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Soluble Interleukin-6 (IL-6) Receptor With IL-6 Stimulates Megakaryopoiesis
From Human CD34* Cells Through Glycoprotein (gp)130 Signaling
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We have recently shown that stimulation of glycoprotein
(gp) 130, the membrane-anchored signal transducing recep-
tor component of IL-6, by a complex of human soluble
interleukin-6 receptor (sIL-6R) and IL-6 (sIL-6R/IL-6), potently
stimulates the ex vivo expansion as well as erythropoiesis of
human stem/progenitor cells in the presence of stem cell
factor (SCF). Here we show that sIL-6R dose-dependently
enhanced the generation of megakaryocytes (Mks) (lIbllla-
positive cells) from human CD34+ cells in serum-free suspen-
sion culture supplemented with IL-6 and SCF. The sIL-6R/IL-6
complex also synergistically acted with IL-3 and thrombopoi-
etin (TPO) on the generation of Mks from CD34* cells,
whereas the synergy of IL-6 alone with TPO was barely
detectable. Accordingly, the addition of sIL-6R to the combi-
nation of SCF + IL-6 also supported a substantial number of
Mk colonies from CD34™ cells in serum-free methylcellulose
culture, whereas SCF + IL-6 in the absence of sIL-6R rarely
induced Mk colonies. The addition of monoclonal antibodies
against gp130 to the suspension and clonal cultures com-
pletely abrogated the megakaryopoiesis induced by sIL-6R/

did not, indicating that the observed megakaryopoiesis by
sIL-6R/IL-6 is a response to gp130 signaling and independent
of TPO. Furthermore, human CD34" cells were subfraction-
ated into two populations of IL-6R-negative (CD34* IL-6R™)
and IL-6R-positive (CD34* IL-6R*) cells by fluorescence-
activated cell sorting. The CD34* IL-6R~ cells produced a
number of Mks as well as Mk colonies in cultures supple-
mented with sIL-6R/IL-6 or TPO in the presence of SCF. In
contrast, CD34* IL-6R* cells generated much less Mks and
lacked Mk colony forming activity under the same condi-
tions. Collectively, the present results indicate that most of
the human Mk progenitors do not express IL-6R, and that
sIL-6R confers the responsiveness of human Mk progenitors
to IL-6. Together with the presence of functional sIL-6R in
human serum and relative unresponsiveness of human Mk
progenitors to IL-6 in vitro, current results suggest that the
role of IL-6 may be mainly mediated by sIL-6R, and that the
gpl30 signaling initiated by the sIL-6R/ IL-6 complex is
involved in human megakaryopoiesis in vivo.

© 1999 by The American Society of Hematology.

IL-6 in the presence of SCF, whereas an anti-TPO antibody

EMATOPOIESIS IS A HIGHLY complex process medi- activate this glycoprotein and transduce the functional signals

