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We generated transgenic mice expressing chimeric receptors, which comprise extracellular do-
mains of the human granulocyte-macrophage colony-stimulating factor (hGM-CSF) receptor and
transmembrane and cytoplasmic domains of the mouse leukemia inhibitory factor receptor. In
suspension cultures of lineage-negative (Lin™), 5-fluorouracil-resistant bone marrow cells of the
transgenic mice, a combination of hGM-CSF and stem cell factor (SCF) induced exponential
expansions of mixed colony-forming unit. The combination of hGM-CSF and SCF was effective on
enriched, Lin~Sca-1*c-kit™ progenitors and increased either mixed colony-forming unit or cob-
blestone area—forming cells. In case of stimulation with hGM-CSF and SCF, interleukin-6 (IL-6)
and SCF, or IL-11 and SCF, the most efficient expansion was achieved with hGM-CSF and SCF.
When Lin~Sca-1"c-kit*CD34~ further enriched progenitors were clone sorted and individually
incubated in the presence of SCF, hGM-CSF stimulated a larger number of cells than did IL-6, IL-6
and soluble IL-6 receptor (IL-6R), or IL-11. These data suggest the presence of IL-6Ra-, IL-11Ra-,
and gp130-low to -negative primitive hematopoietic progenitors. Such primitive progenitors are
equipped with signal transduction molecules and can expand when these chimeric receptors are

genetically introduced into the cells and stimulated with hGM-CSF in the presence of SCF.

INTRODUCTION

It is widely accepted that multistage developmental pro-
cesses from multipotential hematopoietic stem cells (HSCs)
to terminal differentiation in various lineages are supported
by variety of cytokines. Although various combinations of
cytokines have also been tested regarding amplification of
HSCs (Holyoake et al., 1996; Yonemura et al., 1997), mecha-
nisms governing the amplification of HSCs are not well
understood, mostly because receptors and downstream sig-
nal transduction pathways in HSCs have remained to be
clarified. To investigate related factors, we wanted to intro-
duce into primitive hematopoietic progenitors genetically
manipulated signal-transducing molecules to modify their
proliferation and differentiation.
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New technologies using retrovirus vector, adenovirus
vector, or adeno-associated virus vector have been devel-
oped to deliver genes into stem cells. However, gene transfer
into immature hematopoietic cells with high efficiency has

Abbreviations used: APC, allophycocyanin; BM, bone marrow;
CAFC, cobblestone area—forming cell; CFU, colony-forming
unit; CFU-Mix; mixed CFU; CSFR, colony-stimulating factor
receptor; Epo, erythropoietin; FACS, fluorescence-activated cell
sorting; FBS, fetal bovine serum; 5-FU, 5-fluorouracil; G3PDH,
glyceraldehyde-3-phosphate dehydrogenase; hGM-CSF, human
granulocyte-macrophage colony-stimulating factor; H + L,
heavy and light chain; HSC, hematopoietic stem cell; IgG, im-
munoglobulin G; IL, interleukin; IL-6Ra-, IL-11Ra-, and gp130-
low/negative, IL-6Ra-, IL-11Ra-, and gp130-low to -negative;
JAK, Janus kinase; LIF, leukemia inhibitory factor; LIFR, LIF
receptor; Lin ~, lineage-negative; MDGF, megakaryocyte differ-
entiation and growth factor; Meg, megakaryocyte colonies;
mLIF, mouse LIF; RT, reverse transcription; SCF, stem cell fac-
tor; sIL-6R, soluble IL-6R; STAT, signal transducer and activator
of transcription; TXR, Texas Red.
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required more study. Several investigators, including our
group, have used transgenic mice, and we found that use of
related technology is a pertinent approach to introduce
genes into hematopoietic cells and to analyze effects of the
gene products on their commitment (Nishijima et al., 1995;
Takagi et al., 1995; Kirby et al., 1996). To determine functions
of introduced molecules, these molecules have to be turned
on by extracellular signals, with no untoward effects on
endogenous molecules. For this purpose, the human granu-
locyte-macrophage colony-stimulating factor (hGM-CSF)/
hGM-CSF receptor (CSFR) system can serve as a switch,
because it functions on target cells in a species-specific man-
ner (Muto ef al., 1995; Nishijima et al., 1995).

Although little is known of signal transduction path-
ways required for expansion of HSCs, signals from gp130,
a common component shared with interleukin 6 (IL-6),
IL-11, leukemia inhibitory factor (LIF), oncostatin M, cil-
iary neurotrophic factor, and the cardiotrophin-1 receptor
system, are considered to transmit essential signals in
hematopoiesis (Kishimoto et al., 1995), because targeted
disruption of gp130 leads to serious hematological disor-
ders in embryogenesis (Yoshida et al., 1996). In addition,
LIF-deficient mice obtained by gene targeting have de-
creased numbers of HSCs (Escary et al., 1993), which
suggests that LIF receptor (LIFR) signaling is also re-
quired for the maintenance of HSCs. Thus, to control
expansion of primitive hematopoietic progenitors, use of
the intracellular signaling of LIFR was considered to be
appropriate.

