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We recently showed that c-kit signal synergizes with glyco- with FL induced the generation of a significant number of
erythroid cells and megakaryocytes in addition to myeloidprotein (gp)130 signal mediated by a complex of interleukin

(IL)-6 and soluble IL-6 receptor (IL-6/sIL-6R) to stimulate the cells. The combination of FL and IL-6/sIL-6R also induced a
remarkable expansion of GM colony- and erythroid burst-expansion of human primitive hematopoietic progenitor

cells and erythropoietin-independent erythropoiesis. In the forming cells and multipotential progenitors, although FL
or IL-6/sIL-6R alone induced the generation of only a smallpresent study, we examined the effect of a ligand for Flt3

(FL), whose receptor tyrosine kinase is closely related to c- number of progenitors for GM colonies. The synergistic ef-
fects of FL and IL-6/sIL-6R were confirmed in serum-freekit, in combination with IL-6/sIL-6R on human hematopoie-

sis in vitro. In serum-containing methylcellulose clonal cul- clonal and suspension cultures. In addition, the addition of
anti-human gp130 monoclonal antibodies abrogated theture of cord blood CD34" cells, whereas FL alone stimulated

only granulocyte-macrophage (GM) colony formation, ery- synergistic action. These results indicate that Flt3 signal, as
well as c-kit signal, synergizes with gp130 signal to stimulatethroid bursts and mixed colonies in addition to GM colonies

were induced by FL with IL-6/sIL-6R, but not IL-6/sIL-6R human myelopoiesis, erythropoiesis and megakaryopoiesis,
and the expansion of primitive multipotential hematopoieticalone. In suspension culture, CD34" cells generated a small

number of myeloid cells in the presence of FL or IL-6/sIL-6R progenitor cells.
q 1997 by The American Society of Hematology.alone. However, the addition of IL-6/sIL-6R to the culture

H MATERIALS AND METHODSEMATOPOIESIS IS regulated by a variety of hemato-
poietic growth factors, all of which function by signal- CD34/ cell purification. Human umbilical cord blood, collected

ing through their specific receptors.1 Several cytokine recep- according to institutional guidance, was obtained during normal full-
tors belonging to the subclass III receptor tyrosine kinase term deliveries. Mononuclear cells (MNC) were separated by Ficoll-

Hypaque density gradient centrifugation after depletion of phago-superfamily, including c-Fms and c-kit, which act as the
cytes with Silica (Immuno Biological Laboratories, Fujioka, Japan).receptors for macrophage colony-stimulating factor (M-
The MNC were resuspended at 3 to 5 1 107 cells/mL in phosphate-CSF) and stem cell factor (SCF), respectively, have been
buffered saline (PBS) and mixed with Dynabeads M-450 CD34shown to play key roles in hematopoiesis.2-7 Recently, the
(Dynal AS, Oslo, Norway), with a bead to cell ratio of 1:1. Cell-murine flt3 gene was identified and shown to encode a hema-
beads suspension was resuspended well and incubated at 47C for 30topoietic stem cell–associated tyrosine kinase receptor.4,8 A
minutes with gentle rotation. After the incubation, the cell-beads

cDNA encoding the human homologue of the flt3 receptor volume was expanded and placed in a DYNAL MPC (Magnetic
was subsequently cloned from a CD34/ hematopoietic stem/ Particle Concentrator) to collect the Dynabeads M-450 CD34–ro-
progenitor cell–enriched library.6,7 Expression of human flt3 setted cells. The rosetted cells were incubated with DETACHaBEAD
mRNA was observed in thymus, spleen, and bone marrow CD34 (Dynal) at room temperature for 45 minutes for the detach-

ment of Dynabeads M-450 CD34 from the positively selected cells.(BM). The flt3 receptor was used to clone Flt3 ligand (FL),
The released CD34/ cells were collected by placing the tube in thewhich promotes the proliferation of murine and human he-
MPC and were evaluated by flow cytometric analysis and colonymatopoietic stem and progenitor cells.9-14 Human BM and
assay. Approximately 95% of the separated cells were CD34/ bycord blood CD34/ cells form colonies in response to FL
flow cytometric analysis.alone, or FL in combination with other cytokines including

Cytokines, receptor, and antibodies. Recombinant human FLinterleukin (IL)-3, granulocyte-macrophage colony-stimulat-
was prepared as described previously.9 IL-6 and sIL-6R were kindly

ing factor (GM-CSF), and a GM-CSF–IL-3 fusion protein provided by Tosoh Co (Kanagawa, Japan).25 Recombinant human
termed Pixy 321.9,12-16 However, information about the ef- SCF was kindly provided by Amgen Biologicals (Thousand Oaks,
fects of FL on human hematopoiesis is still limited. CA). Recombinant human IL-3 and Epo were generously provided

Glycoprotein (gp)130, a 130-kD transmembrane glycopro- by Kirin Brewery (Tokyo, Japan). Granulocyte colony-stimulating
tein, was originally identified as a signal transducing compo-
nent of the interleukin-6 receptor (IL-6R). It is also shared in
common by receptors for IL-11, leukemia inhibitory factor,
oncostatin M, ciliary neurotrophic factor (CNTF), and car- From the Department of Clinical Oncology, The Institute of Medi-
diotrophin 1.17-21 We recently showed that gp130 is expressed cal Science, The University of Tokyo, Tokyo, Japan; and Immunex