ated by cytokines, by which blood cells of various that stimulate the hematopoietic progenitor expansion as well as
lineages are produced from a small population of stem cellserythropoiesis in the presence of stem cell factor (SCF) in vitro,
The development of megakaryocytes (Mks) from their stem/thus suggesting a novel role of gp130 signaling in human
progenitor cells is one of the least understood aspects ofematopoiesi®'®
hematopoiesis. The recent cloning of thrombopoietin (TPO), To examine the potential role of sIL-6R with IL-6 through
the ligand for c-Mpl receptor, and the findings that TPO actsgP130 signaling in human megakaryopoiesis in vitro, we have
through c-Mpl to promote proliferation and maturation of Mk €xamined the effect of a complex of sIL-6R/IL-6 on Mk
progenitors, have provided impetus for the study of Mk production and colony formation from purified human CD34
biology1# Extensive data published recently support that Tpocells in serum-free suspension and methylcellulose cultures. In
acts as the primary regulator of Mk development and platelefh® Present study, we show that sIL-6R confers the IL-6
production in vivo® However, the facts that although Mpl '€SPonsiveness of human Mk progenitors, a.mdlt.hataconjplex of
knock-out mice are thrombocytopenic, they do not suffer aSIL-6R/IL-6, but not sIL-6R or IL-6 alone, significantly stimu-
bleeding diathesi%/ and that transcription factor NF-E2—
deficient mice developed absolute thrombocytopenia indepen-
dent of action of TPG,suggest that additional factors act in
vivo to promote Mk development and platelet production. From the Department of Clinical Oncology, The Institute of Medical
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lates the proliferation and differentiation of human Mk progeni- serum albumin (BSA) (Sigma, St Louis, MO), 10 pg/mL of insulin
tors through gp130 signaling in the presence of SCF. (Sigmay), 200 pg/mL of transferrin (Sigma), 0.01mmol/L 2-mercapto-
ethanol (Eastman Organic Chemicals, Rochester, NY), 40 pg/mL of
low-density lipoprotein (Sigma), and different combinations of cyto-
MATERIALS AND METHODS kines was incubated in 24-well tissue plates (Nunc, Kamstrup, Den-
Cell preparation. Human umbilical cord blood (CB) samples, mark) at37°Cin ahumidified atmosphere flushed with 5%,G% O,
collected according to institutional guidance, were obtained duringand 90% N. At weekly intervals, cultures were demidepopulated by
normal full-term deliveries. Mononuclear cells (MNCs) were separatedremoval of half the culture volume, which was then replaced by newly
by Ficoll-paque (Pharmacia LKB, Uppsala, Sweden) density-gradienrepared medium with the same combinations of cytokines. Cells in the
centrifugation after depletion of phagocytes with Silica (IBL, Fujioka, collected medium were washed, counted, cytocentrifuged, and stained.
Japan). Total Mks generated at various time points in the suspension culture
Receptor, cytokines, and antibodiesRecombinant human IL-6 and  were calculated based on the proportion of the llbli¢zlls in cytospin
sIL-6R were prepared as descridédRecombinant human SCF was preparations and the total cell number induced by each combination.
kindly provided by Amgen Biologicals (Thousand Oaks, CA). Recom- For blocking studies, anti-gp130 MoAbs, anti-TPO Ab, and their
binant human TPO, IL-3 and EPO were generously provided by Kirin control IgG were added at the beginning of the culture.
Brewery (Tokyo, Japan). All the cytokines were pure recombinant Clonal culture. CD34* cells were incubated in triplicate at concen-
molecules and were used at concentrations that induced optimdrations of 500 cells/mL in serum-free methylcellulose culture as
response in methylcellulose culture of human hematopoietic cellspreviously reported with minor modificatidd2> One mL of culture
These concentrations are 100 ng/mL of SCF, 4 U/mL of TPO, and 200mixture containing cellse-medium, 0.9% methylcellulose (Shinetsu
U/mL of IL-3. Preparation of antihuman gp130 monoclonal antibodies Chemical, Tokyo, Japan), 2% pure-BSA (Sigma), 300 pg/mL of human
(MoAbs) (GPX7, GPX22 and GPZ35) and anti-IL-6R MoAb (MT26) transferrin, 160 pg/mL of soybean lecithin (Sigma), 96 pg/mL of
has been describé&?! The three anti-gp130 MoAbs recognize differ- cholesterol (Nacalai Tesque, Kyoto, Japan), 10 ug/mL of insulin, 0.05
ent epitopes on gp130 and have been shown to inhibit IL-6—mediatednmol/L 2-mercaptoethanol and various combinations of cytokines with
biological response through inhibition of the IL-6—induced associationor without sIL-6R, was plated in each 35-mm Lux standard nontissue
of gp130 and IL-6 receptord. The rabbit antihuman TPO neutralizing culture dish and incubated at 37°C in a humidified atmosphere flushed
polyclonal antibody was kindly provided by Kirin Brewery. The with 5% CQin air.
anti-IL-6R MoAb was labeled with biotin (Pierce Chemical Co, The pure Mk colonies were divided into two subtypes according to
Rockford, IL) according to conventional methods. Mouse fluoresceintheir size: colony forming unit-megakaryocyte (CFU-Mk)—derived
isothiocyanate (FITC)-labeled monoclonal immunoglobulin (Ig)G1 colonies and burst forming unit-megakaryocyte (BFU-Mk)—derived
antibody specific for CD34(anti-HPCA-2), FITC- and biotin-labeled colonies. CFU-Mk-derived colonies were scored as such when they had
irrelevant IgG1 MoAb, and SA-PE (phycoerythrin-conjugated streptavi-4 to 50 Mks, whereas BFU-Mk—derived colonies were scored when
din) were provided by Becton Dickinson (San Jose, CA). they had more than 50 Mks. Megakaryocyte-mixed colonies including
Purification of CD34 cells. Human CB MNCs were resuspended granulocyte-macrophage-megakaryocyte (GMM), erythroid-megakaryo-
at 3-5 x 10/mL in phosphate-buffered saline (PBS) and mixed with cyte (EM), and granulocyte-erythroid-macrophage-megakaryocyte
Dynabeads M-450 CD34 (Dynal AS, Oslo, Norway), with a bead to cell (GEMM) colonies, were scored according to the criteria reported
ratio of 1:1. The cell-bead suspension was resuspended and incubated@eviously?3-25The Mks in colonies were determined by observation on
4°C for 30 minutes with gentle rotation. After incubation, the cell-bead an inverted microscope, and were typically large cells that had
volume was expanded and placed in a DYNAL Magnetic Particle nongranular, translucent cytoplasm and highly refractile cell mem-
Concentrator (MPC) to collect the Dynabeads M-450 CD 34/rosettedbranes. To assess the accuracy of the in situ identification, individual
cells. The rosetted cells were incubated with DETACHaBEAD CD34 colonies were lifted with an Eppendorf micropipette under direct
(Dynal) at room temperature for 45 minutes to detach the Dynabeadsnicroscopic visualization, spread on glass slides using a cytocentrifuge
M-450 CD34 from the positively selected cells. The released cells(Cytospin IlI; Shandon Southern, Sewickley, PA), and stained for
(CD34"), collected by placing the tube in MPC, were further evaluated morphological examination.
by flow cytometric analysis and colony assay. Eighty-five percent to Cytochemical and immunological stainingCytocentrifuge prepara-
95% of the cells separated were CD3gly flow cytometric analysis. tions from suspension culture and methylcellulose culture were stained
Flow cytometry and cell sorting. Cell sorting based on the CD34 for the observation of cellular morphology. Staining with May-@mald-
and IL-6R markers was performed with MNCs. Cells were first Giemsa was performed by conventional method. Immunostaining with
incubated with biotin-labeled IL-6R MoAb in ice for 30 minutes. After the alkaline phosphatase antialkaline phosphatase (APAAP) method
washing, the cells were then incubated simultaneously with FITC—anti-using MoAbs of anti-gplibllla was performed as described previ-
CD34 MoAb and SA-PE for another 30 minutes. After two washings, ously?® Briefly, cytocentrifuged samples were fixed with buffered
the cells were suspendeddamedium (Flow Laboratories, Rockville, formalin-acetone at 4°C, washed with Tris buffer saline (Wako, Osaka,
MD) at concentrations of 5 to 1& 10°/mL and separated by cell Japan), and preincubated with normal rabbit serum to saturate the Fc
sorting. Cells were sorted on a FACS Vantage flow cytometer (Bectorreceptors on the cell surface. After washing, the samples were succes-
Dickinson). A morphologic gate including about 25% of the events andsively incubated with mouse MoAbs and rabbit antimouse 1gG Ab
all the CD34 cells was determined on two-parameter histograms (side(Medical and Biological Laboratories, Nagoya, Japan), and then reacted
scatter and forward scatter). Compensation for two-color labeledwith calf intestinal alkaline phosphatase-mouse monoclonal antialka-
samples was set up with single-stained samples. Positivity or negativityine phosphatase complex (Dako, Osaka, Japan). Alkaline phosphatase
for IL-6R antigen among CD34cells was determined using control activity was detected with naphthol AS-TR phosphate sodium salt
cells labeled with the biotin-PE and FITC-labeled irrelevant 1gG1 (Sigma) and fast red TR salt (Sigma) in pH 7.6, 40 mmol/L barbital
MoAb. Cells were sorted into CD34IL-6R~ and CD34 IL-6R* buffer (Wako) containing levamisole (Sigma) to inhibit nonspecific
fractions. Purity of sorted populations as verified by reanalysis wasalkaline phophatase activity. Positive cells were stained with reddish
greater than 95%. granules.
Suspension culture. Purified CD34 cells were incubated in serum- Statistical analysis. For the statistical comparison in scoring the
free suspension culture as we recently descri§édOne mL of culture numbers of Mks, and that of various Mk colonies, Studeftsst was
mixture containing 2000 CD34 cells, a-medium, 2% pure bovine applied. The significant level was set to 0.05.
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sIL-6R WITH IL-6 STIMULATES MEGAKARYOPOIESIS

