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Abstract

Cell-cell adhesion is essential for many immunological func-
tions and is believed to be important in the regulation of hema-
topoiesis. Adhesive interactions between human endothelial
cells and megakaryocytes were characterized in vitro using the
CMKmegakaryocytic cell line as well as marrow megakaryo-
cytes. Although there was no adhesion between unactivated hu-
manumbilical vein endothelial cells (HUVEC) and megakaryo-
cytes, treatment of HUVECwith inflammatory cytokines such
as IL-1lf, tumor necrosis factor alpha, INF-y, or the phorbol
ester phorbol myristate acetate (PMA) resulted in a time- and
dose-dependent increase in adhesion. Stimulation of marrow
megakaryocytes or CMKcells with the cytokines IL-1,, GM-
CSF, IL-6, IL-3, or PMAaugmented their adhesion to endothe-
lium. Monoclonal antibodies against the LFA-1 subunit of the
leukocyte adherence complex CD18 inhibited the binding of
marrow megakaryocytes or CMKcells to HUVEC. Adhesion
blocking experiments also demonstrated that the VLA-4/
VCAM-1 pathway was important for megakaryocyte attach-
ment to HUVEC.Adhesion promoted maturation of megakary-
ocytic cells as measured by increased expression of glycopro-
teins GpIb and GpIIb/IIIa and by increased DNAcontent.
These observations suggest that alterations in megakaryocyte
adhesion may occur during inflammatory conditions, mediated
by certain cytokines, resulting in augmented megakaryocyte
maturation. (J. Clin. Invest. 1993. 91:2378-2384.) Key words:
integrins * cytokines * phorbol esters * megakaryocytopoiesis

Introduction

Adhesion molecules play a major part in cell-matrix and in
cell-cell interactions ( 1). These adhesive interactions are im-
portant in the regulation of hematopoiesis and thymocyte mat-
uration, the direction and the control of lymphocyte traffic and
migration through tissues, and the development of immune
and nonimmune inflammatory responses (2). Adhesion mole-
cules belong to three different families: integrins (3), immuno-
globulins (4), and selectins (5). Integrins are expressed by a
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1. Abbreviations used in this paper: HUVEC, human umbilical vein
endothelial cells; SCF-KL, stem cell factor/kit ligand.

large number of tissues whereas other adhesion molecule fami-
lies are restricted to a smaller number of cell types. The leuko-
cyte integrin family (3) is composed of a/3 heterodimeric mem-
brane glycoproteins that share a common1B subunit, designated
CD18. The a subunits of each of the three members, lympho-
cyte function associated antigen- 1 (LFA- 1) (2), macrophage
antigen- 1 (Mac- 1 ) and p1 50,95 are designated CDl la, b, and c
respectively. These adhesion molecules play a critical part in
the immune and inflammatory responses of leukocytes. An-
other integrin subfamily found on leukocytes is the very late
after activation antigens (VLA) group (6). Members of this
family function mainly as extracellular matrix adhesion recep-
tors and are found both on hematopoietic and nonhema-
topoietic cells. A third integrin subfamily, the cytoadhesions,
are receptors on platelets and endothelial cells, which bind ex-
tracellular matrix proteins (7, 8). The immunoglobulin super-
family of adhesion receptors, which include CD2and ICAM- 1,
participate in T cell adhesive interactions and the antigen-spe-
cific receptors of T and B cells, CD4, CD8, and the MHCclass I
and II molecules (9). The third family of adhesion receptors is
the selectins, characterized by a commonlectin domain. Induc-
ible endothelial leukocyte adhesion molecule-I (ELAM- 1)
( 10, 11 ) and granule membrane protein (GMP-140) (5, 12)
are expressed on stimulated endothelial cells and activated
platelets.

The integrin family consists of at least 17 distinct hetero-
dimers formed by associations between 13 a subunits and 7
different d subunits, each with distinct ligand-binding proper-
ties ( 13 ). Among integrins, the VLA-5 complex is widely dis-
tributed and functions as a receptor for fibronectin ( 14, 15). In
contrast, the VLA-4 complex is expressed at substantial levels
on normal peripheral blood B and T- cells, thymocytes, mono-
cytes, and some melanoma cells, as well as on marrow blast
cells and erythroblasts ( 16, 17). Ligands for VLA-4 are vascu-
lar cell adhesion molecule-I (VCAM- 1), identified on the sur-
face of activated endothelial cells ( 18-21 ) and CS-1, an alter-
nately spliced domain within the Hep II region of fibronectin
(22, 23).