Corporation, Seattle, WA.on most cord blood CD34/ cells, and that gp130 signaling
Submitted December 27, 1996; accepted July 28, 1997.initiated by a complex of IL-6 and soluble IL-6 receptor (IL-
Supported by grants from the Ministry of Education, Science,6/sIL-6R) synergizes with SCF for the ex vivo expansion

Sports, and Culture, Japan.of hematopoietic progenitor cells and erythropoietin (Epo)-
Address reprint requests to Tatsutoshi Nakahata, MD, Departmentindependent erythropoiesis.22-24 In the present study, we in-

of Clinical Oncology, The Institute of Medical Science, The Univer-vestigated the hematopoietic effects of FL in combination
sity of Tokyo, 4-6-1 Shirokanedai, Minato-ku, Tokyo 108, Japan.

with IL-6/sIL-6R on human cord blood CD34/ cells. The The publication costs of this article were defrayed in part by page
results indicate that FL, like SCF, synergizes with gp130 charge payment. This article must therefore be hereby marked
signaling (initiated by IL-6/sIL-6R) to stimulate various ‘‘advertisement’’ in accordance with 18 U.S.C. section 1734 solely to
types of human hematopoietic progenitor cells, including indicate this fact.
myelocytic, erythroid, megakaryocyte, and primitive multi- q 1997 by The American Society of Hematology.

0006-4971/97/9011-0025$3.00/0potential progenitors.
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factor (G-CSF) was kindly provided by Chugai Pharmaceutical Co
(Tokyo, Japan). All the cytokines were pure recombinant molecules
and were used at concentrations that induced optimal response in
methylcellulose culture of human hematopoietic cells. These concen-
trations are 100 ng/mL of SCF and IL-6, 1,000 ng/mL of sIL-6R,
200 U/mL of IL-3, 2 U/mL of Epo, and 10 ng/mL of G-CSF. Anti-
human gp130 monoclonal antibodies (MoAbs, GPX7, GPX22, and
GPZ35)26,27 were gifts of Tosoh Co. The three anti-gp130 MoAbs
recognize different epitopes on gp130 and have been shown to inhibit
the IL-6–mediated biological response through inhibition of the IL-
6–induced association of gp130 and IL-6R.

Clonal culture. The inoculated CD34/ cells and their progeny
in the suspension culture were incubated in methylcellulose culture
in triplicate at concentrations of 5 to 10 1 102 cells/mL for CD34/

cells and 2 to 10 1 103 cells/mL for cultured cells as previously
reported.22,23 One milliliter of culture mixture containing cells, a-

Fig 1. Colony formation from cord blood CD34" cells by varyingmedium (Flow Laboratories, Rockville, MD), 0.9% methylcellulose
concentrations of FL. 5 Ì 102 cord blood CD34" cells were incubated(Shinetsu Chemical Co, Tokyo, Japan), 30% fetal bovine serum
in serum-containing culture, and the colonies were scored at day 14(FBS; Hyclone, Logan, UT), 1% deionized fraction V bovine serum
of culture. FL alone induced only GM colony formation, and the num-

albumin (BSA; Sigma, St Louis, MO), 5 1 1005 mol/L mercaptoeth- ber of the colonies increased in a dose-dependent manner, reaching
anol, and various combinations of cytokines, was plated in each 35- a plateau at 100 ng/mL of FL. This concentration was assessed as an
mm standard nontissue culture dish (Nunc, Roskilde, Denmark) and optimal dose.
incubated at 377C in a humidified atmosphere flushed with 5% CO2

in air. Some studies were done with serum-free culture.22,23 It con-
tained components identical to those in serum-containing culture,

generated at each time point in the culture were evaluated by cultur-except 2% deionized crystallized BSA (Sigma), 200 mg/mL of hu-
ing a fraction of the expanded cells in methylcellulose containing aman transferrin (Sigma), 160 mg/mL of soybean lecithin (Sigma),
combination of SCF, IL-3, IL-6, Epo, and G-CSF.96 mg/mL of cholesterol (Nakalai Tesque Inc, Kyoto, Japan), and

Statistical analysis. For statistical comparison in scoring the10 mg/mL of human recombinant insulin (Sigma) replaced fraction
number of colonies, Student’s t-test was applied. The significanceV BSA and FBS. One milliliter of culture mixture was plated in a
level was set at 0.01.35-mm standard nontissue culture dish and incubated at 377C in a

humidified atmosphere flushed with 5% CO2, 5% O2, and 90% N2

RESULTSin air. All cultures were done in triplicate and scored at day 14 of
culture according to criteria reported previously.28-30 To assess the Synergistic action of FL with IL-6/sIL-6R on colony for-
accuracy of the in situ identification, individual colonies were lifted mation from cord blood CD34/ cells in serum-containing
with an Eppendorf micropipette under direct microscopic visualiza- culture. To examine the effect of FL on human hematopoi-
tion, spread on glass slides using a cytocentrifuge (Cytospin 2; Shan-

etic progenitor cells, we first performed methylcellulosedon Southern Instruments, Sewickley, PA), and stained with May-
clonal culture of 5 1 102 cord blood CD34/ cells in theGrunwald-Giemsa. For the blocking study, varying concentrations
presence of varying concentrations of FL. Although a smallof anti-gp130 MoAbs were added at the beginning of the culture,
number of GM colonies were detected in the absence ofand colony formation was observed at day 14. The abbreviations

used for the colony types are as follows: GM, granulocyte-macro- cytokines, FL dose-dependently enhanced the GM colony
phage colonies; MK, megakaryocyte colonies; B, erythroid bursts; formation as shown in Fig 1. The stimulatory effect of FL
and Mix, mixed hematopoietic colonies. was obtained at a concentration of 1 ng/mL, and the maximal

