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TheoypB3 integrin and GPIb-V-1X complex identify distinct stages in the
maturation of CD34 cord blood cells to megakaryocytes

Adeline Lepage, Marylene Leboeuf, Jean-Pierre Cazenave, Corinne de la Salle, Francois Lanza, and Georges Uzan

Megakaryocytopoiesis is a complex mul-
tistep process involving cell division, en-
doreplication, and maturation and result-
ing in the release of platelets into the
blood circulation. Megakaryocytes (MK)
progressively express lineage-restricted
proteins, some of which play essential
roles in platelet physiology. Glycoprotein

(GP)Ib-V-IX (CD42) and GPllb (CD41) are

examples of MK-specific proteins having
receptor properties essential for platelet
adhesion and aggregation. This study
defined the progressive expression of the
GPIlb-V-IX complex during in vitro MK
maturation and compared it to that of
GPllb, an early MK marker. Human cord

blood CD34 * progenitor cells were cul
tured in the presence of cytokines induc-
ing megakaryocytic differentiation. GPIb-
V-IX expression appeared at day 3 of
culture and was strictly dependent on MK
cytokine induction, whereas GPllb was

already present in immature CD34 + cells.

Analysis by flow cytometry and of the
messenger RNA level both showed that
GPV appeared 1 day later than GPIb-IX.
Microscopy studies confirmed the late
appearance of GPV, which was princi-
pally localized in the cytoplasm when
GPIb-IX was found on the cell surface,
suggesting a delayed program of GPV
synthesis and trafficking. Cell sorting

studies revealed that the CD41 *+*GPV* popu -
lation contained 4N and 8N cells at day 7,
and was less effective than CD41 +GPV-
cells in generating burst-forming units of
erythrocytes or MK colonies. This study
shows that the subunits of the GPIb-V-IX
complex represent unique surface markers

of MK maturation. The genes coding for
GPIb-IX and GPV are useful tools to study
megakaryocytopoiesis and for tissue-
specific or conditional expression in mature

MK and platelets. (Blood. 2000;96:4169-4177)

© 2000 by The American Society of Hematology
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Megakaryocytopoiesis is the cellular differentiation process thatmber of genes coding for specific cell surface markers, cy;ﬁn-
leads to the release of platelets into the circulation. Megakaryocyi@es, and cytokine receptors. Early genes, suampl<oding for
(MK) progenitor cells proliferate, polyploidize, increase in sizethe TPO recept8rand the GPIIb gené® are first expressed ing
and develop lineage-specific cell surface and cytoplasmic markeZf34* cells, but are still expressed in the late stages Ieading‘fto
The regulation of megakaryocytopoiesis occurs in the bone marr@hatelet production. On the other hand, platelet factor 4 (PF@),
within 2 major compartments. The first one contains differerfi-thromboglobulin, von Willebrand factor (vWH),2and GPllx,*3
populations of proliferative bipotent erythromegakaryocytic prasne of the 4 subunits of the GPIb-V-1X complex with GBIGPV
genitor cells (burst-forming units of erythrocytes and megakaryand GPIX!* appear at later, more differentiated stages. Duri
cytes [BFU-E/MK])! In the second compartment, terminal maturamaturation surface expression of CD34 gradually disappears.
tion is accompanied by a decrease in proliferation, an increase in GPIIb-llla (integrina,,B3), the platelet receptor for fibrinoge
cell ploidy, and cytoplasmic maturati@rihe most immature MK and vWF, is a well-studied example of an early MK marker. GPI
progenitors are the burst-forming units of megakaryocytes (BFli& weakly expressed on bipotent BFU-E/MK and early expres
MK), made of primitive cells expressing the CD34 antigen ansion of GPllIb on multilineage hematopoietic progenitors has b
HLA-DR~. The colony-forming units of megakaryocytes (CFU+ecently demonstrated in the avian hematopoietic system. s
MK) are the most mature progenitors, which still express CD34 babnditional knockout mice in which the thymidine kinase gene wais
are also HLA-DR .2 driven by the GPIIb promotéf,the administration of gancyclovirg
Proliferation and maturation of MK precursors are controlled bigd to dramatic reduction in the platelet count. In the bone marr(%N,
several pleiotropic cytokinegs? Although thrombopoietin (TPO) erythroid and myeloid progenitors were also affected, whigh
plays a major role in regulating MK and platelet productién, indicated the presence of GPIIb on progenitor cells. In additié;n,
many studies point to additional contributions from stem cell fact@Pllb expression has been detected on leukemic cell lines dispky-
(SCF), interleukin-3 (IL-3), interleukin-6 (IL-6), interleukin-11ing erythroid and MK markers such as HEL OCIM-2,1° KU
(IL-11), granulocyte-macrophage colony-stimulating factor (GM8122° LAMA-84,21 M-07e2? Meg-0122 MKPL-1,24 Dami?®
CSF), and basic fibroblast growth factor (bFGF). CMK,26 CHRF-2882" UT-7,22 MEG-A2,2° and EST-IU0 cells.
Megakaryocytic differentiation is accompanied by changes in In contrast to GPIIb-Illa, but also PF4 or vVWF, the time course
cell morphology, notably an increase in size and the appearancedfGPIb-V-1X expression during MK maturation has not been
demarcation membranes, and by the sequential expression dftedied in detail. The GPIb-V-IX complex, a member of the
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leucine-rich glycoprotein family, is a VWF receptor supporting th&AM) was purchased from Jackson ImmunoResearch Laboratories (West
initial rolling and adhesion of platelets on the subendothelium &rove, PA); the FITC-conjugated MoAbs 80H5 against CD15 and T16
damaged blood vesséfs3-32Previous studies of megakaryoblast§gain5t CD38 were obtained from Immunotech (Marseille-Luminy, France).

