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Endothelial cell activation by myeloblasts: molecular mechanisms of leukostasis
and leukemic cell dissemination

Anne Stucki, Anne-Sophie Rivier, Milica Gikic, Natacha Monai, Marc Schapira, and Olivier Spertini

Leukostasis and tissue infiltration by leuke-
mic cells are poorly understood life-threaten-
ing complications of acute leukemia. This
study has tested the hypothesis that adhe-
sion receptors and cytokines secreted by
blast cells play central roles in these reac-
tions. Immunophenotypic studies showed
that acute myeloid leukemia (AML) cells

assay. The number of blast cells attached to
unactivated endothelium increased by 7 to activation by leukemic myeloblasts was
31 times after a 6-hour exposure of endothe- caused by cytokine secretion by blast cells,
lium to tumor necrosis factor (TNF)-  «. Inhibi- in particular TNF- o and IL-18, and direct
tion studies showed that multiple adhesion contacts between adhesion receptors ex-
receptors—including L-selectin, E-selectin, pressed by blast cells and endothelial cells.
VCAM-1, and CD11/CD18—were involved in Thus, leukemic cells have the ability to gen-
blast celladhesionto TNF- a—activated endo- erate conditions that promote their own ad-

experiments revealed that endothelial cell

(n =78) of the MO to M5 subtypes of the
French-American-British Cooperative Group
expressed various amounts of adhesion re-
ceptors, including CD11a, b, ¢/CD18, CD49d,

e, fICD29, CD54, sCD15, and L-selectin. The

presence of functional adhesion receptors

thelium. Leukemic cells were then cocul-
tured at 37°C on unactivated endothelial cell
monolayers for time periods up to 24 hours.
Atime-dependent increase in the number of
blasts attached to the endothelium and a
concomitant induction of ICAM-1, VCAM-1,

hesion to vascular endothelium, a property
that may have important implications for the
pathophysiology of leukostasis and tissue
infiltration by leukemic blast cells. (Blood.
2001;97:2121-2129)

was evaluated using a nonstatic adhesion and E-selectin were observed. Additional © 2001 by The American Society of Hematology

Introduction

The hyperleukocytosis that can be observed in acute myelompidly expressed by endothelial cells exposed to thrombin or
leukemia (AML) may lead to leukostasis, a life-threatening complhistamine, whereas E-selectin and VCAM-1 expression are in-
cation caused by leukemic cell sludging in blood capillati#sn  duced several hours after cytokine activatiéit13-18 P-selectin
the absence of treatment, cellular hyperviscosity caused by extreex@ression may also be promoted by a prolonged exposure to
leukocyte count elevation may rapidly lead to multiple orga@NF-a.2° In vivo, the earliest phase of leukocyte rolling in rat
failure and death. The mechanisms at the origin of leukostasis @estcapillary venules is mainly dependent on the interaction of
poorly understood. Size and stiffness of blast cells might playRxselectin with P-selectin glycoprotein ligand-1 (PSGL-1), the
role; leukostasis is more frequently observed in patients with AMinajor ligand of P-selectin on blood neutrophils, whereas L-selectin
or chronic myelocytic leukemia than in patients with acutbas a more important role during a later ph#s®. Several
lymphoblastic or chronic lymphocytic leukemiddowever, addi- observations have indicated that PSGL-1 is a common ligand
tional factors may also be involved, as indicated by leukostadizr L- , P-, and E-selectin and that it supports L-selectin—
development in the absence of hyperleukocytosis or by the frequelefppendent rolling of neutrophils on adherent neutroptifs.
failure of therapeutic leukapheresis in controlling leukostasis.  This process may increase leukocyte recruitment at sites of
Although little is known about the molecular mechanisms thanflammation?2>28.29
regulate myeloblast migration to tissues, adhesion receptors areAdhesion studies performed under static conditions have shown
likely to play an important role in this proce3&.n vitro and in that myeloblast adhesion to cytokine-activated endothelium is
vivo observations have shown that the initial phase of normaiediated by E-selectin, ICAM-1, and VCAM®1L-selectin may
leukocyte recruitment at site of inflammation is mediated bylay a role in initiating the attachment of L-selectihlast cells to
selectins that cooperate with integrins to mediate leukocyte rollimytokine-activated endotheliuff.In these latter investigations,
along vascular endotheliufi2 During rolling on selectins, leuko- endothelial cell preactivation by exogenous cytokine was required
cytes are exposed to inflammatory mediators that induce integtin observe blast cell adhesion. In the current study, we have
activation and facilitate integrin-mediated firm adhesi®Men- investigated the mechanisms involved in the adhesion of AML
tion should be made that endothelium exposure to inflammatdriast cells to resting endothelium. We show that myeloblasts can
cytokines such as tumor necrosis factor (TNE)interleukin activate endothelial cells and promote their own adhesion to the
(IL)-1B, or IL-4 is required for the expression of endotheliavascular wall by cytokine secretion and endothelial cell activation
adhesion receptors able to support leukocyte rolling. P-selectintiisough endothelial cell adhesion receptors.
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were washed, adherent cells were counted in 4 to 8 microscopic fields (0.08
mn¥/field). Results of adhesion studies were expressed as percentage of
inhibition. Control studies were performed for each patient with blast cells
Antibodies suspended in medium alone.