Suspension culture. Purified CD34/ cells were incubated in sus- increase of colony number was observed at a concentration
pension culture using a modification of the technique described re- of 100 ng/mL. No other types of colonies were detectable
cently.22,23 One milliliter of culture mixture containing 2 to 4 1 103

at concentrations of up to 1,000 ng/mL of FL. To elucidate
CD34/ cells, a-medium, 20% FBS, 1% deionized fraction V BSA,

the interaction among FL, IL-6, and sIL-6R, we next exam-and different combinations of cytokines was incubated in 24-well
ined the colony formation induced by different combinationstissue plates (Nunc) at 377C in a humidified atmosphere flushed with
of 100 ng/mL of FL, 100 ng/mL of IL-6, and/or 1,000 ng/5% CO2 in air. Serum-free culture contained components identical
mL of sIL-6R (Table 1). FL alone induced GM colonies asto serum-containing culture, except 2% deionized crystallized BSA,

200 mg/mL of human transferrin, 160 mg/mL of soybean lecithin, in the dose-response experiment. The addition of IL-6 to
96 mg/mL of cholesterol, and 10 mg/mL of human recombinant FL enhanced GM colony formation, whereas no synergistic
insulin replaced fraction V BSA and FBS. One milliliter of culture interaction was observed between FL and sIL-6R. Although
mixture was plated in 24-well tissue plates and incubated at 377C a combination of IL-6 and sIL-6R occasionally generated a
in a humidified atmosphere flushed with 5% CO2, 5% O2, and 90% few small erythroid bursts and Mix colonies in addition to
N2 in air. At weekly intervals, cultures were demidepopulated by GM colonies, the most pronounced effect was obtained with
the removal of half the culture volume, which was then replaced by

a combination of FL and IL-6/sIL-6R. The degree of thenewly prepared medium with the same combinations of cytokines.
synergistic effect of FL and IL-6/sIL-6R varied among sam-Cells in the collected media were counted, spun with a cytocentri-
ples, but this combination induced the greatest number andfuge, and stained with May-Grunwald-Giemsa and by the alkaline
largest erythroid bursts, GM, and Mix colonies; the mostphosphatase anti-alkaline phosphatase technique using MoAbs
significant synergism was observed in the formation of Mixagainst glycophorin A (Cosmo Bio, Tokyo, Japan) and gp IIb/IIIa

(Nichirei Co, Tokyo, Japan).31 Total hematopoietic progenitor cells colonies. We then determined the effect of adding varying
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Table 2. Effects of Varying the Concentration of Anti-gp130 MoAbsTable 1. Colony Formation From Cord Blood CD34" Cells in the
Presence of Various Combinations of FL, IL-6, and sIL-6R on Colony Formation by FL, IL-6, and sIL-6R

in Serum-Containing Culture
Concentration No. of Colonies per 500 Cells

of MoAbsNo. of Colonies per 500 Cells
(mg/mL) GM B Mix Total

Factor(s) GM MK B Mix Total 0 20 { 1 3 { 1 5 { 3 28 { 5
None 4 { 1 0† 0 0 5 { 1 1 11 { 1 0 0 11 { 1

10 12 { 2 0 0 12 { 2FL 12 { 2 0 0 0 12 { 2
IL-6 6 { 2 1 { 2 0 0 7 { 0 Varying concentrations of anti-gp130 MoAbs were added to the
sIL-6R 5 { 1 0† 0 0 5 { 1 serum-containing culture of 500 CD34/ cells with 100 ng/mL of FL,
IL-6 / sIL-6R 18 { 5 0 8 { 1 7 { 5 33 { 5* 100 ng/mL of IL-6, and 1,000 ng/mL of sIL-6R, and the colonies were
FL / IL-6 17 { 3 0† 0 0 17 { 3 scored at day 14 of culture. The number of colonies indicates mean
FL / sIL-6R 11 { 1 0 0 0 11 { 1 { SD of triplicate cultures.
FL / IL-6 / sIL-6R 30 { 3 0 11 { 1 17 { 3 58 { 5*

500 CD34/ cells were cultured in the presence of various combina-
Effect of anti-gp130 MoAbs on the colony formation bytions of 100 ng/mL of FL, 100 ng/mL of IL-6, and 1,000 ng/mL of sIL-

6R, and the colonies were scored at day 14 of culture. The number the combination of FL, IL-6, and sIL-6R. To verify the
of colonies indicates mean { SD of triplicate cultures. involvement of gp130 in the synergistic action of FL with