and MK cultured from bone marrow cells suggested a delayed tim8& R-Phycoerythrin (PE)-conjugated 5B12 MoAb against CD41 was
course of GPlh expression as compared to GPIlb-l#aln from DAKO (Glostrup, Denmark) and the FITC- or peridin chlorophyll

. . . . a—binding protein (PerCP)-conjugated 8G12 MoAb against CD34 from
addition, am(?ng 13 leukemic cell lines eXpressmg .(T:Pllbll‘ﬂ%’, Becton Dickinson (Mountain View, CA). V.1 was directly coupled to the
only 3 (Dami, CHRF-288, and M-07e) show significant surfaCEyS fluorochrome with a Cy3 labeling kit (Amersham, Les Ulis, France)

expression of GPIb. This proportion is slightly higher for cellgng ALMA.12 to Alexa 488 with an Alexa 488 signal-amplification kit

differentiated by phorbol ester treatment, confirming that GPIb is®olecular Probes, Leiden, The Netherlands). The 6 nonspecific control

later marker than GPIIb-llla. MoAbs were PerCP-conjugated lg@ecton Dickinson), PE- and FITC-
Another unanswered question concerns the timing of tlwenjugated Ig@ FITC-conjugated IgM (Immunotech), Cy3-conjugated

expression of the 4 subunits forming the GPIb-V-IX compleXdGy, and Alexa 488—conjugated Ig@violecular Probes).

These subunits are encoded by separate genes and despite their

coexpression at the platelet surface there is no clear indicationFddw cytometry

coordlnatec_i e_xp_ressmn_durlng_megakaryocytopmesns. On tht_a CHJe MoAbs used in flow cytometry were ALMA.12, ALMA.16, V.1,
trary, there is indirect evidence in favor of the separate regulation f \1a 12-Alexa 488, V.1-Cy3, FITC-GAM, FITC-anti-CD15, FITC-anti-g
GPV expression in MK because (1) studies in transfected celi$3g. PE-anti-CD41, and PerCP—-anti-CD34.
show that the GPIlb-IX complex does not require GPV for its Indirectlabeling. Cells (2X 10%) were incubated with Ag ALMA.12,
efficient expressiofy; (2) among GPIb cells only the Dami cell ALMA.16, or V.1 in PBS containing 1% BSA (PBS/BSA) for 15 to 2C;
line expressed GP¥ and (3) GPV knockout mice have plateletsminutes at 4°C. After 2 washes in PBS/BSA, the samples were resuspeﬁded
d|sp|ay|ng normal surface expression of the GPIb-IX Comﬁéﬁ_ in 100pL PBS/BSA and further labeled by addition ofi2 FITC-GAM for B
The aims of this study were to use techniques of in vitro MKS to 20 minutes at 4°C in the dark. The cells were then washed tw@e,
culture using cord blood CD34cells to follow the temporal incubated with 2.L each of PerCP-anti-CD34 and PE—-anti-CD41 for 15§)

expression of the 4 subunits of the GPIb-V-1X complex during MKZ?_ gﬁgn;/tg;:t 4°Cin the dark and finally washed and resuspended in §OO
maturation, to compare the results to those for GPllb-llla, and fo Direct labeling. Cells (2 10%) in PBS/BSA were triple labeled by§

assess possible differences in the temporal expression of thg,@bation for 15 to 20 minutes at 4°C in the dark with differerd
subunits of GPIb-V-IX. combinations of PerCP—anti-CD34, PE—anti-CD41, FITC—anti-CD15, FITg—
anti-CD38, V.1-Cy3, and ALMA.12-Alexa 488. The cells were thei
washed and resuspended in 200PBS/BSA. 3

Samples were analyzed on a FACSCalibur flow cytometer us
CellQuest software (Becton Dickinson) and PerCP4lgRE-1gG, FITC-
Purification and culture of CD34  + cells IgM, and FITC-IgG as nonspecific controls.
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Materials and methods 9