The regulation of megakaryocyte proliferation and differ-
entiation appears to be controlled by a number of soluble medi-
ators as well as cell-cell interactions (24). The major stromal
elements in the bone marrow microenvironment include cells
of mesenchymal, endothelial, and macrophage origin. System-
atic study of the effects of cytokines derived from each of these
stromal elements, as well as adhesive interactions of these cell
types with human megakaryocytes, may improve our under-
standing of regulation of megakaryocytopoiesis under physio-
logical and disease conditions. In the bone marrow, megakaryo-
cytes are located in the extravascular space applied to the ablu-
minal surface of endothelium (25-27). In this location,
megakaryocytes send cytoplasmic projections into the lumen,
which could serve to anchor the cell to the endothelium (25,
26). The interaction of rat and guinea pig megakaryocytes with
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subendothelial extracellular matrix was associated with adhe-
sion, platelet-like shape changes and thromboxane A2 produc-
tions (28). However, characterization of these adhesion inter-
actions in the marrow microenvironment is not well defined.
To that end, we initially studied the interaction of human mega-
karyocytes with bone marrow fibroblasts and observed that a
number of adhesion molecules on the surface of megakaryo-
cytes may mediate interaction with bone marrow fibroblasts,
particularly the c-kit protooncogene product on the megakaryo-
cyte surface with the membrane-bound form of the stem cell
factor/kit ligand (SCF/KL) expressed on the marrow fibro-
blast (29). Wehave now investigated the adhesive interactions
between human megakaryocytes and endothelial cells. It ap-
pears that megakaryocyte-endothelial cell adhesive interac-
tions differ in their nature compared with those with bone
marrow stromal fibroblasts, suggesting that different stromal
cell populations may have different roles in regulation of mega-
karyocytopoiesis.

Methods

Growth factors and reagents. Human SCF/KL was cloned and ex-
pressed in Escherichia coli and purified as previously described (30).
Recombinant human SCF/KL, human IL-3, human GM-CSF, and
human IL-6 were provided by Amgen Biologicals (Thousand Oaks,
CA). Recombinant human IL- 1#, INF-,y, and tumor necrosis factor-a
(TNF-a) were provided by Dr. C. Dinarello (Tufts University, Boston,
MA). These cytokines were determined to be free ofendotoxin contam-
ination. Plateau doses of each factor were determined from dose-re-
sponse curves and used for culture at the following concentrations: 100
ng/ml SCF/KL; ng ml TNF-a 50; 1,000 ng/ml IFN--y; 10 ng/ml IL-6;
10 ng/ml IL-18l; 10 ng ml IL-3; and 200 ng/ml GM-CSF. Cyclohexi-
mide and actinomycin D were purchased from Sigma Chemical Co.
(St. Louis, MO).

Megakaryocytic cells. Humanbone marrow was obtained by aspira-
tion from the iliac crest of normal donors who gave informed consent
in a protocol approved by the NewEngland Deaconess Hospital Insti-
tutional Review Board. The marrow was aspirated into preservative-
free heparin (Sigma Chemical Co.) and separated by centrifugation
through Ficoll-Hypaque (Pharmacia Inc., Piscataway, NJ) at 1 ,200gat
room temperature for 30 min. Humanmarrow megakaryocytes were
isolated by a method using immunomagnetic beads using anti-human
glycoprotein GpIIb/IIIa monoclonal antibody as described previously
(31 ). All of the isolated cells were morphologically recognizable mega-
karyocytes. Growth factors were added to the cultures and were incu-
bated for 16 h at 370C in a 5%CO2humidified atmosphere.

The CMKcell line, provided by Dr. T. Sato, derived from a child
with megakaryoblastic leukemia, has properties of cells of megakaryo-
cytic lineage, including surface expression of glycoproteins lb and IIb/
Ila, synthesis of platelet factor 4, platelet-derived growth factor, von
Willebrand's factor, and becomes polyploid upon induction with phor-
bol esters (32, 33). No myeloid or lymphoid surface markers have been
found on our cultured CMKcells. The CMKcell line was cultured in
RPMI 1640 + 10% FCS. CMK-G is a subclone of CMKcells that
expresses lower levels of glycoproteins GpIb and GpIIb/IIIa and was
also cultured in RPMI 1640 + 10% FCS.

Viability and identification of megakaryocytes. Viability of sepa-
rated cells was assessed by trypan blue exclusion (31 ). Megakaryocytes
were identified by Wright's staining and flow cytometric expression of
GpIIb/IIIa and GpIb (31 ). The maturation stages of the megakaryo-
cytes were classified by cell size, nuclear morphology, and cytoplasmic
staining (31 ).

Cell culture of human umbilical vein endothelial cells (HUVEC).
HUVECwere obtained as primary cultures as previously described
(34) (gift of M. Gimbrone, Jr., Brigham and Women's Hospital, Bos-
ton, MA). They were maintained at 370C with 5%CO2in 80%nutrient

medium 199 with 25 mMHepes (M.A. Bioproducts, Walkersville,
MD), 20% FCS (heated at 560C for 30 min), and fresh 2 mML-gluta-
mine (Flow Laboratories, McLean, VA). The medium was supple-
mented with 100 ,g/ml sodium heparin (porcine intestinal mucosa;
Sigma Chemical Co.) and 50 ,g/ml endothelial mitogen (Biomedical
Technologies, Inc., Stoughton, MA). Tissue culture flasks were coated
with 0.1% gelatin (Difco Laboratories, Inc., Detroit, MI) before pas-
sage of HUVEC. Second to fourth passage confluent cultures of HU-
VECwere used. HUVECwere allowed to grow to confluence on gelati-
nized 24-well culture plates (- 250,000 HUVECper well). Con-
fluence was verified by phase-contrast microscopy before use in
experiments.