Recruitment of blast cells on unactivated endothelial cell monolayers.
Anti—L-selectin monoclonal antibodies (mAbs) LAM1-3 and LAM1-11,| eukemic blast cell recruitment on unactivated endothelial cells was
anti-E-selectin mAb (HAE-1), and anti-VCAM-1 mAbs HAE-2 andassessed by coculturing endothelial cell monolayers in Z2iRetri dishes
HAE-3 were generated as previously describettHybridomas producing  with 8 x 10° blast cells in 6 mL medium for 0.75 hour, 3 hours, 6 hours, and
mMAbs TS1/22 (anti-CD11a), MY904 (anti-CD11b), TS1/18 (anti-CD18)24 hours. Endothelial and blast cells were cultured in 199 medium
and CSLEX-1 (anti-sLex) were obtained from the American Type Culturgontaining 10% FCS (Myoclone Superplus; Gibco, Basel, Switzerland), 50
Collection (Manassas, VA). Anti—E-selectin mAb H18/7 (Fafragment)  yi/mL porcine intestinal mucosa heparin (Leo Pharmaceutical Products,
and anti-ICAM-1 mAb HU 5/3 (Fal2 fragment) were gifts from F. W. Ballrup, Denmark), 15 mM Hepes, 2 mM L-glutamine, penicillin, and
Luscinskas (Brigham and Women's Hospital, Harvard Medical Schoditreptomycin (all from Gibco). After coculture, Petri dishes were placed in
Boston, MA). Monoclonal antibodies were purified from hybridoma cultur@Bs—29 glutaraldehyde. After overnight fixation, Petri dishes were washed
supernatants on protein A using the MAPP Il kit (BioRad Laboratoriegnd adherent blasts were counted.
Glattbrugg, Switzerland). The following mAbs were obtained from the
designated suppliers: AC1.2 (anti—P-selectin), SHCL-3 (anti-CD11G,cyjture of blast cells with endothelial cell monolayers
NCAM16.2 (anti-CD56), and KPL1 (anti-PSGL-1) were from BD Bio-
sciences, Heidelberg, Germany; HP2/1 (anti-CD49d), SAM1 (anti-CD49d)he ability of blast cells to induce endothelial cell adhesion receptor
GOH3 (anti-CD49f), 84H10 (anti-CD54), and PL1 (anti-PSGL-1) werexpression was evaluated by coculturing blast cells with confluent endothe-
from Immunotech, Marseilles, France; 4B4 (anti-CD29) was from Coultelial cell monolayers for various times in 25-émlastic flasks. Cells (70
Schlieren, Switzerland; hec-7 (anti-CD31) was from Endogen, Bostoblast cells/flask) were cocultured in 7.5 mL 199 medium containing 10%
MA); and G1 (anti—P-selectin) and SFF-2 (anti-CD44) were from CatalysCS, heparin, Hepes, L-glutamine, penicillin, and streptomycin. After the
AG, Walllisellen, Switzerland. Isotype-matched negative controls (Bectaamoval of culture medium and nonadherent cells, adherent blast cells were
Dickinson, Basel, Switzerland), secondary goat anti-mouse immunoglolietached from endothelial cell monolayers by gentle washing and pro-
lin fluorescein isothiocyanate (FITC; Tago, Camarillo, CA), and neutralizessed for immunophenotypic analysis. In parallel, endothelial cells were
ing goat anti-TNF« and anti—IL-B antibody (R&D Systems, Abingdon, detached from plastic flasks with PBS containing 5 mM EDTA, washed