We generated transgenic mice expressing chimeric recep-
tors, which contained the extracellular domains of hGM-
CSFR (a and B) and transmembrane and cytoplasmic do-
mains of mouse LIFR (LIFRB and gp130). Analysis of
hematopoietic cells using fluorescence-activated cell sorting
(FACS) or transgenic mouse technology revealed that prim-
itive hematopoietic progenitors are included in the IL-6Ra™
gp130* population (Tajima ef al., 1996; Peters et al., 1997).
Using our chimeric receptor transgenic mice, we wanted to
determine whether there is an IL-6Ra~ gp130~ more prim-
itive hematopoietic progenitor population which can ex-
pand when the hGM-CSF and mouse LIF (mLIF) chimeric
receptor genes are genetically introduced and expressed in
cells.

MATERIALS AND METHODS

Construction of hGM-CSFR-mLIFR Chimeric
Receptor Gene and Generation of Transgenic Mice

The chimeric receptor constructions, which carry the extracellular
domain of hGM-CSFRa or f8 linked to transmembrane and cytoplas-
mic regions of either mLIFRB or mgp130, were generated as de-
scribed (Nakamura ef al., 1998). The chimeric receptor genes were
designed to be under transcriptional control of the mouse major
histocompatibility complex class I (H-2Ld) promoter (Figure 1)
(Suematsu et al., 1992). Both H-2Ld-hGM-CSFRa-mLIFRB and
H-2Ld-hGM-CSFRB-mgp130 fragments were coinjected into pronu-
clei of fertilized eggs of C57BL/6 mice as described (Hogan et al.,
1994). The chimeric receptor transgenic mice were screened by PCR
and Southern blot analysis of tail DNA using hGM-CSFRa and B
cDNA fragment as probes (Figure 1). Mice were bred and main-
tained at our animal facility under specific pathogen-free condi-
tions.
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Reverse Transcription (RT)-PCR

Total RNAs were isolated from various tissues and cells of these
mice using Trizol reagent (Life Technologies, Grand Island, NY).
Polyinosinic acid (10 ug; Clontech Laboratories, Palo Alto, CA) was
added as a carrier when RNA was extracted from lineage-negative
(Lin™)Sca-1*¢c-kit*CD34~ bone marrow (BM) cells. In all cases,
RNA preparations were subjected to a DNase I (Ambion, Austin,
TX) digestion step before cDNA synthesis, thus eliminating any
remaining genomic DNA. The first-strand cDNA synthesis was
performed with d(T);g3 or d(N), primer using SuperScript II
RNaseH™ reverse transcriptase (Life Technologies) for 1 h at 37°C.
Using oligonucleotides of hGM-CSFRe« (sense, nucleotide positions
192-211; antisense, 851-868), hGM-CSFRB (sense, 785-804; anti-
sense, 958-977), and mouse glyceraldehyde-3-phosphate dehydro-
genase (G3PDH, as a positive control; sense, 759-783; antisense,
976-998) as primers, PCR was run for 35 cycles (hGM-CSFRa and
mG3PDH: 94°C for 30 s, 60°C for 30 s, and 72°C for 1 min; hGM-
CSERB: 94°C for 30 s, 58°C for 30 s, and 72°C for 1 min), followed by
7 min at 72°C. We used a DNA thermocycler (Gene Amp PCR
system 2400; Perkin-Elmer, Foster City, CA). To check for genomic
DNA contamination, a control without reverse transcriptase reac-
tion was always included. In the case of RT-PCR analysis of
Lin~Sca-1*c-kit"*CD34~ BM cells, the first PCR was run for 40
cycles (94°C for 30 s, 55°C for 30 s, and 72°C for 1 min), followed by
7 min at 72°C, using oligonucleotides of hGM-CSFRa (sense, 192—
211; antisense, 851-868), hGM-CSFRB (sense, 321-340; antisense,
957-976), mgp130 (sense, 1214-1234; antisense, 1853-1873), mlIL-
6Ra (sense, 657—-677; antisense, 1348-1368), and mIL-11R« (sense,
381-401; antisense, 1096-1116) as primers. After removal of primers
using a QIAquick PCR purification kit (Qiagen, Valencia, CA), the
first PCR product was used for the second nested PCR. The second
PCR was run for 40 cycles under the same conditions as the first
PCR, using oligonucleotides of hGM-CSFRa (sense, 213-232; anti-
sense, 791-810), hGM-CSFRB (sense, 371-391; antisense, 906-925),
mgp130 (sense, 1390-1410; antisense, 1833-1853), mIL-6Ra (sense,
746-766; antisense, 1281-1301), and mIL-11R« (sense, 427-447; an-
tisense, 835-855) as primers.

Flow Cytometry

BM cells from transgenic mice and their normal littermates were
prepared after removing red blood cells with use of ammonium
chloride buffer solution. After incubation with 300 ng of anti-mouse
CD16/CD32 (Fcy III/II receptor, 2.4G2; PharMingen, San Diego,
CA) mAb, ~3 X 10° cells in 30 ul of PBS containing 5% fetal bovine
serum (FBS; Life Technologies) were incubated with 300 ng of
mouse anti-hGM-CSFRea (S-20, immunoglobulin G2a [IgG2a]; Santa
Cruz Biotechnology, Santa Cruz, CA) or mouse anti-hGM-CSFRpB
(5-16, IgG; Santa Cruz Biotechnology) for 30 min at 4°C. Cells were
pelleted, washed, and incubated with FITC-conjugated goat anti-
mouse IgG (heavy and light chain [H + L]; Boehringer Mannheim,
Indianapolis, IN) for 30 min at 4°C. These cells were washed,
resuspended in 1 ml of PBS, and analyzed on a FACScan (Becton
Dickinson, Mountain View, CA).