HUVECactivation. The ability of various stimuli to induce adhe-
sion of HUVECto megakaryocytes was investigated by preincubating
HUVECwith various activating stimuli at 370C in a humidified atmo-
sphere of 5%C02, 95% air for 24 h, unless otherwise indicated in the
text. After this stimulation HUVECwere washed with warm (370C)
medium and 100 ,l of cell suspension (5 X 104 CMKor isolated mega-
karyocytes) were added to each well and HUVECand megakaryocytes
were allowed to incubate for up to 3 h as indicated in the text. All
experiments were performed in duplicate.

Flow cytometry. For flow cytometry, 5 X I0' cells were exposed to
monoclonal antibodies (40C, 30 min), washed three times, and fol-
lowed by fluorescein-conjugated goat anti-mouse IgG (Boehringer
Mannheim Biochemicals, Indianapolis, IN) (1:50 dilution in HBSS
with 0.1% BSA at 40C for 20 min) and fixed in 1% paraformaldehyde
in PBS.

Preparation of phorbol-12-myristate-13-acetate (PMA)-treated
megakaryocytic cells. PMA(Sigma Chemical Co.) was dissolved in
DMSOand stored at -80°C. Just before use, PMAwas diluted in the
RPMI culture medium. Cells were incubated with PMAat a concentra-
tion of 10 ng/ml in a 5%CO2humidified atmosphere as indicated.

Proliferation assays. Cell proliferation and viability were assessed
by [3H]thymidine incorporation and by trypan blue exclusion (0.4%
trypan blue stain in 0.85% saline; Gibco Laboratories, Grand Island,
NY). For [3HJthymidine incorporation assays, cells were incubated at
37°C in a humidified atmosphere of 5.5% CO2 for 48 h. Cells were
pulsed with 0.5 MCi per well of [3H]thymidine (DuPont-New England
Nuclear, Boston, MA) and incubated for an additional 4 h. Samples
were harvested onto glass fiber filters and counted by liquid-scintilla-
tion spectrometry.

Cell-cell adhesion assay. To measure cell-cell adhesion, 5 x 104
CMKcells or bone marrow megakaryocytes in 2 ml of DMEM10%
+ FCSwere added to HUVEC.The cells were allowed to settle for 3 h at
37°C. Nonadherent cells were then washed away in four changes of
medium, centrifuged at 400 g for 10 min, and counted. The remaining
adherent cells were collected by vigorously pipeting trypan blue. To
confirm the adherence of megakaryocytes to HUVEC, in some experi-
ments we used radiolabeling with 5'Cr. Primary megakaryocytes or
CMKcells (1O6) cells were labeled with 100 gCi of 5"Cr Na25PCrO4 for
I h at 37°C and then washed twice in PBS and resuspended at 106
cells/ml. 5'Cr-labeled cells were added to each well with HUVECin a
total of 100 Ml and binding was allowed to occur for 3 h at 37°C. The
nonadherent megakaryocytic cells were then removed by three washes
with PBS, followed by lysis of bound cells with 0.1% NP-40. The radio-
activity of each lysate was measured in a gammacounter, which was
indicative of megakaryocyte cell adhesion.

For adhesion inhibition studies, we used the following monoclonal
antibodies: TS 1 /22 (IgG,) and TS I / 18 (IgG,), which recognize LFA-
1Ca subunit and LFA-lB subunit, respectively (Dr. T. A. Springer,
Center for Blood Research, Harvard Medical School, Boston, MA).
Monoclonal antibodies to VCAM-l (BBA-6) (IgG,) were obtained
from R&DSystems Inc. (Minneapolis, MN). Monoclonal antibodies
for VLA-4 (CD49d) (IgG1) were obtained from Immunotech Interna-
tional (Westbrook, ME). Antibody W6/32 (IgG2a, anti-HLA class I
antigen), was obtained from American Type Culture Collection
(Rockville, MD) and used as a control antibody; control IgG, ascites
was also used. Monoclonal antibodies to human GpIb (IgGj) and
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GpIIb/IIIa (IgG,) were obtained from Becton-Dickinson & Co.
(Mountain View, CA). All monoclonal antibodies were used at a 1:100
dilution (final concentration of 10 ,g/ ml). To assay inhibition of ad-
hesion, cells were treated (30 min, 370C) with the relevant antibody, as
indicated in the text. After 30 min, the megakaryocytic cells were
washed 3x with PBSand then added to HUVECmonolayers for a 3-h
incubation at 370C. Nonadherent cells were removed and the remain-
ing adherent cells were collected by vigorous pipeting and counted as
described above.