RESULTS
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Table 1. Generation of Megakaryocytes From Human Cord Blood
CD34+ Cells in Serum-Free Culture

Soluble IL-6R stimulates Mk production from human CD34
cells in serum-free suspension culture dose-dependently in the

Day 7 in Culture

Day 14 in Culture

presence of IL-6 and SCF.To determine the effect of sIL-6R Positive Positive
on human Mk progenitors, we first examined its effect on the Factors Cells (X107 %  Cells(aohy %
Mk generation from human CB CD3<4ells in the presence of  SIL-6R + IL-6 0 0 0 0
100 ng/mL of IL-6 and SCF in serum-free culture. The culture SCF 0 0 0 0
was kept up to 1 week and the generated Mks were detected bj}-6 * SCF 033004 08 232x205 24
immunostaining the cytospin preparations with MoAb of antj- >8R * IL-6 + SCF* 4292046 50 09159 =254 65
lIbllla. As shown in Fig 1, the addition of sIL-6R in the I3 008002 1.3 0.93%029 70
Y o IL-6 + IL-3 022+001 13 7.14*076 19
presence of IL-6 significantly enhanced Mk generation in a g ¢r 4 1.6 + 1L-3% 293+191 11 2700+ 102 36
dose-dependent manner. The increase in the number of Mks wagpg 233+ 100 22  50.60 + 490 98
detectable at concentrations of sIL-6R as low as 10 ng/mL, and_-s + TPO 245+120 23 51.30 = 21.0 96
reached a plateau at 200 ng/mL. In the absence of sIL-6R, IL-BsIL-6R + IL-6 + TPO* 5.00 + 1.26 21 144.00 = 135.6 91
also induced the generation of Mks, but to much less extent. TherPO + SCF 44.90 = 30.1 55 445.00 =355 50
same results were also obtained when CD34lls purified IL-6 + TPO + SCF 4600+ 7.8 53 480.00*47.3 46
from human bone marrow MNC were used. These resultss!L-6R *IL-6 +TPO + SCF* 68.60 ~ 11.6 31  715.00 = 39.9 29

f TPO + IL-3 249 +=1.20 14 69.87 + 156 82

clearly indicate that sIL-6R is functional and capable o
stimulating Mk generation in the presence of IL-6 and SCF, and Two thousand CD34+ cells were initiated in all cultures. Mks were
that sIL-6R at 200 ng/m|_ appears to be the optimal concentracalculated based on the proportion of lIbllla positive cells on cytocen-
tion for the generation of Mks in serum-free suspension culturgrifuge preparations and the total cell numbers generated by each

in the presence of SCF and IL-6.
Effects of sIL-6R and IL-6 in combination with various
cytokines on the Mk generation in suspension cultufeo

examine the sIL-6R and IL-6—mediated Mk generation in more

detail, we performed CD34cell suspension culture supple-
mented with sIL-6R, and IL-6 in combination with various

combination. Results are represented by mean = SD from three
separate experiments. % indicates the percentage of MKs in the total
cells generated at each time point and are expressed as the mean
percentage from the three experiments.

*The number of MKs is significantly different from that of their
counterparts without sIL-6R (P < .05 to .0001).

cytokines, over a period of 2 weeks with weekly analysis of the

generated cells. The total number of Mks generated at each ti
point by various combinations of cytokines is shown in Table 1.
Soluble IL-6R and IL-6 alone or in combination failed to

support cell growth and no Mks were detected in their cultures.

Number of Megakaryocytes (x 103)

04 + r - T - T
0 10 50 100 200 400 600 800
Concentration of sIL-6R (ng/mL)

Fig1l. EffectofslL-6R on Mk generation from human CD34+ cellsin
suspension culture in the presence of 100 ng/mL of IL-6 and SCF.
2,000 CB CD34+ cells were initiated in the culture and results were
examined at day 7. Total Mks generated at each concentration of
sIL-6R were calculated based on the proportion of Ilbllla* cells on
cytocentrifuge preparations and total cell number. Results are ob-
tained from three separate experiments. Standard deviations are
represented by error bars.

n{A combination of IL-6 and SCF induced a small number of

Mks but a striking increase in Mks was observed when sIL-6R
was added to the combination. The addition of sIL-6R to the
combination of SCF+ IL-6 enhanced the Mk generation about
‘13- and 45-fold at days 7 and 14, respectively, with the maximal
generation of Mks at day 14. A typical Mk induced by the three
factors in suspension culture and positively immunostained
with anti-lIbllla MoAb, is shown in Fig 2A. The addition of
sIL-6R to the combination of IL-3+ IL-6, also significantly

A

Fig 2. Development of Mk generation from CB CD34+ cells by
sIL-6R, IL-6, and SCF. (A) A typical Mk generated in serum-free
suspension culture was positively immunostained with anti-libllla
MoAb by APAAP technique. Magnification: x1000. (B) A representa-
tive Mk colony derived from CD34+ cells in serum-free methylcellu-
lose culture (original magnification x100).
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enhanced the production of Mks, but to a lesser extent than thaffable 2. Megakaryocyte Colony Formation From Cord Blood CD34*

to the combination with SCF. The addition of sIL-6R to the Cells in Serum-Free Methylcellulose Culture
combination of TPO+ IL-6 increased Mk numbers about 2- Number of Colonies/500 Cells
and 5-fold at days 7 and 14, respectively, although no significant Factors CFU-Mk BFU-MK Mk-mix Total
synergistig effect was observed between IL-6 and TPO. Thus, & -~ o o o o
while having no effects alone, the complex of IL-6/sIL-6R | g scr 1+15 0 0 1415
potently stimulated the Mk generation from human CD384lls SIL-6R + IL-6 + SCF 97 +42% 33+15 227+35 357+ 65*
in combination with either SCF, IL-3, or TPO in suspension |L-3 27+12 0 0 27+12
culture with the most pronounced synergy, in terms of the fold IL.-6 + IL-3 37+06 03+06 20+*10 60+10
increase of Mks after addition of sIL-6R, observed in combina- sIL-6R+IL-6 +I1.-3  47x12 17+16* 43+15 107*29*
tion with SCF at day 14. Norol et &lrecently showed that a  TPO 240+36 13x15 0 253%31
combination of TPO with either IL-3 or SCF appeared to be the '~ * TPO 26053 20=15 0 27126
optimal combination in the Mk production from adult periph- SILGR+ L6+ TPO 273 =21 60+ 16% 0 333 =28
SCF + TPO 320+70 177+64 16=15 513+137