Cell Preparation

BM cells and spleen cells from 8- to 20-wk-old chimeric receptor
transgenic mice were used. BM cells were flushed from femurs
and tibiae into a-medium (Life Technologies), using a 26-gauge
needle. Spleen cells were prepared by teasing the spleen in 3 ml
of a-medium in a 35-mm suspension culture dish (171099; Nunc,
Naperville, IL) and by repeated pipetting. Red blood cells were
lysed with an ammonium chloride buffer. BM cells or spleen cells
were passed through a 70-um nylon cell strainer (2350; Becton
Dickinson Labware, Franklin Lakes, NJ). For some experiments,
150 mg/kg body weight 5-fluorouracil (5-FU) (Sigma, St. Louis,
MO) was administered through tail veins of mice. BM cells were
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harvested 2 d after the 5-FU injection. BM cells were enriched for
progenitors by negative selection using immunomagnetic beads
(Dynabeads M-450, coated with sheep anti-rat IgG; Dynal, Oslo,
Norway) and a mixture of mAbs specific for CD45R/B220 (RA3-
6B2), CD4 (RM4-5), CD8 (53-6.72), Gr-1 (RB6-8C5), and CD11b
(M1/70, Mac-1 « chain) (each purchased from PharMingen). For
some experiments, the Lin~ cells were then stained with Texas
Red (TXR)-conjugated anti-rat IgG (H + L; Caltag, Burlingame,
CA), FITC-conjugated anti-mouse Ly6A/E (E13-161.7, Sca-1, rat
IgG2a; PharMingen) and phycoerythrin (PE)-conjugated anti-
mouse CD117 (2B8, c-kit, rat IgG2b; PharMingen), and the
TXR™FITC*PE* population (Lin~Sca-1*c-kit") was sorted, based
on cells stained with FITC-rat IgG2a (PharMingen) and PE-rat
IgG2b (PharMingen) as isotype-matched controls with a FACS
Vantage (Becton Dickinson), as described (Okumura ef al., 1996).

Clone Sorting and Single-Cell Culture

Lin~ cells were stained with TXR-conjugated anti-rat IgG (H +
L), PE-conjugated anti-mouse Sca-1 (PharMingen), allophycocya-
nin (APC)-conjugated anti-mouse c-kit (PharMingen), and FITC-
conjugated anti-mouse CD34 (RAM34, rat IgG2a; PharMingen),
and the TXR"PE* APC" population (Lin~Sca-1*c-kit") was
gated, based on cells stained with PE-rat IgG2a (PharMingen)
and APC-rat IgG2b (PharMingen), as isotype-matched controls.
Finally, a TXR"PE*APC* FITC™~ (Lin~Sca-1*c-kit"CD34™) pop-
ulation was obtained, based on cells stained with FITC-rat IgG2a
(PharMingen), PE-anti-mouse Sca-1, and APC-anti-mouse c-kit as
isotype-matched controls. Individual Lin~Sca-1"c-kit*CD34~
cells were sorted into each well of a 96-well flat-bottom plate
(Falcon 3072) with a FACS Vantage equipped with an automatic
cell deposition unit (Becton Dickinson). Each well contained 200
ul of serum-free medium. After confirming the presence of a
single cell in each well using an inverted microscope, cytokines
were added to each well, followed by incubation of the prepara-
tion at 37°C in a humidified atmosphere with 5% CO, in air.

Receptor and Cytokines

Recombinant mIL-3, rat stem cell factor (SCF), hGM-CSF, hIL-6,
hIL-11, human megakaryocyte differentiation and growth factor
(MDGF), and human erythropoietin (Epo) were kindly provided
by Amgen (Thousand Oaks, CA). Recombinant human soluble
IL-6R (sIL-6R) was kindly provided by Biotechnology Research
Laboratory, Tosoh (Kanagawa, Japan). Concentrations of growth
factors used in this study were as follows: IL-3, 10 ng/ml; IL-6,
100 ng/ml; IL-11, 100 ng/ml; GM-CSF, 100 ng/ml; MDGF, 10
ng/ml; Epo, 2 U/ml; SCF, 100 ng/ml; and soluble IL-6R (sIL-6R),
1000 ng/ml.

In Vitro Colony Assay

Methylcellulose clonal culture was carried out in 35-mm suspen-
sion culture dishes (171099; Nunc) as described (Nakahata and
Ogawa, 1982). One milliliter of culture mixture consisted of
a-medium, 0.9% 4000 centipoise methylcellulose (Sigma), 30%
FBS (Hyclone, Logan, UT), 1% deionized fraction V BSA (Sigma),
100 uM 2-mercaptoethanol (Sigma), and hematopoietic growth
factors. Dishes were incubated at 37°C in a humidified atmo-
sphere with 5% CO, in air. Colony types were determined on
days 7-16 of culture by in situ observation using an inverted
microscope, according to the criteria described elsewhere (Naka-
hata et al., 1982). To assess the accuracy of in situ identification of
the colonies, individual colonies were lifted using an Eppendorf
micropipette under direct microscopic visualization, spread on
glass slides using a cytocentrifuge (Cytospin 2; Shandon South-
ern Instruments, Sewickly, PA), and then stained for May-Griin-
wald-Giemsa and acetylcholinesterase. Abbreviations of colony
types are Meg, megakaryocyte colonies; and Mix, colonies con-
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sisting of more than trilineages including granulocyte-macroph-
age-megakaryocyte colonies, granulocyte—erythrocyte-macro-
phage colonies, and granulocyte—erythrocyte-macrophage—
megakaryocyte colonies.