Effect of temperature, cycloheximide, and actinomycin Don mega-
karyocyte adhesion to HUVEC. To examine the effect of temperature
on CMKadhesion to HUVEC,HUVECwere first preincubated for 24
h at 370C with either IL- 1 (10 ng/ml), PMA(10 ng/ml), TNF-a (50
ng/ml), or IFN--y (1,000 ng/ml). HUVECwere then washed with
RPMI and CMKcells (5 x 104 cells) were then added to HUVECfor 3
h of adhesion at 4, 22, or 370C. CMKadhesion was measured as indi-
cated above.

To examine the effect of the protein synthesis inhibitor cyclohexi-
mide and the RNAsynthesis inhibitor actinomycin D, HUVECwere
pretreated for 30 min with cycloheximide (1 jIg/ ml) or actinomycin D
( 1 gtg/ml) and then TNF-a (50 ng/ml) or PMA( 10 ng/ml) was added
for 24 h. HUVECwere then washed and CMKcells were added for 3 h.
Adhesion of CMKcells was quantitated as described above.

Flow cytometric measurement of DNAcontent of primary mega-
karyocytes or CMK-Gcells. CMK-Gcells were plated in 24-well plates
at 2 X 105/ml with 5% platelet-poor plasma for 5 d with or without
IL-6 (10 ng/ml). In parallel, adhered CMK-Gcells were cultured in
24-well plates containing unstimulated or TNF-a stimulated HUVEC
at 2 X 105/ml, prelabeled with green fluorochrome, for 5 d as described
(35). CMK-Gcells were then collected and washed twice with HBSS,
resuspended in nuclei isolation medium (NIM-0.2% BSA, 0.4% pro-
vided p40 and 10 mMHepes pH 7.4 in HBSS) plus 54 Worthington
units/ml RNase A at 2 X 106/ml, and an equal volume of nuclei
isolation medium containing 25 gg/ml propidium iodide (Sigma
Chemical Co.) was then added. Samples were kept in the dark at 4°C
and analyzed the same day on a FACSOscan using Cell Fit software as
previously described (32). Freshly prepared lymphocytes were used to
mark the position of the 2N cells. The samples were analyzed for con-
tamination with HUVECcells by analyzing the CMK-Gsamples for
green fluorochrome labeling.

Statistical analysis. The results were expressed as the mean±SEM
of data obtained from three or more experiments performed in dupli-
cate. Statistical significance was determined using the Student's t test.
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Results

Endothelial cell stimulation enhances adhesion for megakaryo-
cytes. In the absence of activating stimuli, adhesion of primary
marrow megakaryocyte or CMKcells to HUVECwas < 5%
(Fig. 1). Treatment of HUVECwith IL- l,3, TNF-a, IFN-,y, or

PMAresulted in dose-dependent increases in adherence of
megakaryocytic cells to HUVEC. Optimal binding of primary
marrow megakaryocytes and CMKto HUVECwas induced,
respectively, by 10 ng/ml IL-lI3 (35.1±9%; 39±7%), 1,000 ng/
ml IFN-'y (37±10%; 42±8%), 50 ng/ml TNF-a (32±8%;
37±9%), and 10 ng/ml PMA(59±9%; 68±7%).

The adhesion kinetics of CMKmegakaryocytic cells to
HUVECis shown in Fig. 2. Adhesion to HUVECinduced by
the cytokines IL- 1 , IFN-'y, or TNF-a was similar, being maxi-
mal by 6 h of incubation. Adhesion of megakaryocytic cells to
PMA-treated HUVECwas more rapid, with a maximal in-
crease at 60 min. Adhesion induced by all four stimuli gradu-
ally declined over 48 h.

The roles of protein and RNAsynthesis in the adhesion
process of HUVECand megakaryocytes were evaluated. Ex-
periments were performed in which HUVECwere treated for
30 min with the protein synthesis inhibitor cycloheximide (1
,ug/ml) or the RNAsynthesis inhibitor actinomycin D (1 ,ug/
ml) and then incubated for 24 h without stimulus or after
stimulation with TNF-a (50 ng/ml) or PMA(10 ng/ml). Nei-
ther cycloheximide nor actinomycin D affected the lack of ad-
hesion of unstimulated HUVECand CMKcells (6±3%). Cy-
cloheximide modestly inhibited the level of adhesion induced
by TNF-a (23±7% inhibition) but had almost no effect on

PMA-induced adhesion (10±5% inhibition). Actinomycin D
was more effective in blocking adhesion induced by TNF-a
(52± 10% inhibition) and by PMA(26± 11% inhibition). Ad-
hesion of CMKmegakaryocytic cells to HUVECwas tempera-
ture dependent (370 > 22° > 4°C) (Fig. 3). Optimal adher-
ence occurred at 37°C.