* Colony formation by IL-6/sIL-6R was less than that by FL and IL- IL-6/sIL-6R, we performed blocking studies using MoAbs
6/sIL-6R at P õ .01%. against human gp130. The addition of anti-gp130 MoAbs to

† One colony was present in triplicate cultures. the methylcellulose culture (containing 100 ng/mL each of
FL and IL-6 and 1,000 ng/mL of sIL-6R) inhibited the col-
ony formation from cord blood CD34/ cells (Table 2). The

concentrations of FL to the culture containing 100 ng/mL colony number decreased to the level induced by FL alone
of IL-6 plus 1,000 ng/mL of sIL-6R to confirm the syner- at concentrations of 1 and 10 mg/mL of the MoAbs. In
gistic action of FL with IL-6/sIL-6R on the formation of particular, the formation of erythroid bursts and Mix colonies
erythroid bursts and Mix colonies (Fig 2). The result showed was completely abrogated by the addition of 1 mg/mL of
that IL-6/sIL-6R supported only GM colony formation, and the MoAbs. These data clearly indicate that the observed
the addition of FL induced the increase in the number of effects mediated by IL-6/sIL-6R in the presence of FL are
GM colonies and the generation of erythroid bursts and Mix provided by the interaction of IL-6/sIL-6R with membrane-
colonies in a dose-dependent manner. Maximal increase in anchored gp130.
the number of erythroid/Mix colonies, as well as GM colo- Generation of various blood cells and hematopoietic pro-
nies, was obtained at a concentration of 100 ng/mL of FL. genitor cells by the combination of FL and IL-6/sIL-6R.
These results indicate that FL in combination with IL-6/sIL- We have shown that SCF, in combination with IL-6/sIL-
6R has a potent effect on hematopoietic progenitor cells, 6R, potently stimulates the ex vivo expansion of human
including myelocytic, erythroid, and multipotential progeni- hematopoietic progenitor cells22 and the generation of ery-
tors (CFU-GM, BFU-E, and CFU-Mix, respectively). throid cells in the absence of Epo in suspension culture of

CD34/ cells.23 The results of our clonal culture assay suggest
that FL in combination with IL-6/sIL-6R would have a simi-
lar effect. We then set up a suspension culture of 2 1 103

cord blood CD34/ cells with 100 ng/mL of FL alone or in
combination with 100 ng/mL of IL-6 and 1,000 ng/mL of
sIL-6R and incubated the culture for 3 weeks. When cultured
with FL or IL-6/sIL-6R alone, cord blood CD34/ cells gener-
ated only a small number of myeloid cells (data not shown).
By contrast, total cells cultured with FL and IL-6/sIL-6R
significantly expanded (Table 3). The expanded cells con-
tained megakaryocytes, erythroid, and blast cells in addition
to myeloid cells. The nature of megakaryocytes and erythroid
cells was confirmed by immunostaining with MoAbs against
gp IIb/IIIa complex and glycophorin A, respectively. The gp
IIb/IIIa–positive megakaryocytes were first detected at day
7 of culture and increased until day 14. The glycophorin A–
positive erythroid cells constituted approximately 15% of
the total culture cells at days 14 and 21. Some of the ery-Fig 2. Colony formation from cord blood CD34" cells by varying

concentrations of FL in the presence of 100 ng/mL of IL-6 and 1,000 throid cells differentiated to normoblast and enucleated
ng/mL of sIL-6R. 5 Ì 102 cord blood CD34" cells were incubated in erythrocyte stage. Myeloid and blast cells also expanded,
serum-containing culture, and the colonies were scored at day 14 of but myeloid cells kept increasing for 3 weeks whereas blastculture. The number of colonies increased dose-dependently to FL.

cells began to decrease at day 21. These results indicate thatThe formation of total and erythroid/Mix colonies was most pro-
nounced at 100 ng/mL of FL. FL and IL-6/sIL-6R induce the generation from CD34/ cells
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Table 3. Generation of Various Blood Cells From Cord Blood Comparison between FL and SCF in synergistic effect
CD34" Cells in Serum-Containing Suspension with IL-6/sIL-6R. The above results suggested that the

Culture With FL, IL-6, and sIL-6R stimulatory pattern of FL is reminiscent of that of SCF. To
No. of Blood Cells compare the effect of SCF and FL in more detail, we per-

Days in Total Cell formed methylcellulose culture of 51 102 CD34/ cells stim-
Culture No. G M MK E Blast

ulated by FL or SCF in the presence of IL-6/sIL-6R (Table
Day 7 2.0 1 104 800 1,580 600 0 17,020 5). A combination of FL, IL-6, and sIL-6R induced colonies
Day 14 10 1 104 10,900 47,500 1,000 12,900 27,700 of various lineages, but the number of colonies was less than
Day 21 12 1 104 28,080 66,240 840 19,920 4,920 those induced by a combination of SCF, IL-6, and sIL-6R.

2,000 CD34/ cells were incubated in serum-containing suspension The addition of FL to the combination of SCF, IL-6, and
culture with 100 ng/mL of FL, 100 ng/mL of IL-6, and 1,000 ng/mL of sIL-6R failed to affect the colony formation. These results
sIL-6R. Every week, total cell numbers were counted, and cytospin suggest that FL has a similar but weaker effect than SCF,
preparations were stained with May-Grunwald-Giemsa. Morphology and that the effect of FL overlaps that of SCF.
was examined under a light microscope. At least 200 cells were exam-
ined.