Serum-free Suspension Culture

Serum-free suspension culture was carried out in 24-well plates
(3047; Becton Dickinson) as described (Iscove and Melchers, 1978;
Koike et al., 1988). Cells were incubated in 1 ml of a-media
containing 1% deionized, crystallized BSA (Sigma), 300 wg/ml
30% iron-saturated human transferrin (Boehringer Mannheim),
160 pg/ml soybean lecithin (Sigma), 96 wg/ml cholesterol (Sig-
ma), and 100 nM sodium selenite (Sigma).

Cobblestone Area Formation on OP9 Stromal Cell

Cobblestone area forming cell (CAFC) development was mea-
sured using a mouse OP9 stromal cell line (Kodama et al., 1994).
This cell line was provided by RIKEN Cell Bank (Tsukuba, Japan)
with permission of Dr. H. Kodama (Bayer Yakuhin, Nara, Japan).
OP9 stromal cells were maintained in a-medium containing 10%
FBS in a 24-well plate previously coated with type I-A collagen
(Nitta Gelatin, Osaka, Japan). One hundred Lin Sca-1*c-kit"
cells were preincubated with cytokine combinations in serum-
free suspension cultures for 4 d. After three washes with a-me-
dium, the proliferated cells were added to a well of OP9 stromal
cell culture and then incubated at 37°C with 5% CO, without
adding cytokines. On the other hand, with no preincubation, the
same number of Lin~Sca-1"c-kit" cells was directly cocultured
with OP9 stromal cells in the same manner. On day 7, numbers of
cobblestone areas seen under an inverted phase-contrast micro-
scope were counted. On days 12, 20, and 28, nonadherent cells
were harvested by three gentle washes of the well with a-me-
dium then analyzed for colony formation in the presence of IL-3,
IL-6, SCF, Epo, and MDGF. After harvesting the nonadherent
cells, freshly prepared media were added, and the coculture was
continued up to day 28.

RESULTS

Generation of Transgenic Mice

To ubiquitously express the hGM-CSFR-mLIFR chimeric
receptor, we used the H-2Ld promoter (Figure 1). We
found that the chimeric receptor could transduce self-
renewal signals in embryonic stem cells in response to
exogenous hGM-CSF (Nakamura et al., 1998). To make use
of Ly6A/E (Sca-1) as a marker of HSCs, we used the
C57BL/6 strain to generate the transgenic mice. Both
H-2Ld-hGM-CSFRa-mLIFRB and H-2Ld-hGM-CSFRB-
mgpl30 fragments were coinjected into pronuclei of fer-
tilized eggs of C57BL/6 mice. Among 343 offspring, 14
founder mice carried both o and B transgenes. Finally,
expression of both a and B chains of chimeric receptor
were confirmed by FACS analysis for both BM cells and
thymus cells in 11 mice. The results of in vitro colony
formation, in response to hGM-CSF, showed the same
tendency; therefore, one representative chimeric receptor
transgenic mouse line, maintained by crossing with
C57BL/6 mice, was used for further analysis. We exam-
ined the heterozygote chimeric receptor transgenic mice
in this study. In all experiments, we used as negative
controls normal littermates with genetic backgrounds
identical to those of the chimeric receptor transgenic mice.
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Figure 1. Construction of chimeric receptor. Chimeric receptor
was constructed by linking the extracellular domain of hGM-CSFRa«
or hGM-CSFRB to the transmembrane and cytoplasmic region of
mLIFRB or mgp130, respectively. Both transgenes were under tran-
scriptional control of a mouse H-2Ld promoter. Bars represent the
probes for genomic Southern blotting. Arrows and hashed arrows
represent the primers for genomic PCR and RT-PCR, respectively.

Expression of Chimeric Receptors in the Transgenic
Mice

RT-PCR revealed that the transgenes were ubiquitously
expressed in BM, thymus, spleen, brain, liver, and kidney
(Figure 2). Expression of the both « and g chains in BM
cells was also confirmed, using FACS analysis (Figure 3).
The chimeric receptor transgenic mice appeared normal
and healthy, currently up to 2 y of age, and bred well.
There were no significant differences in blood cell count
and the total blood picture between chimeric receptor
transgenic mice and their normal littermates (our unpub-
lished results).

hGM-CSF Stimulates In Vivo Hematopoiesis of
Chimeric Receptor Transgenic Mice

The in vivo effects of hGM-CSF were first examined. After
injection of 10 ug/kg hGM-CSF per day subcutaneously
for 2 wk, white blood cell and platelet counts in periph-
eral blood of the chimeric receptor transgenic mice in-
creased 1.5 and 1.3 times, respectively, although no
change in differential cell count of white blood cells was
noted (our unpublished results), and change in red cell
counts was nil (our unpublished results). Next, hemato-
poietic cells in spleen, BM, and peripheral blood were
examined. The number of spleen cells increased to ap-
proximately double in the chimeric receptor transgenic
mice, and both CFU-GM and CFU-Mix in spleens in-
creased dramatically (Figure 4). Although no change was
found in BM cell counts, CFU-Mix in BM also increased.
In contrast, no hematopoietic change was observed in
normal littermates after injection of hGM-CSF. These data
suggest that hGM-CSF stimulated in vivo hematopoiesis