The CD34 cells were purified from human umbilical cord blood samplegg sorting
obtained immediately after delivery in accordance with institutional
guidelines. Briefly, cord blood was diluted one third in 0.9% NaCl andhe CD34 cells purified as described above were double labeled w§h
centrifuged. The upper phase containing platelets was removed. LoRE-anti-CD41 and ALMA.12-Alexa 488, or with PE-anti-CD41 and &
density mononuclear cells were isolated by Ficoll-HiPaque (1.077 g/menti-GPV revealed by an Alexa 488-GAM for 30 minutes at 4°C, agd
density gradient centrifugation, washed in phosphate-buffered saline (PB8jshed twice. Cells were sorted using a Coulter Elite flow cytometer
and resuspended in tissue culture flasks for overnight adherence in RFRQbulter  Electronics, Margency, France). CD4Plbx~ and §
1640 (GIBCO BRL, Gaithersburg, MD) supplemented with 10% fetal cal£D41"GPlhx* populations were selected at day 4, and CD@RV~ and &
serum (Boehringer, Mannheim, Germany), 2 mmol/L glutamine, and 1@D41"GPV" populations were selected at day 7. The purity of the sor{gd
U/mL penicillin and streptomycin (GIBCO BRL). populations was confirmed by analysis on a FACSCalibur cytomeier
The CD34 progenitor cells were isolated using an immunomagnetiBecton Dickinson).
separation system (MACS: Miltenyi Biotec, Bergisch Gladbach, Germany),
as previously described by Milten§iMononuclear cells were labeled with clonogenic cell assay
an anti-CD34 monoclonal antibody (QBEND/10) recognizing a denaturation-
resistant epitope on the CD34 antigen, washed in PBS, and incubated wWigthylcellulose assays for burst-forming units-erythrocytesteshly sorted
microbeads, which bind QBEND/10. The labeled cells were then resysP41 GPlbn*, CD41*GPlx~, CD4L'GPV*, and CD41GPV™ cells
pended in PBS containing 1% bovine serum albumin (BSA) and 5 mmolMere plated on 35-mm plastic culture dishes at a concentration of 10
EDTA to prevent platelet contamination and purified on the MACS Syste,s,qellslmL in semisolid growth media that consisted of 1% methylcellulose in
according to the manufacturer’s instructions. To improve the COg#ity, Iscove modified Dulbecco medium (IMDM; GIBCO BRL), 30% heat-
the cells were passed twice over the column, and the percentage of CD32Rctivated FCS, 1% BSA, 0.1 mmolf:mercaptoethanpP U erythropoi-
cells as determined by flow cytometry generally exceeded 98% to 99%. €tin (Epo; TEBU), 2 ng IL-3 (TEBU), 100 U IL-1 (TEBU), 1 ng IL-6
These cells were cultured in serum-free ST&vmedium (TEBU, Le (TEBU), 100 U GM-CSF (TEBU), 100 ng G-CSF (TEBU), and 10 ng SCF
Parray en Yvelines, France) supplemented with 2.5 ng/mL IL-3 (TEBU), (@ EBU) (Le Bousse-Kerdiles, oral communication, June 1999). Cultures
ng/mL IL-6 (TEBU), 10 ng/mL IL-11 (Genzyme Diagnostics, ParisWwere incubated for 14 days at 37°C in a humidified 5%,@®nosphere.
France) and 50 ng/mL TPO (Genzyme Diagnostics), at a density of less tHdif colonies £ 30 cells) were counted on 5 individual plates using an

3 X 10° cells/mL. Cultures were maintained at 37°C in a humidified 504verted microscope. BFU-E-type colonies were evaluated at days 12
CO, atmosphere. through 14. Similarly, BFU-E/MK, colony-forming units of granulocytes

(CFU-G), colony-forming units of macrophages (CFU-M), colony-forming
units of granulocytes and macrophages (CFU-GM), and colony-forming
units of granulocytes, erythrocytes, monocytes, macrophages (CFU-
Mouse monoclonal antibodies (MoAbs) directed against GRALMA.12),  GEMM) colonies were identified morphologically and counted.

GPIX (ALMA.16), and GPV (V.1) were produced in our laboratéty. Megakaryocytic progenitor assays$:reshly sorted CD41GPlbn™,
Fluorescein isothiocyanate—conjugated goat antimouse IgG)F(&6TC- CD41'GPlbn~, CD41"GPV*, and CD4X¥GPV- cells were plated at a
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concentration of 2< 10 cells/mL in collagen medium on 35-mm plastic using 200mol/L each dNTP, 0.4umol/L of the reverse and forward
culture dishes. The medium contained 0.1% collagen in S&Ekhedium  primers, 1.5 mmol/L MgGl, 2 uL cDNA, and 2.6 U of a mix containing Taq
supplemented with 2.5 ng IL-3 (TEBU), 10 ng IL-6 (TEBU), 10 ng/mLDNA polymerase and Pwo DNA polymerase. Amplifications were per-
IL-11 (Genzyme Diagnostics), and 50 ng TPO (Genzyme Diagnostic$prmed in a DNA Thermal Cycler (Perkin Elmer Cetus, Norwalk, CT) for 2
Cultures were incubated for 8 to 10 days at 37°C in a humidified 5% C@ninutes at 94°C, followed by 30 cycles of 1 minute at 94°C, 2 minutes at

atmosphere. Colonies(3 MK) were counted on 5 plates. 55°C (for glyceraldehyde-3-phosphate dehydrogenase [GAPDH],GPlb
and GPV) or 60°C (for GPIIb) and 2 minutes at 72°C, and finally 7 minutes
Ploidy values at 72°C. The PCR products were loaded on ethidium bromide—stained