DISCUSSION
Abbreviations: G, granulocytes; M, macrophages; E, erythroid cells;

Blast, blast cells. The present study has shown that FL synergizes with IL-
6/sIL-6R in human hematopoiesis. The combination of FL
and IL-6/sIL-6R induced the formation of greater numbers
of GM colonies in methylcellulose clonal culture and largerof various types of hematopoietic cells, including erythroid

cells, megakaryocytes, and immature blast cells in addition expansion of myeloid cells and their progenitors in suspen-
sion culture as compared with FL alone. Erythroid colonyto myeloid cells.

We next analyzed hematopoietic progenitor cells in the formation in clonal culture and terminal maturation and
expansion of erythroid cells in suspension culture, whichsuspension culture. In the culture with FL or IL-6/sIL-6R

alone, there was little expansion of CFU-GM. However, the currently are considered to require Epo receptor signaling,
were supported by the combination of FL and IL-6/sIL-combination of FL and IL-6/sIL-6R induced the significant

expansion of hematopoietic progenitor cells at days 14 and 6R in the absence of added Epo. FL alone did not affect
erythropoiesis in accordance with previous reports.9,12,13,1521. When 2 1 103 cord blood CD34/ cells containing 1,372

hematopoietic progenitors were cultured, the number of total Megakaryopoiesis was also induced by the combination of
FL and IL-6/sIL-6R in suspension culture. In clonal culture,progenitors at days 7, 14, and 21 reached 853, 7,133, and

6,040, respectively. The expanded progenitors were of vari- the synergistic effect of these proteins on MK colony forma-
tion was unclear since serum-containing methylcellulose cul-ous types including CFU-GM, BFU-E, and CFU-Mix, but

the most significant expansion was achieved with CFU-Mix ture has been shown to be inappropriate for the growth of
MK colonies.32 Moreover, the combination of proteins in-at day 14. The 246 CFU-Mix in the inoculated 2 1 103 cord

blood CD34/ cells had expanded to 1,700 by day 14. These duced the generation of Mix colonies in clonal culture and
the expansion of multipotential hematopoietic progenitors inresults indicate that FL synergizes with IL-6/sIL-6R to stim-

ulate the expansion of various types of hematopoietic pro- suspension culture. Because similar results were also ob-
tained in the serum-free culture, the synergism of FL withgenitor cells, including CFU-GM, BFU-E, and CFU-Mix,

supporting our observation in clonal culture. IL-6/sIL-6R did not require the effect of other cytokines. In
addition, the synergistic effects were abrogated by the addi-Synergistic action of FL with IL-6/sIL-6R in serum-free

culture of cord blood CD34/ cells. To exclude the effect tion of anti-human gp130 MoAbs, suggesting that the effects
mediated by IL-6/sIL-6R in the presence of FL were pro-of FBS on the results observed above, we performed clonal

and suspension cultures under serum-free conditions. In the vided by the interaction of IL-6/sIL-6R with membrane-
anchored gp130 on CD34/ cells. Taken together, the presentmethylcellulose clonal culture of 1 1 103 cord blood CD34/

cells, IL-6/sIL-6R supported few colonies, and FL alone results show that a Flt3 signal, together with a gp130 signal,
supported only small GM colonies (Table 4). In combination
with IL-6/sIL-6R, however, FL induced a significant number
of colonies, including GM colonies, erythroid bursts, and Table 4. Colony Formation From Cord Blood CD34" Cells
Mix colonies, confirming the results in the serum-containing in the Presence of Various Combinations of FL, IL-6,
culture. The serum-free suspension culture of 4 1 103 cord and sIL-6R in Serum-Free Culture
blood CD34/ cells also revealed a similar result to the serum-

No. of Colonies per 1,000 Cells
containing culture. Although a small number of myeloid

Factor(s) GM MK B Mix Totalcells were produced in the culture with FL or IL-6/sIL-6R
alone at day 14 of culture, the combination of FL and IL-6/ FL 17 { 3 0 0 0 17 { 3
sIL-6R induced the generation of 1.85 1 105 cells, which IL-6 / sIL-6R 0 0 1 { 1 0 1 { 1

FL / IL-6 / sIL-6R 87 { 7 0 4 { 3 3 { 1 95 { 10consisted of 73.2% of myeloid cells, 0.5% of megakaryo-
cytes, 20.5% of erythroid cells, and 5.9% of blast cells. 1,000 CD34/ cells were cultured in the presence of various combina-
These results indicate that the synergistic effect of FL and tions of 100 ng/mL of FL, 100 ng/mL of IL-6, and 1,000 ng/mL of sIL-
IL-6/sIL-6R on human hematopoietic cells requires no other 6R, and the colonies were scored at day 14 of culture. The number

of colonies indicates mean { SD of triplicate cultures.cytokines.