eral blood and bone marrow CD34ells. Irj th(_e present study, IL-6+SCF+TPO 205480 207+48 21+10 520+98
our results also showed that these combinations exert synergisg, .¢g + 116 + scr
tic action on the Mk production from CB CD34cells. A +TPO 310+26 103+23 530+ 3.0% 940 + 40*
combination of TPO+ SCF is more potent than that of TRO SCF+IL-3+TPO 306+55 183+15 40+10 530+6.1
IL-3, and addition of both sIL-6R and IL-6 but not IL-6 alone to SCF + IL-3 + TPO
the combination of TPG+ SCF greatly enhanced Mk produc- +1L-6 320+30 170*26 73+21 563*31
tion (Table 1). Five hundred cord blood CD34* cells/mL were initiated and Mk
The effect of sIL-6R/IL-6 in combination with other cyto- colonies were scored at day 11. Results are represented by mean =+ SD
kines on human Mk generation was also tested. No synergieom triplicate cultures.
were found between the complex of sIL-6R/IL-6 with granulo-  *Significantly different from their counterparts without sIL-6R
cyte colony-stimulating factor (G-CSF), macrophage colony-(P < .05t0.0001).
stimulating factor (M-CSF), fibroblast growth factor (FGF),
hepatocyte growth factor (HGF), ILg1 transforming growth  complex of IL-6/sIL-6R in the presence of SCF acts on Mk
factorf3 (TGF-3), insulin-like growth factor-1 (IGF-1), macro- progenitors as well as more primitive progenitors to promote
phage inflammatory protein-1 (MIP-1), or tumor necrosis factortheir proliferation and differentiation. In accordance with the
(TNF), in the presence or absence of SCF (data not shown). Thiinding obtained in suspension culture, the addition of sIL-6R
effects of other members of the IL-6 family (gp130-stimulatory also enhanced the Mk colony formation induced by IL-3 and
cytokines) on megakaryopoiesis were also tested. IL-11 and LIFL-6. Although no significant synergistic effect was observed
had comparable effects to IL-6 in the presence of SCF on thdetween IL-6 and TPO, the addition of sIL-6R to the combina-
generation of Mks, whereas no Mks were observed in thetion of IL-6 + TPO did increase the size and number of Mk
cultures supplemented with either OSM or CNTF in the colonies. A larger number of BFU-Mk—derived colonies devel-
presence or absence of SCF. The addition of IL-11, LIF, CNTF,oped in the culture supplemented with a combination of sIL-6R,
and OSM alone or in combination to the culture supplementedL-6, and TPO than in that with TPO alone. In the presence of
with sIL-6R, IL-6, and SCF, did not affect the megakaryopoiesisSCF, IL-6/sIL-6R in combination with TPO induced the largest
induced by the three factors (data not shown), indicating that theumber of megakaryocyte-mixed colonies, most of which were
observed effect on Mk generation through gp130 stimulationGEMM, in addition to a number of pure Mk colonies, suggest-
was provided specifically by a complex of IL-6/sIL-6R. ing that the IL-6/sIL-6R complex and TPO, apart from their
Mk colony formation by sIL-6R and IL-6.1tis likely thatthe  effects on Mk progenitors, also synergistically act on more
stimulatory effects of sIL-6R and IL-6 on Mk generation in primitive progenitors (CFU-GEMM) in the presence of SCF.
suspension culture were provided by the proliferation and slIL-6R and IL-6 stimulate megakaryopoiesis independent of
differentiation of Mk progenitors. To examine this possibility, the action of TPO. To verify the involvement of membrane-
methylcellulose clonal assay of CDB4ells was performed anchored gpl30 in the sIL-6R/IL-6—mediated megakaryopoi-
(Table 2). Although SCF alone or in combination with IL-6 esis and to exclude the possibility that the observed megakaryo-
stimulated no or few Mk colonies from the human CD3:lls, poiesis by sIL-6R/IL-6 was mediated by TPO, we performed
the addition of sIL-6R to the combination of SCF and IL-6 blocking studies using MoAbs against gpl30 as well as
significantly enhanced Mk colony formation. The Mk colonies neutralizing Ab against TPO. The addition of anti-gp130
induced by the three factors usually consisted of 10 to 300 MksMoAbs to the culture dose-dependently inhibited the Mk
A large Mk colony containing about 250 cells induced by production supplemented with a combination of sIL-6R, IL-6,
sIL-6R, IL-6 and SCF is shown in Fig 2B. The nature of the and SCF although no effects of control IgG were detectable,
Mks was confirmed by immunostaining of cytospin prepara-whereas anti-TPO neutralizing Ab had no effect on the Mk
tions with MoAb against lIbllla. In addition to a number of pure generation in the same condition (Fig 3A). By contrast,
Mk colonies, the combination of sIL-6R, IL-6, and SCF also although anti-TPO Ab efficiently inhibited the TPO-dependent
induced a large number of megakaryocyte-mixed colonies, irmegakaryopoiesis, anti-gp130 MoAbs failed to affect the Mk
which the cells of other lineages such as granulocyte, macrogeneration induced by TPO and SCF (Fig 3B). Similar results
phage, and/or erythroid cells, in addition to a number of Mks,were also observed in the clonal assay, in which the anti-gp130
were also present (GMM, GEMM, or EM), suggesting a MoAbs, but not TPO Ab, abrogated the Mk colonies induced by
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Fig 3. Effects of various concentrations of anti-gp130 MoAbs (O)
and TPO-neutralizing Ab (®) on the generation of Mks from CD34+
cells stimulated by a complex of IL-6/sIL-6R (A), or TPO (B) in
serum-free suspension culture in the presence of SCF. The data from
isotype control IgG for anti-TPO Ab (OJ) and anti-gp130 MoAb (A)
were also presented. 2,000 CD34+ cells were cultured in suspension
condition and the antibodies were added at the beginning of the
culture. Total Mks was calculated based on the proportion of IIbllla*
cells on the cytospin preparation and total cell number at day 10 of
culture. The absolute number of Mks produced in the wells without
Abs were presented (*) and estimated as control data. Data indicate
the ratio of the total Mks in each well treated with antibodies or
control IgG to those from control, and are expressed as percent (%) of
the control.