Cells labeled with anti-GPV and anti-CD41 were fixed overnight in 70£ga_||:(;]zed?ri|§t. and reverse primers were respectively P1 and P2 for GAPDH
ethanol at 4°C. The fixed cells were washed and resuspended ipl300 (EMBL/Genbank: HSGAPDR-X01677,P3 and P4 for GPIlb (EMBL/
PBS containing propidium iodide (5Q.g/mL; Sigma, Saint Quentin: Genpank: HUMGPIIBA-M344803 P5 and P6 for GPV (EMBL/Genbank:
Fallavier, France) and RNase A (Qug/mL; Sigma) for 30 minutes at 4°C. HSGPV-z23091¥2 and P7 and P8 for GPib(Genbank: HSGPIBAA-
Samples were analyzed on a FACSCalibur flow cytometer using CeIIQum2403)§3 P1: B-CCA CCC ATG GCA AAT TCC ATG GCA-3; P2:
software. The ploidy distribution was determined by setting markers at t%e-TCT AGA CGG CAG GTC AGG TCC ACC-3 P3: 5-GTT GGT GAG

nadirs between peaks. CGT GGG GAATC-3; P4: 5-TTC ACAGTC CCA GGG CCATT-3 P5:
_ 5'-TCA GTT ACT TTG GAG TGC AGA ACC AT-3: P6: 5-AAG ATG
Immunocytochemistry CGT GAT TTT GTT GCG CGA C-3 P7: 5-GAA TTC ATG GCA GAA

Cells in RPMI 1640 were seeded on glass coverslips coated wiGC TGT TTG GAG GAG TCC-3 P8: 3-GGC AG_C GCT GTC AGA
poly-L-lysine, at a density of % 10%mL, and incubated for 30 to 40 11C CTC TTG TCA CAG-3. The GPV and GPi primers were located
minutes at 37°C. The medium was removed and the cells were fixed QR Poth sides of theSintron to discriminate between messenger RN
PBS-3.7% paraformaldehyde for 10 minutes at room temperature, rind8eRNA) and genomic amplification products.

twice in PBS, and quenched by incubation in PBS-0.1 mol/L glycine for 10

minutes at room temperature. After 2 washes in PBS, the cells were

permeabilized in PBS buffer containing 0.02% BSA and 0.005% saporﬁesults

(SBP buffer) for 20 minutes, at room temperature. The cells were

subsequently incubated with the primary antibodies (V.1, anti-CD41, ®fiaturation of megakaryocytes during the course of the
ALMA.12—-Alexa 488) diluted in SBP for 30 minutes at room temperaturq-,quid culture

washed 3 times for 5 minutes in SBP, incubated for 30 minutes with the

secondary antibodies (Cy3-GAM, Alexa 488-GAM, or FITC-GAM),During the first days of culture, the proliferation was maximal:t@e
Wf';\shed 3 times for 5_min_utes in SBP, and then incubated for 39 minui§§mber of cells was amplified 3 times during the first 4 dags
with the tertiary antibodies (ALMA.12, ALMA.16, and V.1 directly (Figyre 1A). Then, the proliferation decreased, reaching a platdau
conjugated with Cy3). Finally, the coverslips were washed twice for %etween days 10 to 14. Figure 1B shows that during the h%h

inutes in SBP and twice for 5 minutes in PBS and ted upside d . . &
?r:n;s?ifj:in Mov?irc]JI wice fors minutes in and motnted upside oV|c\§rr]o||ferat|ve stage of the culture, the cells had the aspectcof

The following dilutions were used: ALMA.16, 1:200: V.1, 1:200; Undifferentiated progenitors. These cells were aboutr8 in
anti-CD41, 1:200; FITC-GAM, 1:150; ALMA.12-Cy3, 1:500; ALMA.16- diameter with thin chromatin. They grew and differentiated fro
Cy3, 1:66; V.1-Cy3, 1:500; ALMA.12-Alexa 488, 1:250; Cy3-GAM,day 6 to day dnto 15um diameter megakaryoblasts with dens
1:800; and Alexa 488—GAM, 1:400. Samples were examined and phohiromatin. At day 12, most of the cells were about 25 tqua®in
graphed under a DMR HC fluorescence microscope (Leica, Vienrdiameter with polylobular nuclei. By day 13, they measured

0]g/38usuoneol|qndysey/:dpy wolspapeojumoq
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Austria) using an oil immersion objective (63or 100X). approximately 30 to 40um in diameter and cells with the3
appearance of mature MK were frequent in the culture, w@w

Confocal laser scanning microscopy and image analysis filopodia and polylobular nuclei. 2
o

Confocal microscopy was performed using a Zeiss laser scanning micro- E
scope (LSM 410 invert, Gtingen, Germany) equipped with an oil Early expression of GPIlIb-llla and delayed expression of 8
immersion lens (63, numerical aperture= 1.4). Cy2, Alexa 488, and GPIb-V-IX during megakaryocyte maturation S
FITC emissions were excited with the argon 488 nm line, Cy3 with the E

He/Ne 543 nm line, and Cy5 with the He/Ne 633 nm line. The emissioRurface expression of GRIbGPIX, and GPV was determined by
signals were filtered with a Zeiss 515-565 nm filter (Cy2, Alexa 488, aritow cytofluorimetry and compared to that of GPIIb in doubl%
FITC), with along pass 595 nm filter (Cy3) or with a long pass 650 nm filtdabeling experiments (Figure 2). Typical expression profiles of
(Cy5). Nonspecific fluorescence was assessed by incubating the cells witfese markers are shown on Figure 2A and 2B. Values for GPIIb
the secondary fluorescent-labeled antibodies and measuring the averg§g GPllx obtained for one CB sample, representative of 6
emissio_n_ in_tensity for each fluorochrome, which was then subtracted frqpyividual experiments, are shown in Figure 2C. GRIBPIX, and