AID Blood 0017 / 5h43$$$322 10-28-97 18:31:18 blda WBS: Blood

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/90/11/4363/1412573/4363.pdf by guest on 08 June 2024



SYNERGISM OF FLT3 AND GP130 SIGNALINGS 4367

Table 5. Comparison of Synergistic Effects Between FL and SCF With IL-6/sIL-6R

No. of Colonies per 500 CD34/ Cells

Factor(s) GM MK B Mix Total

FL / IL-6 / sIL-6R 5 { 0 8 { 3 5 { 1 28 { 3 46 { 3
SCF / IL-6 / sIL-6R 9 { 1 5 { 4 6 { 3 85 { 5 105 { 6
SCF / FL / IL-6 / sIL-6R 10 { 2 5 { 2 4 { 3 82 { 8 101 { 12

500 CD34/ cells were incubated in the presence of designated factor combinations in serum-containing culture, and the colonies were scored
at day 14 of culture. Concentrations of cytokines were 100 ng/mL for FL, 100 ng/mL for SCF, 100 ng/mL for IL-6, and 1,000 ng/mL for sIL-6R.
The number of colonies indicates mean { SD of triplicate cultures.

stimulates human erythropoiesis and megakaryopoiesis as cells. We have also found that hepatocyte growth factor, a
well as the expansion of primitive multipotential hematopoi- ligand for the Met tyrosine kinase receptor, synergized with
etic progenitors. IL-6/sIL-6R to some extent in erythroid colony formation in

The Flt3 receptor was reported to be expressed at low clonal culture of CD34/ cells, although other types of ligands
levels on human BM CD34/ cells by flow cytometric analy- for tyrosine kinase receptors, including epidermal growth
sis.12 A recent study of ours indicated that most cord blood factor, platelet derived growth factor, fibroblast growth fac-
CD34/ cells express gp130, whereas IL-6R is expressed tor (FGF), and M-CSF, provided no synergistic stimulation
on only a third of cord blood CD34/ cells. CD34//IL-6R/ with IL-6/sIL-6R on these cells (unpublished data). Recently,
progenitors are already committed to the myeloid lineage, Ip et al have reported that FGF synergizes with CNTF, whose
whereas CD34//IL-6R0 cells contain CFU-GM, BFU-E, receptor contains gp130 as a signal transducing component,
megakaryocytic progenitors (CFU-MK), CFU-Mix, and for the terminal differentiation of neuronal progenitor cells.19

long-term culture-initiating cells.24 These findings suggest Synergistic signals through gp130 and receptors with tyro-
that human CD34/ cells are composed of at least two sub- sine kinase may have roles not only in hematopoiesis but
populations, Flt3//gp130//IL-6R/ and Flt3//gp130//IL-6R0 also in other systems, such as the nervous system.
cells, and that most of the former are CFU-GM whereas the There has been great interest in the ex vivo expansion of
latter consists of BFU-E, CFU-MK, and CFU-Mix in addi- human primitive hematopoietic progenitor cells for clinical
tion to CFU-GM. This explains the responsiveness of CD34/ application, including gene therapy. The combination of
cells to the combination of FL, IL-6, and sIL-6R observed SCF, IL-6, and sIL-6R has been shown to be an attractive
in this study. FL and IL-6 might induce GM colony forma- candidate for the expansion.22 However, SCF induces the
tion from Flt3//gp130//IL-6R/ CFU-GM and have no effect generation of mast cells from human BM and cord blood
on Flt3//gp130//IL-6R0 progenitors. By contrast, the addi- CD34/ cells in vitro.33,34 Therefore, cultures containing SCF
tion of sIL-6R to the combination of FL and IL-6 might could possibly induce not only hematopoietic cells but also
stimulate not only Flt3//gp130//IL-6R/ CFU-GM but also mast cells, and the administration of cells cultured with SCF
Flt3//gp130//IL-6R0 CFU-GM and other types of progeni- may cause allergic reactions in the recipients. FL, in contrast
tors expressing Flt3//gp130//IL-6R0, such as BFU-E, CFU- to SCF, does not affect the proliferation or degranulation of
MK, and CFU-Mix. mast cells.35,36 Accordingly, although the combination of FL

We have recently indicated that signaling through c-kit with IL-6/sIL-6R has weaker activity than the mixture of
synergizes with a gp130 signal mediated by IL-6/sIL-6R SCF plus IL-6/sIL-6R, the combination may be more suitable
to induce the expansion of human primitive hematopoietic to apply to clinical use in the ex vivo expansion of human
progenitor cells22 and the generation of erythroid cells from hematopoietic progenitor cells.
cord blood CD34/ cells.23 More recently, human megakaryo-
poiesis has been shown to be stimulated by the synergistic

REFERENCESaction of SCF and IL-6/sIL-6R (manuscript submitted).
Thus, the signals generated via Flt3 and c-kit, both of which 1. Ogawa M: Differentiation and proliferation of hematopoietic

stem cells. Blood 81:2844, 1993belong to the tyrosine kinase receptor superfamily and are
2. Stanley ER, Guilbert LJ, Tushinski RJ, Bartelmez SH: CSF-expressed on human CD34/ cells,12,24 exhibit a similar de-

1: A mononuclear phagocyte lineage specific hematopoietic growthgree of synergism in combination with gp130 signals in
factor. J Cell Biochem 21:151, 1983human hematopoiesis.22-24 However, the synergistic effects

