (Figure 4). Although BM
cells of 8 of 12 recipients transplanted with fresh cells
contained less than 1% CD45" cells, the reconstitution
of more than 1% CD45" cells was obtained in BM cells
of 10 mice transplanted with their progenies. In all 12
samples, the proportion of CD45* cells in recipient BM
cells increased by the culture with SCF+FL+TPO+IL-
6/sIL-6R for 1 week (mean: 10-fold; range: 1.5- to 30.3-
fold; P < 0.01 by Mann-Whitney U test). Given that this
finding further supported the expansion of LTR-HSCs,
the expansion rate was calculated using a limiting dilu-
tion method. As shown in Figure 5, the frequency of
LTR-HSCs was calculated as 1 in 39,386 in fresh CB
CD34" cells. On the other hand, the frequency of LTR-
HSCs in the cells cultured with SCF+FL+TPO+IL-
6/sIL-6R was calculated as 1 in 9,484. Accordingly, the
expansion of LTR-HSCs by SCF+FL+TPO+IL-6/sIL-6R
was estimated at 4.2-fold.

Next, to examine the time required for the HSC
expansion by SCF+FL+TPO+IL-6/sIL-6R, 1 x 10* CB
CD34" cells and their progenies cultured for 4, 7, and
14 days were transplanted into NOD/SCID mice. In 4
independent experiments, no mice transplanted with
the fresh CB CD34* cells and the cells cultured for 4
days possessed more than 1% of CD45" cells in BM 12
weeks after the transplantation. However, all 4 mice
transplanted with the cells cultured for 7 days were suc-
cessfully engrafted. The cells cultured for 14 days did
not repopulate in any of the 4 NOD/SCID mice. Thus,
7 days seemed to be an optimal duration for the HSC
expansion by SCF+FL+TPO+IL-6/sIL-6R.

Reconstitution by the cells cultured with SCF, FL, TPO, and
IL-6/sIL-6R under serum-free conditions. To exclude the
effects of an unknown factor(s) in FBS on the HSC
expansion by SCF+FL+TPO+IL-6/sIL-6R, we trans-
planted 1 x 10* CB CD34" cells and their progenies cul-
tured with the cytokine combination under serum-free
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The expression of CD10, CD19, CD3, CD13, CD33, and CD34 on human CD45" cells (shown in Figure 2) repopulating in BM of NOD/SCID

mice engrafted with fresh CB CD34* cells and the cells cultured with SCF+FL, SCF+FL+TPO, and SCF+FL+TPO+IL-6/sIL-6R.
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conditions into 5§ NOD/SCID mice. Although no mice
transplanted with the fresh CB CD34" cells were suc-
cessfully engrafted, 3 mice (60%) transplanted with the
cultured cells showed the reconstitution of human
hematopoietic cells in BM. Flow cytometric analysis of
BM cells of the 3 mice showed that human CD19* cells,
CD13* cells,and CD33" cells comprised 86.0 + 7.5%, 7.8
+5.4%,and 9.4 £ 5.4%, respectively, of the CD45" cell
population, a similar distribution to that in the recipi-
ents successfully engrafted with the cells cultured
under serum-containing conditions. This result indi-
cates that no other cytokines are needed for the HSC
expansion by SCF, FL, TPO, and IL-6/sIL-6R.
Inhibitory effect of IL-3 on the expansion of human HSCs.
Finally, we examined the effect of IL-3 on the expan-
sion of human hematopoietic cells. As shown in Fig-
ure 6, a and b, the addition of IL-3 to the culture sup-
plemented with SCF+FL+TPO+IL-6/sIL-6R increased
the numbers of total cells and HPCs after 1 week.
Then, to examine the effect of IL-3 on the expansion
of LTR-HSCs, the cells in the culture of 1 X 10* CB
CD34" cells obtained from 6 different samples with
SCF+FL+TPO+IL-6/sIL-6R in the presence or absence
of IL-3 were transplanted into NOD/SCID mice.
Although 4 of 6 recipients transplanted with the cells
cultured with SCF+FL+TPO+IL-6/sIL-6R possessed
more than 1% of human CD45" cells in BM cells, no
mice with the cells cultured with SCF+FL+TPO+IL-
6/sIL-6R+IL-3 were successfully engrafted. Figure 6¢
summarizes the effect of the addition of IL-3 on the
long-term repopulating ability of HSCs in the 4 sam-
ples that showed successful engraftment. In the trans-
plantation of the cells cultured with IL-3, the percent-

age of human CD45* cells in BM cells was less than
0.07% in all 4 recipients (P < 0.01; Mann-Whitney U
test). When 5 x 10* CD34* cells from 2 samples cul-
tured with SCF+FL+TPO+IL-6/sIL-6R in the presence
or absence of IL-3 were transplanted, all the mice were
successfully engrafted, but the percentages of CD45"
cells in BM of the recipients with the cells cultured
with IL-3 were lower than those without IL-3 (41.3%
and 49.5%, and 63.1% and 69.3%, respectively). These
results indicate that IL-3 expands human mature
blood cells and HPCs but has an inhibitory effect on
the expansion of LTR-HSCs.