all specificimages. GPV were not detected at day 0, whereas about 15% of the cells
were positive for GPIIb. The GPllb labeling did not correspond to
background generated by residual platelets because EDTA treat-
Total cellular RNA was extracted by the thiocyanate-guanidium method pient of the cells during labeling did not change the percentage of
Chomczynski and SaccPi.Briefly, 10 cells were lysed in 1 mL TriPure CD41* cells (data not shown). From days 4 to 14, there was
(Boehringer), extracted with 0.2 mL chloroform and centrifuged at 11 00@,creased expression of the GRIGPV, and GPIX subunits at the
rpm for 15 minutes at 4°C. The aqueous phase containing RNA Wag| gyrface. At day 14, when most cells had differentiated
precipitated with isopropanol and the pellet washed in 70% (v/v. orphologically into MK, GPI* cells represented about 77% of

cold ethanol. .
Complementary DNA (cDNA) was synthesized from 50 ng total rnAhe total population, whereas about 95% of the cells expressed

from CD34" cells using a Ready To Go: T-Primed First-Strand kiCP!Ib. Dot-plot analysis indicated that all GRlb cells were also
(Pharmacia Biotech, Uppsala, Sweden), in a reaction volume qft33 GPIIb™ (Figure 2B). Similar results were obtained for GPV and
Polymerase chain reaction (PCR) amplifications were carried out with &P1X (data not shown). Interestingly, although GPllilzells
Expand High Fidelity PCR System (Boehringer) in a volume of 40Q evolved as a single population from mildly to strongly labeled cells

Analysis of transcripts
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observation, we performed additional FACS analysis of GPV and

Number of GPIx expression during the first 5 days of culture. To avoid
cils potential bias generated by the secondary antibodies, we used
107 4 MoAbs directly coupled to fluorophores (anti-GRHAlexa 488

and anti-GPV—-Cy3). At day 2, GPV expression was low (approxi-
mately 3%) as compared to 10% of GRIfFigure 4A). At day 3,

the difference between both expressions decreased (8% and 11%,
respectively). The delay of GPV expression was also observed at
106 - the mRNA level, because GPV transcript was detected, in parallel
reverse transcription (RT)-PCR analysis, a day later than &Plb
Futhermore, FACS analysis and RT-PCR experiments confirmed
; the presence of GPlIb protein and transcript at déliQure 4). In

D, D, b, b, D, D,, D, D,, conclusion, GPllb, GPl, and GPV appear sequentially during the

early stages of megakaryocytopoiesis.

CD41+GPIb-V-IX~ sorted cells produce more colonies than o
CDA41*GPIb-V-IX* cells 2
To analyze if CD41GPIb-V-IX~ and CD4XGPIb-V-IX* cell %
populations had different clonogenic properties, we sortgd
CD41'GPlbo~ and CD4I GPIx* day 4 and CD41GPV™ and z
CD41"GPV* cells at day 7. Figure A shows that at day 4’%
double-positive sorted cells produce fewer BFU-E than

A

10 ym
15 ym
Figure 1. May-Gru nwald-Giemsa (MGG) staining of hematopoietic cord blood
cells during MK maturation.  Day 0 corresponds to the day of CD34* cell isolation. GPIX
These cells were then cultured under conditions optimized for MK growth and

maturation (see “Materials and methods”) and analyzed on days 0, 6, 9, and 13 of
culture. MGG was performed as described by Loffler.44
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from day 7 to day 14, GPtb*, GPV*, and GPIX cells evolved
from a single to 2 distinct populations, with mild and strong GPIIb
expression, respectively. This suggests that at different maturation

. . . 10° 10" 107 10% 10°10° 10' 107 10® 16*10° 10° 102 107 10*10° 10! 107 10° 10°10° 107 10? 10° 10%
stages, 2 megakaryocytic populations could coexist, both express- FL2H FL2-H FL2-H FL2-H FLo-
ing CD41, but displaying different levels of GPIb-V-IX complexes.

The delay in GPIk, GPIX, and GPV expression as compared to
GPllb-llla is clearly visible in Figure 3A. At day 5, tHevel of the 3 B
subunits of the GPIb-V-IX complex was comparable to that of GPIIb at
day 0. During the first 6 to 8 days of culture, 25% of the cells were
positive for the 3 subunits. Approximately 25% of the cells remained
GPIlx—, GPV-, and GPIX at day 15, indicating that even at this stage
a significant proportion of the MK remained immature.

We also tested the expression of CD34, CD15, and CD38
(Figure 3B). CD34 expression decreased progressively durinds
differentiation, as previously described for bone marrow cell D, D, D, D,, D,,
cultured! and was totally absent by days 9 to 10. At day 0, 95% of GpiIys OFID® 14%£29  21%:=15 263%%£28  207%£22 207%+28
CD34" cells were also CD38 but this later marker disappeared GPIba* 03%+0.1 108%+10 26%£34 467%+07 77%%19
more rapidly than CD34 during the MK differentiation. To check GPIbo™ 0.1% 0.1 05%%01 05%501 05%01 05%=01
for the presence of myeloid precursors, we analyzed the expression GPIIb GPIbo- 5043 e
of CD15, the Lewis x (L¥ antigen, which is a granulomonocytic
marker, absent from the MK surface. This marker remained at |dvgure 2. Flow cytometric analyses of GPIb  «, GPIX, GPV, and GPllb-llla (CD41)

urface expression during MK differentiation of CD34 * cells. (A) Cell surface

04-159 irmi it-
levels (10%-15%) throughout culture, confirming that cells Commlzxpression of GPlba, GPIX, GPV (FL1 channel), and GPllb-llla (FL2 channel) was