3. Williams DE, de Vries P, Namen AE, Widmer MB, Lymanof the Flt3 signal appear to be weaker than those of the c-
SD: The steel factor. Dev Biol 151:368, 1992kit signal. There are several possible explanations for the

4. Rosnet O, Marchetto S, deLapeyriere O, Birnbaum D: Murine
difference in activity between Flt3 and c-kit signals in syner-

Fit3, a gene encoding a novel tyrosine kinase receptor of the PDGFR/
gism with a gp130 signal. Firstly, the effect of transduction CSF1R family. Oncogene 6:1641, 1991
of the c-kit signal is essentially stronger than that of the Flt3 5. Matthews W, Jordan CT, Wiegand GW, Pardoll D, Lemischka
signal in the hematopoietic system. Secondly, the affinity of IR: A receptor tyrosine kinase specific to hematopoietic stem and
the gp130 signal to the c-kit signal is stronger than that to progenitor cell-enriched populations. Cell 65:1143, 1991
the Flt3 signal. Lastly, Flt3 expression diminishes earlier 6. Rosnet O, Schiff C, Pebusque M-J, Marchetto S, Tonnelle C,

Toiron Y, Birg F, Birnbaum D: Human FLT3/FLK2 gene: cDNAthan c-kit during the maturation process of hematopoietic

AID Blood 0017 / 5h43$$$322 10-28-97 18:31:18 blda WBS: Blood

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/90/11/4363/1412573/4363.pdf by guest on 08 June 2024



EBIHARA ET AL4368

cloning and expression in hematopoietic stem cells. Blood 82:1110, interleukin-11-mediated signal transduction. J Immunol 151:2555,
19931993

7. Small D, Levenstein M, Kim E, Carow C, Amin S, Rockwell 22. Sui X, Tsuji K, Tanaka R, Tajima S, Muraoka K, Ebihara Y,
Ikebuchi K, Yasukawa K, Taga T, Kishimoto T, Nakahata T: gp130P, Witte L, Burrow C, Ratajczak MZ, Gewirtz AM, Civin CI: STK-

1, the human homolog of Flk-2/Flt-3, is selectively expressed in and c-Kit signalings synergize for ex vivo expansion of human primi-
tive hematopoietic progenitor cells. Proc Natl Acad Sci USACD34/ human bone marrow cells and is involved in the proliferation

of early progenitor/stem cells. Proc Natl Acad Sci USA 91:459, 92:2859, 1995
23. Sui X, Tsuji K, Tajima S, Tanaka R, Muraoka K, Ebihara1994

8. Zeigler FC, Bennett BD, Jordan CT, Spencer SD, Baumhueter Y, Ikebuchi K, Yasukawa K, Taga T, Kishimoto T, Nakahata T:
Erythropoietin-independent erythrocyte production: Signals throughS, Carroll KJ, Hooley J, Bauer K, Matthews W: Cellular and molecu-

lar characterization of the role of the FLK-2/FLT-3 receptor tyrosine gp130 and c-kit dramatically promote erythropoiesis from human
CD34/ cells. J Exp Med 183:837, 1996kinase in hematopoietic stem cells. Blood 84:2422, 1994

9. Lyman SD, James L, Johnson L, Brasel K, de Vries P, Escobar 24. Tajima S, Tsuji K, Ebihara Y, Sui X, Tanaka R, Muraoka K,
Yoshida M, Yamada K, Yasukawa K, Taga T, Kishimoto T, Naka-SS, Downey H, Splett RR, Beckmann MP, McKenna HJ: Cloning

of the human homologue of the murine flt ligand: A growth factor hata T: Analysis of interleukin 6 receptor and gp130 expressions
and proliferative capability of human CD34/ cells. J Exp Medfor early hematopoietic progenitor cells. Blood 83:2795, 1994

10. Muench MO, Roncarolo MG, Menon S, Xu Y, Kastelein R, 184:1357, 1996
25. Yasukawa K, Saito T, Fukunaga T, Sekimoto Y, KoishiharaZurawski S, Hannum CH, Culpepper J, Lee F, Namikawa R: FLK-

2/FLT-3 ligand regulates the growth of early myeloid progenitors Y, Fukui H, Ohsugi Y, Matsuda T, Yawata H, Hirano T, Taga T,
Kishimoto T: Purification and characterization of soluble human IL-isolated from human fetal liver. Blood 85:963, 1995

11. Gabbianelli M, Pelosi E, Montesoro E, Valtieri M, Luchetti 6 receptor expressed in CHO cells. J Biochem 108:673, 1990
26. Taga T, Narazaki M, Yasukawa K, Saito T, Miki D, Hama-L, Samoggia P, Vitelli L, Barberi T, Testa U, Lyman S, Peschle C:

Multilevel effects of flt3 ligand on human hematopoiesis: Expansion guchi M, Davis S, Shoyab M, Yancopoulos GD, Kishimoto T: Func-
tional inhibition of hematopoietic and neurotrophic cytokines byof putative stem cells and proliferation of granulomonocytic progeni-

tors/monocytic precursors. Blood 86:1661, 1995 blocking the interleukin-6 signal transducer gp130. Proc Natl Acad
Sci USA 89:10998, 199212. McKenna HJ, de Vries P, Brasel K, Lyman SD, Williams