Stimulation of megakaryocytes enhances their adhesion to
HUVEC. To demonstrate that various stimuli promote mega-

karyocytic cell adhesion to HUVEC, experiments were per-

.T1 1

TNF-a [ng/ml]

. * - .I / .m.I

PMA [ng/ml]

Figure 1. Adhesion of mega-
karyocytes to stimulated HU-
VEC. HUVECwere incubated
with the indicated concentra-
tions of IL-1,B, TNF-a, IFN-,y or
PMAfor 24 h. Washed CMK
cells or isolated marrow mega-
karyocytes were added and al-
lowed to adhere to HUVECfor
3 h. Values represent the

10 30 mean±SEMof duplicate deter-
minations in three experiments.
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Figure 2. Kinetics of in-
so duction of adhesion of
40 2= i\Kimegakaryocytes to HU-
T~~ ~ ~ ~ \ VEC. HUVECwere in-
30 = = = < 9 PMA cubated with PMA(10

IFN-y
B | VTTNF-a ng/ ml), IFN--y ( 1,000
& 10 ng/ml), TNF-a (50

ng/ml), or IL-lfl (10
0 6 12 18 24 48 ng/ ml) for the length

Time (hours) of time indicated and
then tested for adhesion

of CMKmegakaryocytic cells as in Fig. 1. Values represent the
mean±SEMof duplicate determinations in three experiments.

formed with stimulated primary marrow megakaryocytes
CMKcells and HUVEC.Fig. 4 illustrates that although unstii
ulated megakaryocytes did not adhere to unstimulated Hi
VEC, stimulation of megakaryocytes with the cytokines IL- I
GM-CSF, IL-6, IL-3, or PMAinduced adhesion of megakary
cytes to unstimulated HUVECwith 2 20%adherence (Fig. 4
Activation of HUVECwith IFN--y or PMAresulted in furth
enhancement of adhesion of cytokine-stimulated prima
marrow megakaryocytes or CMKcells (Fig. 4).

FACSanalysis of VLA-4 and LFA- 1 expression on unstim
lated CMKcells or CMKcells stimulated with IL-113, GI
CSF, IL-6, IL-3, or PMAfor 6 or 24 h revealed no changes
the level of expression of either adhesion molecule (with > 90
of cells expressing both LFA- 1 and VLA-4). Endothelial ce]
can be induced to express ICAM- 1 and VCAM-1, surface pro
teins that are involved in leukocyte adhesion ( 1). TNF-a (

IL- 13 treatment of HUVECinduced VCAM-1 and ICAM
expression (data not shown) as has been demonstrated prev
ously (1, 36, 37).

Wenext investigated whether a subpopulation of megakar
ocytic cells might be capable of adhesion to HUVECon ti
basis of their degree of maturation. Thus, the stage of matur;
tion of primary marrow megakaryocytes and CMKcells 1
HUVECwas compared with megakaryocytes that did not as
here. Expression of the surface molecules GpIb and GpIIb/IIl
and DNAcontent are markers of maturation, since expressio
and ploidy increase as immature megakaryocytes differential
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Figure 3. Temperature dependence of CMKadhesion to HUVEC.
HUVECwere treated for 24 h as in Fig. 1 at 370C. CMKcells cul-
tured at 370C were then added to HUVEC.The temperatures of the
cultures were then altered to those indicated (4 or 220C) or main-
tained at 370C. Adhesion was measured 3 h later. Values represent
the mean±SEMof duplicate determinations in three experiments.
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Figure 4. Megakaryocyte adherence to HUVECafter stimulation of
both cell types. HUVECwere stimulated for 24 h. CMKor bone
marrow megakaryocytes (MK) were stimulated for 16 h as indicated
in the figure. Cells were exposed to TNF-a (50 ng/ml), IFN--y ( 1,000
ng/ml), IL-1 I( 10 ng/ml), GM-CSF(200 ng/ml), IL-6 ( 10 ng/ml),
SCF ( 100 ng/ml), IL-3 (10 ng/ml), or PMA( 10 ng/ml), as indi-
cated in the figure. Values represent the mean±SEMof duplicate de-
terminations in three experiments.

and ultimately form platelets (24, 35). Wedid not observe
lu- different levels of expression of surface GpIb and GpIIb/IIIa
/1- by flow cytometric analysis of nonadherent megakaryocytes
in compared with the cells that adhered (data not shown). Ploidy
% analysis of nonadherent and adherent CMKmegakaryocytic
Jls cells revealed no difference in distribution of DNAcontent
0- (data not shown). These results indicate that adhesion of mega-
or karyocytes to HUVECwas not dependent on the maturational
:-1 stage of the megakaryocyte under the conditions of our in vitro
vi- cultures.