Counts

H

A o
0° T0410° 090 10¢
GPIba GPIba GPIba

9
1

Torr ;
GPIba GPIba

100
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68%+24 47%+3 31%+1,6 3%+13

ted to the MK pathway were selectively amplified. analyzed on days 0, 4, 7, 10, and 14 of culture. Negative control curves represent
labeling with PE- and FITC-conjugated IgG; (see “Materials and methods”). (B)
GPV appears later than GPIb « during megakaryocyte Dot-plot analysis of cells doubly labeled for GPllb-llla (PE-CD41) and GPlba

(FITC-ALMA.12). The upper right quadrant indicates the percentage of cells doubly
positive for GPlIb-Illa and GPlba. (C) Percentages of GPIIb*/GPIba*, GPIlb*/
. . . . GPIba ™, GPIIb~/GPlba™, and GPIIb~/GPlba~ cells determined by double labeling as
The kinetics of GPV expression appears to be S“ghtly delay%anel B. Results are the means = SEM of at least 6 separate cultures (C), or from a

compared to GPlo and GPIX (Figure 3). To confirm this single experiment representative of at least 6 cultures (A and B).

differentiation
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Figure 3. Kinetics of cell surface protein expression. Kinetics of CD34, CD15,
and CD38 (A) and GPlba, GPIX, GPV, and GPIlb-llla (B) surface expression during
MK differentiation of CD34" cells. Cells were harvested at different time intervals and
the percentages of cells positive for the different markers were determined by flow
cytometry after double labeling (Figure 2). Values are the means + SEM of 5

separate experiments.

CD41*GPlbx~ cells (65%=* 10% BFU-E versus 90% 9%), in
methylcellulose assay. This observation was confirmed at day 7 for
the CD4TGPV* and the CD41GPV- populations. Moreover,
cells sorted at day 7 produced fewer BFU-E than cells sorted atday 10
4, indicating that as the cells differentiate, they progressively lose

their clonogenic capacities. Using collagen medium, we observed

only MK colonies. The number of MK colonies obtained with the 0
double-positive cells at day 4 was significantly lower than that
obtained with the CD41GPIhx~ population (233t 37 versus
321+ 42, respectively). The number of MK colonies decreased
significantly at day 7 (4- to 5-fold), whereas the ratio between the 2

populations was the same as at day 4 (Figure 5B).

Cell ploidy distribution of the CD41  *GPV™ cells atday 7 is

different from that of CD41 *GPV~ cells

Cell ploidy distribution was investigated at day O and day 7 (Figure
6). At day 0, all the CD34 cells were 2N. At day 7, cells were

sorted according to the presence of CD41 and the presence or GPIIb
absence of GPV. Most of CD4GPV- cells were 2N, whereas
13% and 2% of the CD41GPV* cells were 4N and 8N,

respectively.

Fluorescence microscopy analysis of the GPIb  « and GPV

subunits on permeabilized cells

GPIb-V-IX EXPRESSION DURING MEGAKARYOCYTOPOIESIS 4173

GPlbx, and GPV would account for the differences observed in cell
surface expression of these molecules. At day 0, labeling of GPIlb
was observed, but labeling of GRlbor GPV (Figure 7) was
negative, consistent with the FACS and RT-PCR studies. By day 7 a
large number of permeabilized cells contained GPV molecules
within their cytoplasm, whereas at this stage, the membrane-bound
GPV was only detected on 25% of the cells (Figure 3A). Almost all
the GPIlIb™ cells were also stained intracellularly for GRIRAII
GPlx* or GPV* cells were positive for GPIIb, consistent with the
FACS results. Results for GPIX were identical to those obtained for
GPlhx (data not shown). These experiments clearly demonstrate
the sequential expression of GPIllb, G&]and GPV during MK
maturation, with stages including intracellular retention of the
subunits of the GPIb-V-IX complex.

Cellular localization of GPIb  «, GPV, GPIX, and GPIIb by
confocal microscopy

eojumoq

Amore precise determination of the cellular localization of GR1bg
GPIX, and GPV from day 0 to day 14 was obtained by confoc?l
laser scanning microscopy (Figure 8). Different combinations f
antibodies against the 3 subunits and against GPIlb were use’§ in
double- and triple-labeling experiments. At day 0, GPllb was
present on the cell surface, whereas GPland GPV Were§
undetectable. At day 4, GRibwas found in the cytoplasm and org
the cell surface. At day 7, some GPV and Gklisurface §
colocalization (yellow) was observed (GRBPV double label- g
ing). However, most GPtb was localized at the cell surface,
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Figure 4. Cell surface protein and mRNA expression of GPV, GPIb  «, and GPIIb
during the first days of culture.  (A) Cell surface expression of GPV (B), GPlba (£),
and GPllb-llla (CD41, [J) was followed by flow cytometry (Figure 2) until day 4 of
culture. Results are expressed as the percentage of positive cells and are the

Permeabilized c_:e"s were analyzgd by |mmunofluqre§cence MICIQ%an + SEM of 3 separate experiments. (B) The presence of GAPDH (positive
copy to determine whether the intracellular trafficking of GPllbgontrol), GPV, GPIba, and GPIIb transcripts was assessed by RT-PCR analysis.
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Figure 5. Colony assay for BFU-E and for MKs after cell sorting at day 4 or day

7. The cells were sorted at day 4 using anti-CD41-PE and anti-GPlba—Alexa 488,
and at day 7 with an anti-CD41-PE and an anti-GPV revealed by an Alexa 488—GAM.
M, CD417GPIba*; B, CD417GPlba™; &, CD417"GPV™,; CD41*GPV*. (A) The
percentage of positive cells represents the proportion of BFU-E colonies compared to
the total number of colonies obtained in methylcellulose medium. (B) Number of
megakaryocytic colonies obtained in collagen medium.