sIL-6R, IL-6, and SCF (Fig 4A,B). These results clearly
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Most of the human Mk progenitors express little or no IL-6R,
and slL-6R can confer their responsiveness to IL-Bhe
effects of sIL-6R/IL-6 on human megakaryopoiesis together
with the results of blocking studies by anti-gp130 MoAbs
suggest that most of the human Mk progenitors may not express
IL-6R but do express the signal transducer gp130. Indeed, our
recent studies, using FACS analysis, have shown that almost all
of the CD34 cells express gpl30 whereas 50% to 70% of the
CD34" cells do not express IL-6/®.To examine the different
effects of sIL-6R and IL-6 on the generation of Mks from
IL-6R-positive and negative CD34ells, we performed suspen-
sion culture of CD34 IL-6R* and CD34 IL-6R~ cells sorted
by FACS (Fig 5A). In cultures of CD34 IL-6R~ cells, the
addition of sIL-6R to the combination of IL-6 and SCF
dramatically increased the total number of Mks, whereas
CD34" IL-6R* cells failed to do so under the same conditions.
Moreover, although TPO alone was capable of stimulating
CD34" IL-6R~ cells to generate a number of Mks, Mks
generated from CD34 IL-6R* cells by TPO were hardly
detectable (Fig 5B). Similar results were obtained in the
methylcellulose assay, in which CD34L-6R~ but not CD34
IL-6R™ cells gave rise to a number of pure Mk and megakaryo-
cyte-mixed colonies (data not shown). Collectively, these
findings indicate that most Mk progenitors do not express
IL-6R, and that sIL-6R confers the IL-6 responsiveness of
human Mk progenitors on which gp130 but not IL-6R is
expressed.

DISCUSSION

indicated that the observed megakaryopoiesis mediated by a Hematopoietic cytokines control numerous aspects of hema-
sIL-6R/IL-6 complex was provided by the interaction of topoiesis through binding to specific receptors on the surface of
sIL-6R/IL-6 with membrane-anchored gp130 and was indepentarget cells. Most cytokine receptors in the hematopoietic

dent of the action of TPO.

Number of Mk Colonies

0 01 1 10
£p130 MoAbs

20 Mg/mL

TPOAb

Control IgG
Control IgG

Fig4. Effects of anti-gp130 MoAbs (A) and TPO-neutralizing Ab (B)
on the Mk clonal growth from CD34+ cells supported by a complex of
IL-6/sIL-6R in serum-free methylcellulose culture in the presence of
SCF. 500 CD34+ cells purified from cord blood were initiated and
various concentrations of Abs were added at the beginning of the
culture. Mk colonies including CFU-Mk, BFU-Mk, MK-Mix were scored
at day 11. The number of Mk colonies indicates mean = SD from
triplicate cultures.

system consist of a multichain complex, a ligand-binding chain
and a signal-transducing chain, the latter of which is usually
used in common by several receptor complexes. gpl130, a
membrane-anchored 130 kD glycoprotein with large transmem-
brane and intracellular domains, originally identified as the
signal transducing receptor component of IL-6, is shared in
common by the receptor complexes of IL-11, LIF, CNTF, OSM,
and CT-1142829 Subsequent cloning of the cDNA encoding
murine gp130 showed the ubiquitous expression of gp130 in
every murine organ, including heart, spleen, kidney, lung, liver,
and brain, whereas the expression of various ligand-binding
chains displayed a more limited distribution. In the human
hematopoietic system, information on what cytokine receptors
are normally expressed on stem/progenitor cells remains incom-
plete. The potential role of gp130, which can be initiated by a
complex of IL-6/sIL-6R, in normal human cells remains largely
unknown. In our recent study a complex of IL-6/sIL-6R through
gp130 signaling in the presence of SCF, was found to stimulate
expansion of human primitive progenitor cells and erythropoi-
esis from human stem/progenitor cells in vitro. In the present
study, we showed that sIL-6R with IL-6, but not IL-6 or sIL-6R
alone, significantly stimulates the proliferation and differentia-
tion of human Mk progenitors through gp130 signaling in the
presence of SCF. A recent study showed that the production of
murine Mks in response to SCF, IL-6, and IL-11 alone or in
combination was eliminated by neutralizing the biological
activity of TPO, suggesting that the effects of SCF, IL-6, and

20z dunr g0 uo 3senb Aq Jpd'Gz5z/9vr2S91/5252/8/€6/4Pd-aloe/po0|qABU suoleDlgndyse//:dy woly papeojumog



2530

|||103 1 Ldy8i

IL-6 receptor - PE
102

103 104
CD34 - FITC

B CD34+IL-6R-
CD34+IL-6R+

—

B [®)) o0 [aw]

o [l o (e
1 1 1 i

[\®]
o
L

Number of Megakaryocytes ( x 10° )

| ——— 2
o -
¢ & &
%C ,bx%
&
L

(=]
I

Fig 5. Different effects of IL-6/sIL-6R on the generation of Mks
from CD34+* IL-6R- and CD34+ IL-6R* cells. (A) Selection of CD34*
IL-6R~ and CD34+* IL-6R* cells from human umbilical cord blood MNCs
by flow cytometry. R2: CD34* IL-6R*, R3: CD34* IL-6R~ cells. (B)
Megakaryocyte generation from the two populations of the CD34+
cells. 2,000 CD34+* IL-6R~ cells and CD34+* IL-6R* cells sorted by FACS
were initiated in serum-free culture, respectively. The total number of
Mks generated by each combination was determined at day 10.
Results are from one representative experiment. Similar results were
obtained in three additional experiments.

SUI ET AL

ing in the presence of SCF independent of TPO. Thus, the
present study may provide new information as to the mecha-
nisms that control the development of human megakaryocytes.