Megakaryocyte adhesion to HUVECis LFA-J and VLA-4
y- dependent. To address the question whether integrins ex-
he pressed on megakaryocytes are involved in promotion of their
*a- attachment to HUVEC, we performed experiments in which
to megakaryocytic cells were treated with monoclonal antibodies
d- directed against the common13 subunit of the CD18 complex
la (TSI/22.1.1 13.3) and/or against the a subunit of LFA-1
n (TS 1 / 18.1, 2, 11.4). Weinitially determined that expression
te of LFA- 1 and VLA-4 was abundant in CMKcells and human

primary megakaryocytes with > 90% of cells expressing the
surface molecules as detected by flow cytometry (Fig. 5). Anti-
bodies to LFA- 1 inhibited the adhesion of isolated bone
marrow megakaryocytes (38±7%) or CMKcells (55±9%) to
HUVEC. This indicated the involvement of the LFA- 1 com-
plex in adhesion of megakaryocytes and CMKto stimulated
HUVEC. The adhesion of primary marrow megakaryocytes or
CMKcells to HUVECwas also inhibited by anti-VLA-4
(43±10 and 74±8%, respectively). In addition, preincubation
of HUVECwith VCAM-1 antibodies inhibited adhesion of
HUVECto primary marrow megakaryocytes and CMKcells
by 28±7 and 56±10%, respectively (Fig. 6), indicating that
VCAM-1 on HUVECand VLA-4 on megakaryocytic cells play
a role in the adhesion of megakaryocytes to HUVEC. Taken
together, our results suggest that the 12 family of integrins
(LFA- I), as well as the f13 family of integrins (VLA-4), play a
role in the adhesion of marrow megakaryocytes and CMKcells
to HUVEC.

Effect of adhesion on growth and differentiation of mega-
karyocytic cells. Wenext evaluated the proliferation and differ-
entiation of megakaryocytes adhered to HUVEC. Marrow
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Figure 5. Immunofluorescence analysis using flow cytometry of CMK
cells or isolated marrow megakaryocytes stained with specific anti-
bodies for LFA- 1 and VLA-4. CMKcells (105) or isolated bone
marrow megakaryocytes (I05) were incubated with purified control
IgG ascites (I g/ 100 ,gl), control monoclonal antibodies (1 ,ug/ 100
i1), or monoclonal antibodies to LFA- 1 ( 1 utg/ 100 ,l) and VLA-4 (1
,tg/ 100 jAu). Cells were analyzed in each instance and fluorescence
intensity was displayed in relative intensity on a logarithmic scale, as

described in the Methods. Percentage of positive cells, calculated be-
tween channel numbers 50 and 200 are indicated. An unrelated
FITC-labeled conjugate (swine anti-rabbit Ig) stained 2% of each

cell suspension (curves not shown).

megakaryocytes or CMKcells adhered to HUVECdid not pro-

liferate under the various conditions of stimulation of HUVEC
with TNF-a, IFN-,y, or PMA(data not shown).

CMK-Gcells were found to have significantly increased
expression of surface GpIb and GpIIb/IIIa after adhesion to
HUVEC. The level of the increased expression of the adhered
CMK-Gwas similar to CMK-G-stimulated cells with IL-6, a

cytokine known to increase megakaryocyte differentiation (24,
32) (Table I). Furthermore, DNAanalysis of adhered CMK-G
cells revealed a significant increase in the percentage of poly-
ploid cells. The distribution of DNAcontent of the unstimu-
lated CMK-G is shown in Table II. Stimulation by IL-6 of
CMK-Gcells increased the percentage of polyploid cells (Table
II). Unstimulated CMK-Gafter adhesion to TNF-a-stimu-
lated HUVECdemonstrated a higher distribution of DNA
content compared with nonadhered CMK-Gcells treated with
the cytokine IL-6 (Table II). Furthermore, IL-6-stimulated
CMK-Gcells adhered to TNF-a-stimulated HUVECshowed
a further increase in the percentage of polyploid cells (Table
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Figure 6. Effect of spe-

cific antibodies against
LFA- 1, VCAM-1, and
VLA-4 on adhesion of
megakaryocytes to HU-
VEC. HUVECwere

stimulated with TNF-a
for 24 h as in Fig. 1.
HUVECwere incubated
without antibodies or

with monoclonal anti-
bodies to VCAM-l (1 yIg/ 100 Al) or control antibody W6/32 (anti-
HLA class I antigen) (1 Mg! 100 Ml). CMKcells or isolated marrow

megakaryocytes were incubated without antibodies, with monoclonal
antibodies for LFA-l (1 Ag/ 100 ,l), or with VLA-4 (1 Mg/ 100 Ml)
for 30 min at 37°C. The cells were then washed and added to HUVEC
for 3 h at 37°C. Values are mean±SEMof duplicate determinations
in six experiments.