Figure 7. Double-labeling fluorescence microscopy of GPIIb/GPV and GPIIb/
GPIba expression on permeabilized cultured CD34  + cells. CD34" cells were
whereas the GPV molecule was principally detected in a Cytop|a§[meabilized on the day of collection (day 0) and double labeled with anti-GPIIb

. | in GPIIbGPV double labeli d in GRBPV revealed by FITC-GAM and anti-GPV-Cy3 or anti-GPlba—Cy3. Cells at day 7 were
mic poo (green n ouble labeling a_n n ) permeabilized and labeled with anti-GPIIb revealed by GAM-Cy3 and anti-GPIba—
In contrast, by day 7 GPIX and GRibsubunits were almost alexa 488 or anti-GPV revealed by an Alexa 488—conjugated secondary antibody.
completely colocalized at the cell surface. At day 10, all 3 subunitge arrows indicate cells that are CD41* but GPlba™ or GPV~. Neg represents the
colocalized on the cell surface, and the cells began to prodJ&Jgrescence of cells incubated with FITC-1gG;, Cy3-1gG,, or Alexa 488—1gG;.
filopodia. Finally, by day 14 mature MK were observed with

colocalization of all the markers tested on the cell body and
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on filopodia. . .
Discussion
100 This is the first report addressing in detail the relative kinetics of
100 %%y - T expression of the platelet GPIb-V-IX subunits during MK matura-
80 tion. Although GPIb-V-IX is considered to be a very specific
60 marker of platelets, unlike GPIIb, it has been little studied during
MK differentiation. This complex is essential for the adhesive
40 functions of platelets, but its role in MK maturation is unknown.
201 That GPIb plays an active role in late stage of MK differentiation is
suggested by the presence of abnormally large platelets in GPIb-

deficient Bernard-Soulier patients as well as abnormal demarcation
membranes in their bone marrow MK, which was recently con-
firmed on GPIb/~ mice#® Furthermore, a recent study by Taka

_ o hashi and coworket% showed that infusion of a GPIb-specific
e oy 6 o o o o sy v g MOAB into mice e to MK with abnormal morphology, impaired
CD41+GPV* sorted populations. platelet production, and abnormal platelet morphology. It appeared

[2N 4N 8N] |2N 4N 8N| 2N 4N 8N
D, D, D,
CD41* GPV-  CD41* GPV*




BLOOD, 15 DECEMBER 2000 « VOLUME 96, NUMBER 13 GPIb-V-IX EXPRESSION DURING MEGAKARYOCYTOPOIESIS 4175

GPIIb GPIba GPIIb GPV  GPlba GPV GPlba GPIX GPIb on the first day of culture, which was confirmed at the mRNA
level by RT-PCR studies. We then tested whether the cells that
already expressed GPIIb-llla, but not yet the GPIb-V-IX complex,
were functionally different from those expressing both markers. We
observed that the cells only expressing GPlIb-llla reproducibly
generated more BFU-E than the double-positive cells, which
confirms that single-positive GPllb-lltacells are more immature
cells. The observation that cells sorted for the expression of the 2
distinct megakaryocytic markers GPIIb-Illa and G®lre able to
produce a significant number of BFU-E is striking. Two hypotheses
might account for this observation: (1) GPllb-llla and GPIb are
expressed on a subpopulation of precursor cells still displaying an
erythromegakaryocytic potential, and (2) cells expressing both
markers are already committed to the megakaryocytic lineage, but
they retain some plasticity allowing them to be reprogrammed by
inductive culture conditions.
Using megakaryocytic-inducing conditions, CO4PIbx~ cells 3
generated more MK colonies than the double-positive populatloﬂat
D,. This suggests that the single-positive cells represent a n*;bre
immature population than the double-positive cells, with a greager
proliferative capacity. This capacity decreasesat D
We then tested whether the ploidy distribution of the ce@s
expressing only GPllb-llla was different from that of GPlIb- Illaé
GPIb-V-IX double-positive cells. We were unable to detect 4}
population before day 7. Atday 7, 4N and 8N cells were detectec%in
Figure 8. Double-labeling confocal microscopy of the cellular localization of the double-positive population, whereas only 2N cells WQ:FE
GPllb, GPIba, GPV, and GPIX at different stages of MK maturation. ~ Representa-  detected in the GPlIb-1lla single-positive population. However, \ge
tive Ce"S,I,afZ Shzwlnbf?fdday_; 0, t‘_"G ;’”bm a”dl ;4b of Cg't:f‘éALhe Ct?”ép‘fffe did not detect any MKs displaying ploidy above 8N, even at Iaie
o &kt o stages of the differentiation. These resuis are consistent 1t
Colored lettering matches the dye used for the corresponding fluorophore: red for ~ Previous studie®}>'and suggest that MKs from CB could undergg
Cy3 and green for Cy2 or Alexa 488. Confocal immunofluorescence images were  fewer endoreplications than those of adult bone marrow. e

recprded vynh _a minimum pmho_le“sme |n. the plane of the n”uclel, usmg excitation gnd physiologic significance of this difference in pIoidization i
emission filtering as described in “Materials and methods.” Images in the rhodamine