The stimulatory effect of sIL-6R on the megakaryopoiesis in
the presence of IL-6 and SCF, and the lack of this effect in the
culture without sIL-6R, are reminiscent of our recent findings
that sIL-6R confers IL-6 responsiveness to human hematopoi-
etic primitive and erythroid progenitot&1” Our flow cytomet-
ric analysis of the expression of gp130 and IL-6R on CD34
cells has provided a plausible explanation for this observaion.
The distinct responsiveness of CD34L-6R~ and CD34
IL-6R™ cells to IL-6/sIL-6R and TPO as shown in the present
study, clearly indicates that most of the Mk progenitors are
included in the IL-6R populations, and that the activation of
the signal pathway of gp130 in these Mk progenitors can only
be achieved by a complex of IL-6/sIL-6R, but not by IL-6 alone.
Because it is conceivable that most of the Mk progenitors
express both gp130 and c-Mpl, the activation of either signal
pathway can contribute to megakaryopoiesis. The activation of
gp130 (homodimerization), induced by a complex IL-6/IL-6R,
is believed to result in the juxtaposition of the cytoplasmic
regions that appear to initiate a downstream signaling cascade
such as RAS/MAPK and JAK2/STAT1,3 leading to cellular
responsé? Interestingly, recent studies showed that TPO also
induces activation of JAK2, STAT1, STAT3, and STAT5
through c-Mpl signaling!-32 suggesting that the ability to
activate JAK/STAT pathway may underline the effects common
to c-Mpl signaling by TPO and the gp130 signaling by
IL-6/sIL-6R.

It is interesting to note that gp130 signaling plays a role in
both erythropoiesi€¢ and megakaryopoiesis in the presence of
SCF. In recent years, several lines of evidence support a
common origin of erythroid and Mk lineages. For example,
erythroleukemia cell lines express markers of Mk differentia-
tion, and erythroid and megakaryocytic cells display a number
of common surface markers and transcription factors including
GATA-1, NF-E2, and Tal/SCB43¢ EPO and TPO are structur-
ally related growth factors. EPO possesses megakaryopoietic
activity although as a physiological regulator of erythropoi-
esis?337 Similarly, recent studies also show that TPO enhances
proliferation of erythroid progenito$:3° The present study
together with our previous orié,suggests that both erythroid
and megakaryocyte progenitors express gpl30 and respond to
gpl30 signaling induced by IL-6/sIL-6R, adding further evi-
dence for the hypothesis that the progenitors within the two
lineages respond to overlapping signals.

Recently cloned c-Mpl ligand (TPO) has been shown to be
the primary regulator of megakaryocyte development in vivo.
However, the failure of the Mpl (TPO receptor) knock-out to
absolutely eliminate marrow megakaryocytes or circulating
platelets argues that alternative routes to platelet production
exist®” Our results suggest that the three factors of sIL-6R,

IL-11 on megakaryocytes were indirect and mediated by ¥PO. IL-6, and SCF may contribute to human TPO-independent
However, this may not be the case with human hematopoietienegakaryopoiesis in vivo. This hypothesis is supported by the
progenitor cells when SCF, IL-6, and sIL-6R are employed, asfollowing: (1) Soluble IL-6R, IL-6, and SCF are detectable in
shown in the present study. The results of the blockinghuman serum, and the half-maximal effect of sIL-6R observed
experiments by TPO-neutralizing Ab and anti-gp130 MoAbsin the present study was 50 ng/mL, which is within the
clearly indicate that the observed effect of sIL-6R/IL-6 on physiological rangd®43 In fact, a serum concentration of
human megakaryopoiesis is provided directly by gp130 signalsIL-6R at approximately 50 ng/mL in MRL/Ipr mice was
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reported to mediate IL-6 signal in IL-6Rgp130° cells**Given  Kimura H, Tanioka Y, Shibuya A, Hirano T, Kishimoto T, Takaku F,

the dissociation constant of IL-6 and sIL-6R at approximate|yAkiyama Y: In vivo effects of recombinant human interleukin-6 in
1072 mol/L, it is assumed that the IL-6 will be almost primates: Stimulated production of platelets. Blood 75:1602, 1990

completely complexed with sIL-6R in seruth(2) gp130 and 13. Hibi M, Murakaml M, Sa!to M, Hirano T,. Taga T, Kishimoto T:
IL-6—knock-out mice have decreased number of Mk progenitoré\/lo'ecu'ar cloning and expression of an IL-6 signal transducer, gp130.
- . Cell 63:1149, 1990.

and megakaryocyte¢8:47 (3) SCF-deficient mice have a pro- o . . . .

. 9 14. Taga T, Kishimoto T: gp130 and the interleukin-6 family of
nounced abnormqllty qf megakaryocyté<? (4) IL-6-sIL-GR cytokines. Annu Rev Immunol 15:797, 1997
double transgeneic mice have extramedullary expansion of" 5 saito M, Yoshida K, Hibi M, Taga T, Kishimoto T: Molecular
hematopoietic progenitor cells and a strong increase of periphgjoning of a murine IL-6 receptor-associated signal transducer, gp130,
eral platelets and other blood celfsTaken together, the current  and its regulated expression in vivo. J Immunol 148:4066,1992
results suggest that although TPO is the principal regulator in 16. Sui X, Tsuji K, Tanaka R, Tajima S, Muraoka K, Ebihara Y,
the development of Mk, gp130 and c-kit signaling may play alkebuchi K, Yasukawa K, Taga T, Kishimoto T, Nakahata T: gp130 and
role in megakaryopoiesis in vivo. The TPO-independent megac-Kit signalings synergize for ex vivo expansion of human primitive
kary0p0|es|s and platelet productlon observed in Mpl knock-outhematopoletlc progenitor cells. Proc Natl Acad Sci USA 92:2958, 1995

mice might be provided, at least in part, by the combined signals 17- Sui X, Tsuji K, Tajima S, Tanaka R, Muraoka K, Ebihara Y,
through the gp130 and c-kit. Ikebuchi K, Yasukawa K, Taga T, Kishimoto T, Nakahata T: Erythropoi-

etin-independent erythrocyte production: Signals through gp130 and
c-Kit dramatically promote erythropoiesis from human CD%#lls. J
REFERENCES Exp Med 183:837, 1996