Table I. Immunofluorescence Analysis using Flow Cytometry of
CMK-GCells with Specific Antibodies for Glycoproteins GpIb
and GpIIb/IIIa

Fluorescence intensity of surface
marker

Cell culture conditions GpIb GpIIb/IIIa

CMK-G 13.1±0.4 75.1±1.1
CMK-G+ HUVEC/TNF-a 17.1±0.1* 85.2±1.0*
CMK-G/IL-6 14.7±0.2 82.2±1.6
CMK-G/IL-6 + HUVEC/TNF-a 18.4±0.8t 87.0±0.8*

HUVECwere stimulated with TNF-a (50 ng/ml) for 24 h. CMK-G
cells (105) unstimulated or IL-6 (10 ng/ml) stimulated for 16 h and
some cultures were then incubated with HUVECpretreated with
TNF-a for 24 h. After adhesion to HUVEC, CMK-Gcells were

washed and incubated with control monoclonal antibodies or mono-

clonal antibodies for GpIb or GpIIb/IIIa for 30 min at 370C. CMK-G
cells were then washed and incubated for 30 min at 370C with FITC-
labeled conjugate (rabbit anti-mouse Ig). CMK-Gcells were then
washed, analyzed in each instance, and fluorescence intensity was

displayed in relative intensity on a logarithmic scale. Percentage of
positive cells, calculated between channel numbers 50 and 200, is
indicated. CMK-Gcells (10,000) were analyzed in each experiment.
Results are given as means ± SEMof four independent experiments.
*Significantly elevated in the cultures of CMK-G+ HUVEC/TNF-a
compared with CMK-Galone (P < 0.05).
t Significantly elevated in the cultures of CMK-G/IL-6 + HUVEC/
TNF-a. Compared with CMK-G/IL-6.

II). These results indicate that increased maturation of mega-
karyocytes, as measured by expression of surface GpIb and
GpIIb/IIIa and DNAcontent, may occur upon adhesion of
cytokine-treated megakaryocytic cells with activated endothe-
lial cells.

Table II. The Ploidy Distribution of Untreated Control CMK-G
Cells, CMK-GCells Treated with IL-6, and CMK-GCells
Adhered to TNF-a-Stimulated HUVEC

Percent in each class

CMK-Gcell culture conditions 2N 4N .8N

CMK-G 54.2±0.8 13.0±1.3 1.3±0.3
CMK-G+ HUVEC/TNF-a 54.4±0.6 31.7±2.3* 3.6±0.4*
CMK-G/IL-6 54.0±1.4 16.2±0.6 2.3±0.3
CMK-G/IL-6 + HUVEC/TNF-a 54.0±1.0 33.7±1.3* 3.9±0.4*

CMK-Gcells (2 X 105/ml) were cultured for 5 d in RPMI + 5%
platelet-poor plasma with or without IL-6 (10 ng/ml). CMK-Gcells
or IL-6-stimulated CMK-Gcells were added to HUVECpretreated
for 24 h with TNF-a. After 5 d, CMK-Gcells were stained with pro-
pidium iodide and analyzed for DNAcontent by fluorescence acti-
vated cell sorting scan using Cell Fit software, as described in Meth-
ods. The percentage of cells of 2N, 4N, and .8N does not add up to
100% due to the death of cells during the culture period. The results
were obtained from analysis of 10,000 CMK-Gcells. Results are

given as mean ± SEMof four independent experiments.
* Significantly elevated in the cultures of CMK-G+ HUVEC/TNF-a
compared with CMK-G(P < 0.05).

Significantly elevated in the cultures of CMK-G/IL-6 + HUVEC/
TNF-a compared with CMK-G/IL-6 (P < 0.05).
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Wewere technically unable to perform these maturation
studies on primary marrow megakaryocytes for two reasons:
isolation of marrow megakaryocytes uses immunomagnetic
beads coated with antibody to GpIIb/IIIa, so all isolated cells
express this surface structure; and ploidy analysis on marrow
megakaryocytes is very difficult since the cells tend to spontane-
ously die after 4-5 d in vitro (the minimum time for DNA
analysis). Techniques to isolate sufficient numbers of a puri-
fied population of less mature megakaryocytes (i.e., megakary-
oblasts) are not yet established. Thus, cell lines of less maturity,
such as CMK-G, provide a model for such maturational
changes.