3636

K
&
Nl N
¢ § S F & £
< A T g B
S S RSLF S E

- hGM-CSFR-0

~« hGM-CSFR-p

-2 mG3PDH

Figure 2. RT-PCR analysis of transgene expression. RNA was
prepared from various tissues and cells of the adult chimeric recep-
tor transgenic mice. The lane marked — is the PCR product of a
mock cDNA (no reverse transcriptase included in the cDNA syn-
thesis reaction). First lane is DNA size marker (Hinfl-digested
$X174). The expected sizes of the PCR products were «, 677 bp; B,
193 bp; and G3PDH, 240 bp.

of the chimeric receptor transgenic mice through recep-
tors introduced into the hematopoietic cells. However,
one would need to rule out the possibility that factors
induced by hGM-CSF from nonhematopoietic cells stim-
ulated the hematopoietic cells in vivo.

In Vitro Colony Formation and Expansion of
Clonogenic Cells in Response to hGM-CSF

To examine the direct effects of hGM-CSF on proliferation
and differentiation of hematopoietic progenitors of chi-
meric receptor transgenic mice, fresh BM cells were ana-
lyzed for in vitro colony formation. Although hGM-CSF
had no effects on BM cells of normal littermates, it did
stimulate developments of GM colonies, erythroid bursts,
and mixed colonies from BM cells of the chimeric receptor
transgenic mice in the presence of Epo (Table 1). The
numbers of colonies reached a maximum with 100 ng/ml
hGM-CSF (our unpublished results). In the absence of
Epo, hGM-CSF supported only nonerythroid GM and
granulocyte-macrophage-megakaryocyte colonies (our
unpublished results). The lack of erythroid colony forma-
tion in the presence of hGM-CSF alone indicates the in-
ability of hGM-CSF to substitute for Epo. In the culture of
Lin~ BM cells from 5-FU-treated chimeric receptor trans-
genic mice, hGM-CSF and SCF synergistically enhanced
the mixed colony formations (Table 1) in the presence of
Epo, although there were no significant differences among
cultures stimulated with hGM-CSF and SCF, IL-6 and
SCF, or IL-11 and SCF.

Effects of hGM-CSF on in vitro expansion of hemato-
poietic cells were then studied using Lin~ BM cells from
5FU-treated chimeric receptor transgenic mice in serum-
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Figure 3. Expression of chimeric
receptors on BM cells of transgenic
mice. Expression of chimeric recep-
tors was confirmed by flow cytom-
etry with FACScan, using mAbs di-
rected against the a and $ subunits
of the hGM-CSF receptor.

free suspension cultures. Accumulated expansion rates of
CFU-GM and CFU-Mix during three sequential cultures
were calculated. Although no single agent, hGM-CSF,
IL-6, IL-11, or SCF, could support proliferation of the cells
(our unpublished results), a combination of hGM-CSF and
SCF led to proliferation of enriched cells and exponen-
tially expanded both CFU-GM and CFU-Mix (Figure 5, A
and B). When compared with combinations of IL-6 and
SCF and IL-11 and SCF, the highest expansion on day 22
was achieved in culture containing hGM-CSF and SCF.
These observations are interpreted to mean that hGM-CSF
stimulated 5-FU-resistant, dormant hematopoietic pro-
genitors of the chimeric receptor transgenic mice and
expanded the cells more efficiently than did IL-6 or IL-11,
but the presence of SCF was required.

hGM-CSF Stimulates Enriched, Lin~Sca-1%*c-kit*
BM Cells and Expands Multipotent Hematopoietic
Progenitors

Lin~Sca-1"c-kit" cells were obtained from BM of the chi-
meric receptor transgenic mice by FACS sorting and were
then analyzed for expansion of multipotent hematopoietic
cells in response to hGM-CSF. One hundred cells that con-
tained 50.7 CFU-Mix and 33.3 CFU-GM and 13.3 CFU-Meg
before incubation were incubated for 8 d with hGM-CSF and
SCF, IL-6 and SCF, or IL-11 and SCF in serum-free suspen-
sion cultures. In cultures stimulated with hGM-CSF and
SCF, Sca-1, c-kit double-positive cells achieved twice the
expansion as those stimulated with IL-6 and SCF or IL-11
and SCF (Figure 6A). The most efficient expansion of CFU-
Mix was observed in cultures stimulated with hGM-CSF and
SCF (Figure 6B).

Using the same enriched cells, the effects of hGM-CSF
on expansion of CAFCs were examined. With no prein-
cubation, 100 Lin~Sca-1"c-kit* cells were cultured on an
OP9 stromal cell layer without cytokines. The same num-
bers of enriched cells were preincubated for 4 d with
hGM-CSF and SCF, IL-6 and SCF, or IL-11 and SCF in
serum-free suspension culture and then washed well with