1. de Sauvage FJ, Hass PE, Spencer SD, Malloy BE, Gurney AL, 18. Tajima S, Tsuji K, Ebihara Y, Sui X, Tanaka R, Muraoka K,
Spencer SA, Malloy BE, Gurney AL, Spencer SA, Darbonne WC, Yoshida M, Yamada K, Yasukawa K, Taga T, Kishimoto T, Nakahata T:
Henzel WJ, Wong SC, Kuang W-J, Oles KJ, Hultgren B, Solberg Jr LA, Analysis of IL-6 receptor and gp130 expressions and proliferative
Goeddel DV, Eaton DL: Stimulation of megakaryocytopoiesis and capability of human CD34cells. J Exp Med 184:1357,1996
thrombopoiesis by the c-Mpl ligand. Nature 369:533, 1994 19. Yasukawa K, Saito T, Fukunaga T, Sekimori Y, Koishihara Y,

2. Kaushansky K, Lok S, Holly RD, Broudy VC, Lin N, Bailey MC,  Fukui H, Ohsugi Y, Matsuda T, Yawata H, Hirano T, Taga T, Kishimoto
Forstrom JW, Buddle MM, Oort PJ, Hagen FS, Roth GJ, Papayannopou¥: Purification and characterization of soluble human IL-6 receptor
lou T, Foster DC: Promotion of megakaryocyte progenitor expansionexpressed in CHO cells. J Biochem 108:673, 1990
and differentiation by the c-Mpl ligand thrombopoietin. Nature 369: 20. Saito T, Taga T, Miki D, Futatsugi K, Yawata H, Kishimoto T,
568, 1994 Yasukawa K: Preparation of monoclonal antibodies against the IL-6

3. Wendling F, Maraskovsky E, Debili N, Florindo C, Teepe M, signal transducer, gp130, that can inhibit IL-6-mediated functions. J
Titeux M, Methia N, Breton-Gorius J, Cosman D, Vainchenker W: Immunol Methods 163:217, 1993
c-Mpl ligand is a humoral regulator of megakaryocytopoiesis. Nature 21. Hirata Y, Taga T, Hibi M, Nakano N, Hirano T, Kishimoto T:
369:571, 1994 Characterization of IL-6 receptor expression by monoclonal and

4. Bartley TD, Bogenberger J, Hunt P, Li Y-S, Lu HS, Martin F, polyclonal antibodies. J Immunol 143:2900, 1989
Chang M-S, Samal B, Nichol JL, Swift S, Johnson MJ, Hsu R-Y, Parker 22. Taga T, Narazaki M, Yasukawa K, Saito T, Miki D, Hamaguchi
VP, Suggs S, Skrine JD, Merewether LA, Clogston C, Hsu E, HokomM, Davis S, Shoyab M, Yancopoulos GD, Kishimoto T: Functional
MM, Hornkohl A, Choi E, Pangelinan M, Sun Y, Mar V, McNinch J, inhibition of hematopoietic and neurotrophic cytokines by blocking the
Simonet L, Jacobsen F, Xie C, Shutter J, Chute H, Basu R, Selander Linterleukin 6 signal transducer gp130. Proc Natl Acad Sci USA 89:
Trollinger D, Sieu L, Padilla D, Trail G, Elliott G, Izumi R, Covey T, 10998, 1992
Crouse J, Garcia A, Xu W, Del Castillo J, Biron J, Cole S, Hu MC-T,  23. Nishi N, NakahataT, Koike K, Takagi M, Naganuma K, Akabane
Pacifici R, Ponting |, Saris C, Wen D, Yung YP, Lin H, Bosselman RA: T: Induction of mixed erythroid-megakaryocyte colonies and bipoten-
Identification and cloning of a megakaryocyte growth and developmential blast cell colonies by recombinant human erythropoietin in serum-
factor that is a ligand for the cytokine receptor Mpl. Cell 77:1117, 1994 free culture. Blood 76:1330, 1990

5. Kaushansky K: Thrombopoietin: Understanding and manipulat- 24. Tanaka R, Koike K, Imai T, Shiohara M, Kubo T, Amano Y,
ing platelet production. Annu Rev Med 48:1, 1997 Komiyama A, Nakahata T: Stem cell factor enhances proliferation, but

6. Gurney AL, Carver-Moore K, de Sauvage FJ, Moore MW: not maturation, of murine megakaryocyte progenitors in serum-free
Thrombocytopenia in c-mpl—deficient mice. Science 265:1445, 1994 culture. Blood 80:1743, 1992

7. Bunting S, Widmer R, Lipari T, Rangell L, Steinmetz H, 25. Koike K, Nakahata T, Takagi M, Kobayashi T, Ishiguro A, Tsuji
Carver-Moore K, Moore MW, Keller G-A, de Sauvage FJ: Normal K, Naganuma K, Okano A, Akiyama Y, Akabane T: Synergism of
platelets and megakaryocytes are produced in vivo in the absence @SF-2/interleukin 6 and interleukin 3 on development of multipotential
thrombopoietin. Blood 90:3423, 1997 hematopoietic progenitors in serum-free culture. J Exp Med 168:879,

8. Shivdasani RA, Rosenblatt MF, Zucker-Franklin D, Jackson CW, 1988
Hunt P, Saris CJM, Orkin SH: Transcription factor NF-E2 is required 26. Okumura N, Tsuji K, Nakahata T: Changes in cell surface
for platelet formation independent of the actions of thrombopoietin/ antigen expressions during proliferation and differentiation of human

MGDF in megakaryocyte development. Cell 81:695, 1995 erythroid progenitors. Blood 80:642, 1992

9. Imai T, Koike K, Kubo T, Kikuchi T, Amano Y, Takagi M, 27. Norol F, Vitrat N, Gramer E, Guichard J, Burstein SA, Vainchen-
Okumura N, Nakahata T: Interleukin-6 supports human megakaryocytiker W, Debili N: Effects of cytokines on platelet production from blood
proliferation and differentiation in vitro. Blood 78:1969, 1991 and marrow CD34 cells. Blood 91:830, 1998

10. Du X, Williams D: Interleukin-11: Review of molecular, cell 28. Kishimoto T, Taga T, Akira S: Cytokine signal transduction. Cell
biology, and clinical use. Blood 89:3897, 1997 76:253,1994 29