(Cy3) and fluorescein (Cy2 or Alexa 488) channels were recorded simultaneously in not clear.
the same focal plane by a double exposure procedure. The observation that most cell lines expressing GPlib-llla §o

not express GPIb-V-IX might be explained by the delayed appér-

to us therefore of interest to identify at which stage the GPIb-V-I_nce of GPIb-V-IX, because most cell lines display an erythi-
complex was expressed at the cell surface during MK maturationegakaryocytic phenotype fitting with a blockage at an |mmat18e

The study of the sequential development of MK and tempor&fage. Hence, it is possible that the few cell lines that EXD@SS
surface expression of the GPIb-V-IX complex was made possifiPIb-V-IX such as Dard? or M-O7€&?2 have acquired a moreg
due to improved culture conditions allowing in vitro differentiationmature phenotype, although this issue requires further clarificatign.
of MK. These culture conditions included TPO, IL-6 and IL-11, a There is to date no clear explanation for the different tempdgal
mixture of powerful MK differentiation inducing cytoking48 expression of GPlIb and GPIb-V-IX. Detailed analysis of the GPIﬁb
and IL-3, that has been described for acting synergistically wigene promoter has revealed the importance of Ets and GAJA
TPO to support the formation of multiples types of hematopoietlements for transcription in the megakaryocytic linéaged the ‘g
colonies including multilineage coloni€st has also been reported additional role of a repressor element active in nonmegakaryocglc
that IL-3 alone could support CFU-MK colony growth in vitto cell lines® Initial functional analyses of the promoters of GRf =
The combination of IL-3, IL-6, and TPO appears to be additive &P1X . and GP\# point to a similar role of GATA and Ets in the
measured by colony growthMoreover, the combination of IL-11 transcription of these proteins and the presence oG fégene of
plus TPO resulted in a synergistic enhancement of the numberag$ilencer domain resembling that of GPIlb. Additional studies will
CFU-MK colonies. Using this cocktail of cytokines, we observetie needed to identify the elements specifically involved in the
that the cells underwent typical MK morphologic maturation witiiemporal control of genes sequentially activated during MK
development of polylobular nuclei and formation of filopodia andifferentiation.
proplatelets. The time course of cell surface markers was typical for Our detailed analysis on the early days of culture revealed a lag
MK differentiation with down-regulation of CD34 and up-of a day in GPV expression (at the protein and mRNA levels),
regulation of GPIb-V-IX and GPlIb-llla. possibly due to different transcriptional regulation. The same delay

Our present results performed at early stages of MK differentiazias observed when analyzing the intracellular and membrane
tion revealed that GPIb-V-1X appearance was markedly delayed@smpartments by fluorescence or confocal microscopy. At day O,
compared to that of GPIlb-llla. The CD34population already cells were only positive for surface GPIlIb; GRIGPIX, and GPV
contained a significant fraction of GPlikcells (15%), consistent were undetectable. From day 4 onward, GPikas found in the
with previous studies using CD34cells derived from bone cytoplasm and on the cell surface of many cells. Atdays 5to 7, cells
marrow-11:134%r cord blooc??>1 FACS analysis and immunofluo that were clearly positive for surface GRltlzontained only low
rescence studies of permeabilized cells detected no expressiotewéls of GPV, mainly located in the cytoplasm of the cells. After

ojumoQq
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day 7, cells were positive for surface GPIb-V-IX complex. This cafor functional studies or to identify elements of the transduction
be related to our previous observation of the dissociated expresspathway leading to agonist-induced activation of GPIlb*fkand
of GPIb-IX and GPV in leukemic cell linésand concurs with platelet aggregation. Finally, GPV promoter could be instrumental
transfection and gene inactivation studies, showing that GPIb-t¥ direct the in vivo expression in MK and platelets of therapeutic
could be expressed efficiently in the absence of GPV. proteins such as antithrombotics or antitumor agents.

In conclusion, this study confirms that GPIb-V-IX represents a
later marker of MK maturation than GPIllb and further demon-
strates that GPV has a delayed temporal pattern of expression. This
distinct behavior, as compared to GRJWGPIX, and presumably Acknowledgments
GPI3, may serve an as yet unknown specialized function of GPV.
GPV should prove to be a useful tool to study normal or pathologidie authors wish to thank Sylvette Chasserot-Golaz (INSERM
megakaryocytopoiesis and to improve our understanding of the338, Strasbourg, France) for confocal laser scanning microscopy,
final stages of MK maturation. Selection of GPiIBPIb-V-IX~  Annie Falkenrodt (EFS-Alsace, Strasbourg, France) for help with
cells will discriminate between early and more committed MKnorphologic analyses, and Denis Clay (INSERM U.268, Villejuif,
precursors and with the help of new differential screening aprance) for helpful discussions and support during this study. We
proaches should allow identification of cytokines and transcripticare also grateful to Pierre Charbord (INSERM U.506, Villejuig
factors that are turned off or on during the final stages dfrance) and Jean-Philippe Rosa (INSERM U.348, Paris, Frarg:e)

differentiation. In addition, isolation of mature MK could be usefufor critical reading of the manuscript.
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