Vol. 10, November 1999

hGMRa/mLIFR

150

hGMRB/mgp130

120

Log fluorescence intensity

BM
30000 4000
CFU-GM T CFU-Mix
3000 T
5 20000 5
£ €
Q2 2
= < 20004
o] o)
Z Z
10000-]
1000-
0 0-
Spleen
40000 15000
CFU-GM | CFU-Mix
30000
c c 10000
8 8
& 20000 i%
; o
2 Z 50007
10000

o 0-
Figure 4. hGM-CSF effects on in vivo hematopoiesis of in chimeric
receptor transgenic mice. Three hundred nanograms (10 ug/kg) of
hGM-CSF were injected subcutaneously once per day for 14 d to
three chimeric receptor transgenic mice (M) and three normal litter-
mates (), which were then killed. BM cells and spleen cells were
harvested from a femur and a whole spleen, respectively. After
counting the total number, the cells were analyzed for in vitro
colony assay in the presence of IL-3, IL-6, SCF, Epo, and MDGF.
Separately, three chimeric receptor transgenic mice ({J) and 3 nor-
mal littermates (E) were killed without giving hGM-CSF injection,
and clonogenic cells in BM and spleen were evaluated in the same
manner. All of the mice used in this experiment were 20 wk old.
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Table 1. Colony formation from BM cells of the chimeric receptor transgenic mice

Cytokines E GM Mix B Mast
Mice
Transgenic hGM-CSF + Epo 947 +11.4 36.7 = 0.6 6.3+ 15 40*+17 0.0+ 0.0
IL-3 + Epo 90.7 7.6 733 =15 40=x17 2.0x00 70*=1.0
Epo 110.0 = 13.1 0.0+0.0 0.0*+0.0 0.0+0.0 0.0+ 0.0
Normal hGM-CSF + Epo 102.0 £ 7.2 0.0 0.0 0.0 £0.0 0.0 £0.0 0.0 £0.0
IL-3 + Epo 927*92 76.0 + 3.6 4.0+0.0 13*15 43+15
Epo 100.7 = 21.4 0.0 0.0 0.0 £0.0 0.0 £0.0 0.0 £0.0
Cytokines
hGM-CSF + SCF + Epo 263 =49 6.7 +21
IL-6 + SCF + Epo 223+ 42 50+ 17
IL-11 + SCF + Epo 250+ 1.0 40=1.0
hGM-CSF + Epo 43+ 0.6 20*20
IL-6 + Epo 3.0x20 0306
IL-11 + Epo 13*15 0.0*+0.0
SCF + Epo 17x11 0.0 £0.0
Epo 0.0 +0.0 0.0*+0.0

For mice, 20,000 BM cells from the chimeric receptor transgenic mice or from their normal littermates were cultured in the presence of the
designated cytokine(s). E, erythroid colonies; B, erythroid bursts. For cytokines, 2000 Lin~ BM cells from 5-FU-treated chimeric receptor
transgenic mice were cultured in the presence of the designated cytokine(s). The number of colonies indicates mean * SD of triplicate

cultures.

a-medium and cultured on an OP9 stromal cell layer
without cytokines. On day 7 of coculture, the cobblestone
areas were counted. Preincubation with hGM-CSF and
SCF for 4 d dramatically increased the number of CAFCs
on day 7 of coculture (Figure 7A) compared with the case
of no preincubation. After day 7 of coculture, these cob-
blestone areas differed in size, and their numbers did not
seem to represent hematopoietic activity. Thus, instead of
the number of cobblestone areas, we adopted the number
of clonogenic cells produced on the stromal cell layer
during days 0-12, 12-20, and 20-28 of coculture to pre-
cisely evaluate the hematopoietic potential of the cobble-
stone areas. Throughout the coculture period, the cobble-
stone areas formed by hGM-CSF and SCF-treated CAFCs
showed more active hematopoiesis than did cobblestone
areas formed by nontreated CAFCs (Figure 7B). Preincu-
bation with IL-6 and SCF or IL-11 and SCF also increased
the number of CAFCs on day 7. However, the CAFCs
seemed to lose potency during the preincubation, because
their potential to produce progenitors gradually declined
and produced no progenitors after day 20 of coculture.
These data suggest that Lin~Sca-1*c-kit™ primitive hema-
topoietic progenitors expand most effectively by stimula-
tion through the chimeric receptor in the presence of SCF
when compared with IL-6R or IL-11R.

hGM-CSF Stimulates IL-6Ra-, IL-11Ra-, and gp130-
low to -negative Primitive Hematopoietic
Progenitors and Expands Multipotent Progenitors
Osawa et al. (1996) reported that HSCs of adult mouse BM
were detected in Lin~Sca-1*c-kit*CD34~ fractions. Next,
we examined expression of the chimeric receptor IL-
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6Ra and gp130 on Lin~Sca-1*c-kit*CD34~ cells by RT-
PCR. Using cDNA from Lin~Sca-1"c-kit*CD34 "~ cells as a
template, genes for the extracellular domain of both hGM-
CSFRa and B subunit were amplified. The IL-6Ra subunit
gene, the IL-11Ra subunit gene, and the gene for extra-
cellular domain of gp130 were not detected (Figure 8).
These data suggest that genetically introduced chimeric
receptor genes are expressed on IL-6Ra-, IL-11Ra-, and
gp130-low to -negative (low/negative) progenitors.