Discussion

Certain combinations of SCF, FL, TPO, and IL-6/sIL-
6R, such as SCF+FL, FL+TPO, SCF+IL-6/sIL-6R,
FL+IL-6/sIL-6R, and SCF+FL+TPO, have been pro-
posed for the expansion of human primitive
hematopoietic cells, using in vitro assays for multilin-
eage colony-forming cells, CAFCs, and LTC-ICs (9, 11,
17,19, 34). The present study demonstrates that a com-

Table 4
The percentage of CD45" cells in PB of the engrafted recipients

Duration from the transplantation

7 weeks 12 weeks 16 weeks 24 weeks
Recipient 1 17.7 31.2 35.0 32.1
Recipient 2 6.3 31.5 38.2 35.0
Recipient 3 3.2 4.2 3.2 2.1

NOD/SCID mice were injected with 1 X 10 to 2 X 10* CB CD34"* cultured with

SCF+FL+TPO+IL-6/sIL-6R.
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bination of SCF, FL, TPO, and IL-6/sIL-6R stimulates
the significant expansion of human HSCs capable of
repopulating in NOD/SCID mice, and the increase in
1 week-culture was estimated at 4.2-fold by a limiting
dilution method. Because the distribution of human
hematopoietic cells of each lineage reconstituted by the
expanded cells in NOD/SCID mice was similar to that
by the initial CB CD34" cells, it is unlikely that the
cytokine combination expanded a specific population
of LTR-HSCs. Furthermore, the HSC expansion by the
cytokine combination was also achieved in serum-free
culture, indicating that these cytokines are sufficient
for the expansion.

The time-course study showed that the HSC expan-
sion requires 1 week of culture. Considering the reports
that the first cell division of CB colony-forming cells
occurred within 36-60 hours in the presence of phyto-
hemagglutinin-stimulated  leukocyte-conditioned
medium (35), and that the expansion of myelocytic
progenitors was first observed at day 3 in the culture of
BM CD34" cells with SCF and IL-3 (20), the duration
required for the expansion of HSCs seems longer than
that of HPCs. The dormant HSCs may take some time
to begin cell cycling. Recently, it was shown that incu-
bation with SCF and IL-6 for 40 hours upregulated the
expression of CXCR4 on CD34* cells, resulting in
increased engraftment in NOD/SCID mice (36). There-
fore, one must point out the possibility that the expan-
sion observed in the present study was caused by the
upregulation of CXCR4. Given that the HSC expansion
was not significant at day 4 of culture, the increased
engraftment efficiency is considered not to be mediat-
ed through this mechanism.

It has not been determined whether the HSC expan-
sion is a direct effect of SCF, FL, TPO, and IL-6/sIL-6R
through the binding to their specific receptors, c-Kit,
Flk2/Flt3, c-Mpl, and gp130, respectively. It was shown
that a low level of c-Kit is expressed on human HSCs
capable of repopulating in fetal sheep (37). c-Mpl was
also shown to be expressed on human LTR-HSCs by a
SCID-human bone model (38). Although the expres-
sions of Flk2/Flt3 and gp130 on human HSCs have not
been examined, Flk2/Flt3 was reported to be expressed
on human CAFCs (39), and we found the expression of
gp130, but not a-chain of IL-6R, on human CD34*
LTC-ICs (10). Taken together, these reports suggest
that SCF, FL, TPO, and IL-6/sIL-6R directly act on
human HSCs, even though they may affect different
stages of HSCs in their expansion.

There have been only a few reports describing ex vivo
expansion of human HSCs whose long term-repopu-
lating ability was confirmed in vivo, using combinations
of various cytokines (15, 16, 24, 25). However, these
reports could not verify the necessity of each cytokine
for the expansion. In the present study, we compared
the effects of various cytokines considered to act on
primitive hematopoietic cells alone or in combinations,
using transplantation into NOD/SCID mice. None of
SCF, FL, TPO, and IL-6/sIL-6R could solely expand or
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The comparison of the proportions of human CD45* cells in BM cells
of NOD/SCID mouse recipients transplanted with fresh CB CD34*
cells from 12 different samples and their progenies cultured with
SCF+FL+TPO+IL-6/sIL-6R. NOD/SCID mice were injected with 1 x
10%to 2 x 104 fresh CB CD34* and their progenies, and the propor-
tions of human CD45" cells in recipient BM cells were analyzed by
flow cytometry 10-12 weeks after the transplantation. The percent-
ages of CD45" cells in BM cells of the recipients transplanted with
the cultured cells were higher than those with fresh CB CD34" cells
(P <0.01, Mann-Whitney U test). EX, experiment.