DE: Effect of flt3 ligand on the ex vivo expansion of human CD34/ 27. Saito T, Taga T, Miki D, Futatsugi K, Yawata H, Kishimoto
T, Yasukawa K: Preparation of monoclonal antibodies against thehematopoietic progenitor cells. Blood 86:3413, 1995

13. Rusten LS, Lyman SD, Veiby OP, Jacobsen SEW: The FLT3 IL-6 signal transducer, gp130, that can inhibit IL-6-mediated func-
tions. J Immunol Methods 163:217, 1993ligand is a direct and potent stimulator of the growth of primitive

and committed human CD34/ bone marrow progenitor cells in vitro. 28. Imai T, Koike K, Kubo T, Kikuchi T, Amano Y, Takagi M,
Okumura N, Nakahata T: Interleukin-6 supports human megakaryo-Blood 87:1317, 1996

14. Shah AJ, Smogorzewska EM, Hannum C, Crooks GM: Flt3 cytic proliferation and differentiation in vitro. Blood 78:1969, 1991
29. Nakahata T, Ogawa M: Hematopoietic colony-forming cellsligand induces proliferation of quiescent human bone marrow

CD34/CD380 cells and maintains progenitor cells in vitro. Blood in umbilical cord blood with extensive capability to generate mono-
and multipotential hematopoietic progenitors. J Clin Invest 70:1324,87:3563, 1996

15. Brashem-Stein C, Flowers DA, Bernstein ID: Regulation of 1982
30. Nakahata T, Spicer SS, Ogawa M: Clonal origin of humancolony forming cell generation by flt-3 ligand. Br J Haematol 94:17,

1996 erythro-eosinophilic colonies in culture. Blood 59:857, 1982
31. Okumura N, Tsuji K, Nakahata T: Changes in cell surface16. Petzer AL, Zandstra PW, Piret JM, Eaves CJ: Differential

cytokine effects on primitive (CD34/CD380) human hematopoietic antigen expressions during proliferation and differentiation of human
erythroid progenitors. Blood 80:642, 1992cells: Novel responses to Flt3-ligand and thrombopoietin. J Exp Med

183:2551, 1996 32. Tanaka R, Koike K, Imai T, Shiohara M, Kubo T, Amano
Y, Komiyama A, Nakahata T: Stem cell factor enhances prolifera-17. Taga T, Hibi M, Hirata Y, Yamasaki K, Yasukawa K, Mat-

suda T, Hirano T, Kishimoto T: Interleukin-6 triggers the association tion, but not maturation, of murine megakaryocytic progenitors in
serum-free culture. Blood 80:1743, 1992of its receptor with a possible signal transducer, gp130. Cell 58:573,

1989 33. Kirshenbaum AS, Goff JP, Kessler SW, Mican JM, Zsebo
KM, Metcalfe DD: Effect of IL-3 and stem cell factor on the appear-18. Hibi M, Murakami M, Saito M, Hirano T, Taga T, Kishimoto

T: Molecular cloning and expression of an IL-6 signal transducer, ance of human basophils and mast cells from CD34/ pluripotent
progenitor cells. J Immunol 148:772, 1992gp130. Cell 63:1149, 1990

19. Ip NY, Nye SH, Boulton TG, Davis S, Taga T, Li Y, Birren 34. Mitsui H, Furitsu T, Dvorak AN, Irani AMA, Schwartz LB,
Inagaki N, Takei M, Ishizaka K, Zsebo KM, Gillis S, Ishizaka T:SJ, Yasukawa K, Kishimoto T, Anderson DJ, Stahl DJ, Yancopoulos

GD: CNTF and LIF act on neuronal cells via shared signaling path- Development of human mast cells from umbilical cord blood cells
by recombinant human and murine c-kit ligand. Proc Natl Acad Sciways that involve the IL-6 signal transducing receptor component

gp130. Cell 69:1121, 1992 USA 90:735, 1993
35. Hudak S, Hunte B, Culpepper J, Menon S, Hannum C,20. Gearing DP, Comeau MR, Friend MR, Gimpel DJ, Thut SD,

McGourty CJ, Brasher J, King KK, Gillis JA, Mosley B, Ziegler Thompson-Snipes L, Rennick D: FLT3/FLK2 ligand promotes the
growth of murine stem cells and the expansion of colony-formingSF, Cosman D: The IL-6 signal transducer, gp130: An oncostatin

M receptor and affinity converter for the LIF receptor. Science cells and spleen colony-forming units. Blood 85:2747, 1995
36. Hjertson M, Sundstrom C, Lyman SD, Nilsson K, Nilsson255:1434, 1992

21. Yin T, Taga T, Tsang MLS, Yasukawa K, Kishimoto T, Yang G: Stem cell factor, but not flt3 ligand induces differentiation and
activation of human mast cells. Exp Hematol 24:748, 1996YC: Involvement of interleukin-6 signal transducer gp130 in the

AID Blood 0017 / 5h43$$$323 10-28-97 18:31:18 blda WBS: Blood

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/90/11/4363/1412573/4363.pdf by guest on 08 June 2024