To determine whether chimeric receptors can function
in Lin~Sca-1"c-kit"CD34~ cells, we then carried out sin-
gle-cell cultures of cells sorted from the BM of the chi-
meric receptor transgenic mice by a FACS Vantage auto-
matic cell deposition unit. As shown in Table 2, in the
presence of SCF, 61.3% of Lin~Sca-1*c-kit*CD34"~ cells
responded to hGM-CSF, whereas only 9.4 and 14.3% of
the cells responded to IL-6 and IL-11, respectively. It is
well established that sIL-6R can activate various kinds of
cells expressing gp130 signal transducer but lacking the
specific IL-6Ra subunit (Hirota et al., 1996; Koshimizu et
al., 1996). When IL-6, sIL-6R, and SCF were added to the
culture, the number of responding cells increased slightly
but never reached the level of stimulation seen with hGM-
CSF and SCF. Although all of the proliferated cells con-
tained CFU-Mix regardless of cytokines added, stimula-
tion with hGM-CSF and SCF produced the highest
number of CFU-Mix. These observations suggest that the
chimeric receptors can transduce signals and markedly
expand multipotential progenitors in the presence of SCF.
The marked difference in expansion rate of primitive he-
matopoietic progenitors among hGM-CSF, IL-6, and IL-11
stimuli is probably due to functional expression of the
chimeric receptors in IL-6Ra-, IL-11Ra-, and gp130-low/
negative progenitor population.
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Figure 5. Time course analysis of expansion of clonogenic cells in
serum-free suspension culture. Ten thousand Lin~ cells obtained
from 5-FU-treated chimeric receptor transgenic mice were incu-
bated with hGM-CSF and SCF ([J), IL-6 and SCF (O), or IL-11 and
SCF (A) in serum-free conditions. The starting 10,000 cells contained
73.3 CFU-GM and 16.7 CFU-Mix. On days 10, 15, and 22, total cell
numbers were counted. Ten thousand cells were transferred to
freshly prepared media containing the same combination of cyto-
kines as for the previous culture, and the culture was continued. At
each time of replating, 2000 cells were analyzed for CFU-GM and
CFU-Mix by in vitro colony assay in the presence of IL-3, IL-6, SCF,
Epo, and MDGF. The y-axis represents the accumulated expansion
rate of CFU-GM or CFU-Mix during the serum-free suspension
cultures. Five cultures for each cytokine combination were prepared
and then repeated in two independent experiments.

DISCUSSION

In vitro experiments using either 5-FU-resistant, dormant
cells or Lin~Sca-1*c-kit", enriched cells of the hGM-CSFR-
mLIFR chimeric receptor transgenic mice showed that the
most effective expansion of primitive hematopoietic progen-
itors in the presence of SCF was achieved by hGM-CSF,
when compared with natural ligands for the gp130 receptor
family, such as IL-6 and IL-11. The marked difference of
expansion rate of primitive hematopoietic progenitors
among hGM-CSF, IL-6, and IL-11 stimuli may relate to the
different expression pattern of the receptors. Therefore, we
purified Lin~Sca-1"c-kit*CD34~ cells from BM of the chi-
meric receptor transgenic mice by FACS clone sorting and
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Figure 6. hGM-CSF effects on Lin~Sca-1"c-kit* BM cells. Lin~Sca-
1*c-kit™ cells were purified from BM of the chimeric receptor trans-
genic mice by FACS sorting. One hundred Lin~Sca-1"c-kit* cells
were incubated with hGM-CSF and SCF (M), IL-6 and SCF (L), or
IL-11 and SCF (E) in serum-free suspension cultures. The starting
100 Lin~Sca-1"c-kit* cells contained 50.7 CFU-Mix, 33.3 CFU-GM,
and 13.3 CFU-Meg. On day 8 of incubation, total cell number,
percent of Sca-1"c-kit"* cells, and number of CFU-Mix were exam-
ined. The y-axis represents expansion rates of Sca-1"c-kit* cells (A)
and CFU-Mix (B). Assays were done in triplicate cultures and
repeated in two independent experiments.

incubated the cells individually in serum-free culture with
hGM-CSF, IL-6, IL-6 and sIL-6R, IL-11, SCF, and their com-
binations. In the presence of SCF, hGM-CSF stimulated to a
greater extent Lin~Sca-1"c-kit*CD34~ progenitors than did
IL-6, IL-6 and sIL-6R, or IL-11 and markedly expanded
multipotential progenitors, suggesting that the marked dif-
ference in progenitor expansion is mainly due to the differ-
ent expression pattern of the receptors. RT-PCR analysis of
the receptor gene expression in the Lin~Sca-1"c-kit*CD34 "~
progenitors supports this notion. In humans, significant ex-
pansion of multipotent hematopoietic progenitors was seen
in the case of IL-6Ra~ cord blood cells in response to IL-6,
sIL-6R, and SCF but not from IL-6Ra* cells, suggesting the
presence of IL-6Ra~gp130* progenitors that have more he-
matopoietic capacities than do IL-6Ra™ progenitors (Sui et
al., 1995; Tajima et al., 1996). Peters et al. (1997) reported that
IL-6-sIL-6R double transgenic mice had a dramatic increase
of extramedullary hematopoietic progenitors in liver and
spleen, although IL-6 single transgenic mice or sIL-6R single
transgenic mice showed no such phenotype. Their results
suggest that IL-6Ra~gp130* progenitors also exist in mice,
although the possibility that nonhematopoietic cells produce
factor(s) in response to IL-6 and sIL-6R and in turn the
factor(s) stimulate the hematopoietic progenitors would
need to be ruled out. Our data clearly show that IL-6Ra-,
IL-11Ra-, and gp130-low/negative primitive hematopoietic
progenitors are present in mice, and that these cells are
equipped with signal transduction molecules, which can
expand when chimeric receptors are genetically introduced
and stimulated by hGM-CSF in the presence of SCF.