maintain human HSCs. Of 2-cytokine combinations,
SCF+FL maintained human HSCs without the expan-
sion of HPCs. The addition of TPO and IL-6/sIL-6R to
the combination induced significant expansion of both
human HSCs and HPCs. In particular, the importance
of gp130 signal in LTR-HSC expansion was recently
shown using a recombinant molecule of sSIL-6R fused to
IL-6 (25). These observations may suggest that the syn-
ergistic action of SCF and FL supports the survival or
self-renewal of human HSCs, and TPO and IL-6/sIL-6R
induce the further expansion and early development of
HSC in the presence of SCF and FL.

Conneally et al. and Bhatia et al. showed the expan-
sion of human LTR-HSC by the cytokine combination
including IL-3, although they did not examine the role
of IL-3 in the expansion (15, 16). The reports on the
effect of IL-3 on HSC expansion have differed for mice
and humans. Culture of murine HSCs with IL-3 was
detrimental to the maintenance of stem cell activity, as
was shown by the repopulating ability in lethally irra-
diated mice (12, 13). By contrast, it was reported that
IL-3 did not affect negatively the long-term repopulat-
ing ability of human HSCs (14). Here, we demonstrat-
ed that IL-3 exhibits an inhibitory effect on the expan-
sion of human LTR-HSCs. Because IL-3 could
stimulate the increase of mature blood cells and HPCs,
IL-3 might consume human HSCs by hastening their
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Figure 5
The frequencies of human HSCs capable of repopulating in NOD/SCID mice in fresh CB CD34" cells (n = 52) and the cells cultured with
SCF+FL+TPO+IL-6/sIL-6R (n = 38). They were estimated as 1in 39,386 and 1 in 9,484, respectively, by a limiting dilution method.

differentiation. The discrepancy between our observa-
tion and the previous reports may be caused by the dif-
ference in the culture conditions or target cells. We also
observed that in the culture of a large number of
CD34" cells, IL-3 could not completely abrogate the
long-term repopulating ability of HSCs. The inocula-
tion of a large number of HSCs may overcome the
inhibitory effect of IL-3.

Many investigators have attempted to achieve effi-
cient ex vivo expansion of human HSCs to acquire a
sufficient number of transplantable HSCs in cases in
which the number of useful cells obtained is limited.
In particular, in CB transplantation, which is increas-
ingly being performed as an alternative to BM trans-
plantation, the extension of the application from chil-
dren to adults is hampered by the limited quantity of
CB harvest. In addition, the technology for HSC
expansion will contribute to gene therapy, which
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promises to be an important approach for a number
of genetic diseases and cancers. Because the use of
retroviral vectors for gene transduction requires that
the target cells pass through mitosis, it is necessary to
stimulate HSC division while retaining the long-term
repopulating ability for retroviral gene transduction
into HSC. Recently, it has been reported that a combi-
nation of FL, SCF, TPO, and a fusion protein of IL-6
and sIL-6R can induce an efficient gene transduction
into human HSCs (40). In the current study, we pro-
vided a culture method using SCF, FL, TPO, and IL-
6/sIL-6R for the expansion of human LTR-HSCs. The
increase was estimated at 4.2-fold by a limiting dilu-
tion method, indicating that the expansion by the
present culture system is practically sufficient for the
application of CB transplantation to most adult
patients. Furthermore, the expansion was achieved in
serum-free culture, which in clinical application would
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Figure 6

The effects of IL-3 on the expansion of total cells (a), HPCs (b), and LTR-HSCs (c). A total of 1 x 104 CB CD34" cells were cultured with
SCF+FL+TPO+IL-6/sIL-6R in the presence or absence of IL-3, and the numbers of total cells and colony-forming cells were analyzed at day
7 of culture. Cells cultured from 6 different samples were also transplanted into NOD/SCID mice (n = 12), and the proportions of human
CD45* cells in recipient BM cells were analyzed by flow cytometry 12 weeks after the transplantation. (c) The effects of the addition of IL-3
on the proportions of CD45" cells in recipient BM cells in 4 samples whose progenies cultured with SCF+FL+TPO+IL-6/sIL-6R exhibited
repopulating ability. The percentages of CD45" cells in BM cells of the recipients transplanted with the cells cultured with IL-3 were lower
than those without IL-3 (P < 0.01, Mann-Whitney U test). EX, experiment.
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exclude the possibility of unknown infections. Our
culture system may pave the way for the ex vivo expan-
sion of human transplantable HSCs.
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