Discussion

Very little information has been obtained on cell-cell interac-
tion between megakaryocytes and endothelial elements. Cul-
tured HUVECas well as cultured bovine endothelial cells pro-
duce an extensive underlying extracellular matrix that closely
resembles the vascular subendothelial basal lamina in its ori-
gins and chemical composition (25). Levine et al. (28) previ-
ously reported the use of cultured bovine endothelial cells as a
model to study the interaction of megakaryocytes with the sub-
endothelium. Bovine vascular endothelial cells were found to
induce human platelet adhesion, aggregation, thromboxane A2
formation, and the release reaction in a manner similar to that
observed with human platelets flowing over subendothelium
from human arteries or veins (28). HUVECmay also provide
a model of bone marrow microvascular endothelial cells.
Lichtman et al. (26) observed that an intimate relationship
exists between the megakaryocyte and the abluminal surface of
the endothelial lining cell. At the time of platelet release, the
megakaryocyte cytoplasm invaginates and penetrates the endo-
thelial lining cell; the penetrating cytoplasm is then detached
and enters the marrow circulation as a packet of platelets that
undergoes further fragmentation in the circulation. In addi-
tion, electron microscopic studies (25, 27) indicate that mega-
karyocytes in the extravascular compartments are preferen-
tially located in the subendothelial region. In this location, they
can send numerous organelle-free projections, which serve to
anchor the cell to the endothelium, into the lumen. These ob-
servations indicate that megakaryocyte adhesion to endothelial
cells in vivo is an important physiological process for platelet
formation (25). Therefore, characterization of adhesive inter-
actions between megakaryocytes and endothelium should pro-
vide insights into thrombopoiesis under normal and disease
states. Our studies suggest that inflammatory cytokines such as
IL- 1#, TNF-a, or IFN-,y, which are known to activate endothe-
lium, can promote such adhesion. These cytokines that induce
adhesion of HUVECfor megakaryocytes also induce adhesion
of HUVECfor basophils (36) and for other granulocyte sub-
populations, including neutrophils and eosinophils (37-39).
The kinetics of megakaryocyte adhesion and the induction of
adhesion in HUVECfor megakaryocytes resemble that for
granulocytes, and appears to require both RNAand protein
synthesis, suggesting that megakaryocytes may be binding to
the same inducible surface structures previously described for
neutrophil, eosinophils, and basophil adherence (36-39). Fur-
thermore, cytokines known to promote megakaryocyte growth
and/or differentiation such as IL-3, GM-CSF, and IL-6 appear
to augment the attachment of the megakaryocyte to endothe-
lium.

Wehave demonstrated that incubation of megakaryocytes
with antibodies directed against the common 1B subunit or
against the a subunit of the CD18 complex lead to marked
inhibition of adhesion of megakaryocytes to HUVEC.The find-
ing that blockade of the ,B and a subunits with specific antibod-
ies does not completely inhibit megakaryocyte adherence to
stimulated HUVECindicates that additional cell-surface struc-
tures are important for endothelial cell-megakaryocytic inter-
actions. In this regard, we observed that megakaryocytes ex-
pressed VLA-4, which interacted with VCAM-I expressed on
the surface of HUVEC. This is in addition to the 32 integrins
that interact with ICAM- 1 expressed on activated HUVEC.

The VLA-4/VCAM-1 adhesion pathway has been impli-
cated in important physiological processes involving migration
and localization of immune cells ( 18, 19, 40, 41 ) and some
tumor cells ( 17). In the present study, we observed that this
pathway can also play a role in mediating adhesion of mega-
karyocytes to endothelial cells. Our studies also identified the
specific ,32 integrins, the LFA- 1 complex, as involved in mega-
karyocyte adhesion. Although participation of VLA-4 and 62
integrins accounted for most of the adhesion, other adhesive
molecules may also contribute to this process. Further experi-
ments using multiple antibody combinations may help resolve
this question.

Our characterization of megakaryocyte adhesion to two
major marrow stromal elements, fibroblasts and endothelial
cells, suggests that there may be alternative pathways of cytoad-
hesion involved in megakaryocytopoiesis. In a previous study,
we observed that megakaryocytes adhered to marrow stromal
fibroblasts constitutively, using in part the membrane form of
SCF/ KL on the fibroblast and its cognate c-kit receptor on the
megakaryocyte. Increased megakaryocyte replication occurred
with such adhesion to mesenchymal cells (29). Maturational,
rather than proliferative changes were observed upon mega-
karyocyte adhesion to endothelial cells. There may be a branch
point in the pathway of megakaryocyte replication versus matu-
ration that depends on interaction with stromal fibroblasts ver-
sus endothelium.

During inflammatory conditions, thrombocytosis due to
increased megakaryocytopoiesis is often observed (24). Acti-
vation of endothelial cells by inflammatory cytokines such as
IL- 1,, TNF-a, or IFN--y could potentiate megakaryocyte adhe-
sion to endothelium. IL-6, also a cytokine released during in-
flammation, resulted in increased differentiation of HUVEC-
adhered megakaryocytic cells as measured by DNAcontent
compared with nonadherent IL-6-treated cells. Thus, certain
members of the family of inflammatory cytokines may modu-
late megakaryocyte maturation via enhancing adhesive inter-
actions with endothelial cells. This model of enhanced interac-
tion between endothelium and megakaryocytes during inflam-
mation merits further studies, potentially in recently
established small animal models of human hematopoiesis that
are amenable to cytokine treatment and challenge with inflam-
matory stimuli (42).
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