When Lin~Sca-1"c-kit"CD34~ cells were incubated with
IL-6, IL-6 and sIL-6R, and IL-11 in the presence of SCF, some
of the cells did proliferate, but their receptors were not
detected by RT-PCR. Therefore, the Lin~Sca-1"c-kit*CD34 "~
population may be heterogeneous. A small proportion of the
cells may express functional IL-6Ra, IL-11Ra and gp130,
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whereas the greater number of the cells completely lacks the
receptors. Alternatively, it may be that a large part of the
population expresses IL-6Rq, IL-11Re, and gp130. However,
the expression level is too low to detect their mRNAs by
RT-PCR, and a small number of cells express the receptors at
minimum level for required signaling. In any case, the re-
sults of Table 2 suggest that a considerable portion of
Lin~Sca-1*c-kit"CD34~ cells are silent on stimulation by
IL-6, sIL-6R, and SCF but are ready to respond to stimulation
by hGM-CSF and SCF when the hGM-CSFR-mLIFR chi-
meric receptors are expressed on the cells. Therefore, hGM-
CSF stimulated a large number of Lin~Sca-1"c-kit*CD34~
cells and supported the development of CFU-Mix most ef-
fectively when compared with IL-6, IL-6 and sIL-6R, or IL-11
in the presence of SCF.

In our transgenic mice, the chimeric receptors were ex-
pressed in Lin~Sca-1"c-kit*CD34~ cells, regardless of the
presence of SCF. However, hGM-CSF alone failed to stimu-
late proliferation of the cells, suggesting that gp130 signaling
alone is insufficient to initiate expansion of primitive hema-
topoietic progenitors, and that efficient expansion of the cells
requires both gp130 and c-kit signaling. Important molecules
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Day 20-28

Figure 7. Expansion of CAFCs. Lin Sca-1*ckit*
cells were purified from BM of the chimeric receptor
transgenic mice by FACS sorting. Without preincubation,
100 Lin~Sca-1*c-kit" cells were incubated on an OP9
stromal cell layer without adding cytokines (E). On
the other hand, 100 Lin~Sca-1*c-kit" cells were in-
cubated with SCF ((J), hGM-CSF and SCF (M), IL-6
and SCF (N), or IL-11 and SCF (@) in serum-free
suspension culture for 4 d and then washed well
with a-medium and incubated on an OP9 stromal
cell layer without addition of cytokines. (A) On day
7 of coculture, numbers of cobblestone area were
counted. (B) To evaluate the hematopoietic capacity
of the cobblestone area, on days 12, 20, and 28,
clonogenic cells produced from the cobblestone area
during the coculture were analyzed by in vitro col-
ony assay. Assays were performed in triplicate cul-
tures and repeated in two independent experiments.

in the signaling of gp130 are Janus kinase 1 (JAK1), JAK2,
and Tyk2, signal transducer and activator of transcription 1
(STAT1) and STATS3, the src-related kinase Tec, and the
tyrosine phosphatase SHP2 (Hirano, 1998). Although the
signaling events activated by SCF and the receptor tyrosine
kinase c-kit require further study, JAK2, STAT1, and Tec
were found to be activated (Tang et al., 1994; Weiler et al.,
1996; Deberry et al., 1997). Thus, investigations of cross-talk
between gp130 and c-kit signaling pathways may elucidate
pathways responsible for expansion of primitive hematopoi-
etic progenitors.

In vitro expansion of HSCs is important for analysis of
molecular mechanisms related to stem cell self-renewal.
Although transgenic mouse technology cannot be directly
applied to clinical therapy, the knowledge acquired using
transgenic mice can be useful in related work on stem cell
transplantation or gene therapy.
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Figure 8. RT-PCR analysis of
transgene and endogenous cyto-
kine receptor gene expression in
primitive hematopoietic progeni- T
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sizes of the final PCR products
were hGM-CSFRe, 598 bp; hGM-
CSFRp, 554 bp; mgp130 (extracellu-
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lar domain), 464 bp; mIL-6Re, 556 bp; and mIL-11Ra, 429 bp. The suitability of the primers for mgp130, mIL-6Ra, and mIL-11Ra was
confirmed by PCR using cDNA of 10 BM cells of 5-FU-treated C57BL/6 mice as a template. These data are from a single experiment, and

similar results were obtained in two additional experiments.

Table 2. Effect of hGM-CSF on single primitive hematopoietic pro-
genitors

Positive for Total CFU-Mix

Cytokines proliferation produced
SCF 0/8 0
IL-6 0/8 0
IL-6 + sIL-6R 0/8 0
IL-11 0/8 0
hGM-CSF 0/8 0
IL-6 + SCF 3/32(9.4 %) 30
IL-6 + sIL-6R + SCF 7/31 (22.6%) 80
IL-11 + SCF 3/21 (14.3%) 18
hGM-CSF + SCF 19/31 (61.3%) 378

Single Lin~Sca-1"c-kit*CD34 "~ cells were obtained by clone-sorting
of BM cells of the chimeric receptor transgenic mice and individu-
ally incubated with cytokines in a serum-free suspension culture.
On day 6, each well was checked for the presence of proliferated
cells. After three washes with a-medium, the proliferated cells in
each well were individually replated into methylcellulose media
containing IL-3, IL-6, SCF, Epo, and MDGEF to examine the number
of CFU-Mix. Data are from a single experiment, and similar results
were obtained in two additional experiments.
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