11. Burstein SA, Mei R-L, Henthorn J, Friese P, Turner K: Leukemia  29. Stahl N, Yancopoulos GD: The alphas, betas, and kinases of
inhibitory factor and interleukin-11 promote maturation of murine and cytokine receptor complexes. Cell 74:587, 1993
human megakaryocytes in vitro. J Cell Physiol 153:305, 1992 30. Kaushansky K, Broudy VC, Lin N, Jorgensen MJ, McCarty J,
12. Asano S, Okano A, Ozawa M, Nakahata T, Ishibashi T, Koike K, Fox N, Zucker-Franklin D, Lofton-Day C: Thrombopoietin, the Mpl

20z dunr g0 uo 3senb Aq Jpd'Gz5z/9vr2S91/5252/8/€6/4Pd-aloe/po0|qABU suoleDlgndyse//:dy woly papeojumog



2532 SUI ET AL

ligand, is essential for full megakaryocyte development. Proc NatlAcad 41. Honda M, Kitamura K, Mizutani Y, Oishi M, Arai M, Okura T,

Sci USA 92:3234, 1995 lgarashi K, Yasukawa K, Hirano T, Kishimoto T, Mitsuyasu R,
31. Gurney AL, Wong SC, Henzel WJ, de Sauvage FJ: DistinctChermann J-C, Tokunaga T: Quantitative analysis of serum IL-6 and its

regions of c-Mpl cytoplasmic domain are coupled to the JAK-STAT correlation with increased levels of serum IL-6R in HIV-induced

signal transduction pathway and Shc phosphorylation. Proc Natl Acadlisease. J Immunol 145:4059, 1990
Sci USA 92:5292, 1995 42. Nijsten MW, de Groot ER, ten Duis HJ, Klasen HJ, Hack CE,

32. Sattler M, Durstin MA, Frank DA, Okuda K, Kaushansky K, Aarden LA: Serum levels of interleukin-6 and acute phase responses.

Salgia R, Griffin JD: The thrombopoietin receptor c-MPL activates Lancet 2:8564, 1987 (letter) _ _
JAK2 and TYK2 tyrosine kinases. Exp Hematol 23:1040, 1995 43. Langley KE, Bennett LG, Wypych J, Yancik SA, Liu X-D,
33. Drachman JG, Sabath DF, Fox NE, Kaushansky K: Thrombopoi-estcott KR, Chang DG, Smith KA, Zsebo KM: Soluble stem cell

etin signal transduction in purified murine megakaryocytes. Bloodactorin human serum. Blood 81:656, 1993
89:483. 1997 44. Suzuki H, Yasukawa K, Saito T, Narazaki M, Hasegawa A, Taga

34. Martin DIK, Zon LI, Mutter G, Orkin SH: Expression of an T Kishimoto T Serum soluble inFerIeukin—G_receptor_ in MRL/Ipr mice
is elevated with age and mediates the interleukin-6 signal. Eur J
Immunol 23:1078, 1993

45. Rose-John S, Heinrich PC: Soluble receptors for cytokines and
growth factors: Generation and biological function. Biochem J 300:281,
1994

46. Bernad A, Kopf M, Kulbacki R, Weich N, Koehler G, Gutierrez-
Ramos JC: Interleukin-6 is required in vivo for the regulation of stem
cells and committed progenitors of the hematopoietic system. Immunity

erythroid transcription factor in magakaryocytic and mast cell lineages.
Nature 344:444, 1990

35. Andrews NC, Erdjument-Bromage H, Davidson MB, Tempst P,
Orkin SH: Erythroid transcription factor NF-E2 is a haematopoietic-
specific basic-leucine zipper protein. Nature 362:722, 1993

36. Mouthon M-A, Bernard O, Mitjavila M-T, Romeo P-H, Vainchen-
ker W, Mathieu-Mahul D: Expression of tal-1 and GATA-binding
proteins during human hematopoiesis. Blood 81:647, 1993 1:725, 1994

37. Bgrndge MV, Fraser ‘]K Carter M, Lin F-K: Effects of 47" voghida K, Taga T, Saito M, Suematsu S, Kumanogoh A, Tanaka
recombinant human erythropoietin on megakaryocytes and on platelef-y Fujiwara H, Hirata M, Yamagami T, Nakahata T, Hirabayashi T,
production in the rat. Blood 72:970, 1988 . Yoneda Y, Tanaka K, Wang W-Z, Mori C, Shiota K, Yoshida N,

38. Kobayashi M, Laver JH, Kato T, Miyazaki H, Ogawa M: kishimoto T: Targeted disruption of gp130, a common signal transducer
Recombinant human thrombopoietin (Mpl ligand) enhances prolifera-to; -6 family of cytokines, leads to myocardial and hematological
tion of erythroid progenitors. Blood 86:2494, 1995 disorders. Proc Natl Acad Sci USA 93:407, 1996

39. Kaushansky K, Broudy VC, Grossmann A, Humes J, Lin N, Ren 48, Ebbe S, Phalen E, Stohiman F Jr: Abnormalities of megakaryo-
HP, Bailey MC, Papayannopoulou T, Forstrom JW, Sprugel KH: cytes in SI/STmice. Blood 42:865, 1973
Thrombopoietin expands erythroid progenitors, increases red cell 49. Russell ES: Hereditary anemias of the mouse: A review for
production, and enhances erythroid recovery after myelosuppressivgenetics. Adv Genet 20:357, 1979
therapy. J Clin Invest 96:1683, 1995 50. Peters M, Schirmacher P, Goldschmitt J, Odenthal M, Peschel C,

40. Honda M, Yamamoto S, Cheng M, Yasukawa K, Suzuki H, Saito Fattori E, Ciliberto G, Dienes H-P, Meyer zum Buschenfelde K-H,
T, Osugi Y, Tokunaga T, Kishimoto T: Human soluble IL-6 receptor: Its Rose-John S: Extramedullary expansion of hematopoietic progenitor
detection and enhanced release by HIV infection. J Immunol 148:2175¢ells in interleukin (IL)-6-sIL-6R double transgenic mice. J Exp Med
1992 185:755, 1997

20z dunr g0 uo 3senb Aq Jpd'Gz5z/9vr2S91/5252/8/€6/4Pd-aloe/po0|qABU suoleDlgndyse//:dy woly papeojumog