Materials and methods

UK) were obtained from the designated manufacturers. twice in RPMI medium/5% FCS, and stained with appropriate mAbs.
Immunophenotypic analysis was performed by flow cytometry, as de-
Patients and myeloblast immunophenotypic analysis scribed above. Endothelial cell adhesion receptor expression was evaluated

using non-cross-blocking FITC-labeled mAbs in experiments evaluating
Heparinized peripheral blood or bone marrow samples were obtained frgig effect of adhesion blocking mAbs on endothelial cell activation by blast
78 newly diagnosed patients with AML. Each sample contained more thgg|is. Results were compared to those obtained using endothelial cells
90% blast cells. AML diagnOSiS was based on the criteria of the Frencgrown in medium alone. For several experiments’ culture media were
American-British (FAB) Cooperative Group and immunophenotypic stugollected after 3, 6, or 24 hours of culture, centrifuged, passed through a 0.2
ies32-%Blast cells, isolated by centrifugation on Ficoll-Hypaque, were usegm filter (Millipore), and run on Detoxigel (Pierce, Oud-Beijerland, The
immediately or kept frozen until use. Cell viability, as assessed by trypafetherlands) to obtain endotoxin-free culture media. In some experiments,
blue exclusion, was greater than 80% after 4 to 12 hours of blast cell cultigigect contact between leukemic blast cells and endothelial cells was
in RPMI medium/10% fetal calf serum (FCS). Immunophenotypic analysjsrevented using a membrane with Quin pores (Transwell cell culture
was performed using a large panel of directly FITC- or phycoerythrirchamber; Costar, Badhoevedorp, The Netherlands). In 3 experiments, the
conjugated mAbs reacting with leukocyte differentiation antigens CD-2, -Bercentage of apoptotic myeloblasts was assessed by cell staining with
-4, -7, -10, -13, -14, -15, -19, -20, -22, -33, -34, -41, -61, glycophorin Az|TC-conjugated AnnexinV and propidium iodide using the AnnexinV kit
HLA-DR, TdT, or myeloperoxidase (antibodies were from Becton DiCKin(Immunotech)?ﬁ The percentage of apoptotic cells did not significantly
son, Basel, Switzerland; Immunotech-Coulter, Marseilles, France; DAKGhcrease after 24 hours of coculture with endothelial cells (20%(th] vs

Glostrup, Denmarkj? Unconjugated mAbs were detected by indirec194 after 24 hours of coculture; 11% vs 8% and 13% vs 16%).
immunofluorescence using an FITC-conjugated goat anti-mouse antibody

(Fab2 fra_gment) (Tago). Double-immunofluorescence _analy_5|s was P&iatistical analysis

formed with an Epics flow cytometer (Coulter Electronics, Hialeah, FL).

Five thousand cells were analyzed for each sample. Unpaired Student tests or Mann-Whitney tests were used for group
Blast cell attachment assay to TNk activated-endothelial cell mono- comparison. When 3 or more groups were compared, differences between
layers. Myeloblast attachment to TN&-activated endothelial cells was treatments were evaluated by analysis of variance (ANOVA) and the
assessed as previously describe¥Endothelial cells isolated from human Bonferroni multiple comparison test or the Kruskal-Wallis nonparametric
umbilical cord (passages 2-4) were grown at confluence in Petri dish®8IOVA test. P < .05 was considered significant. Data are shown as
coated with 0.5% gelatin (Sigma, St Louis, MO). Endothelial cell monolaynean* 1 SD.

ers were cultured for 6 hours in medium containing 100 U/mL T&\F-

washed twice, and incubated for 15 minutes at 37°C with medium alone

(RPMI 1640, 5% FCS) or medium containing L8/mL adhesion-blocking

mADb (anti-VCAM-1 mAb, HAE-2; anti-E-selectin mAb, H18/7) or control Results

mADb (anti-HLA class | mAb, W6/32). Monoclonal antibodies were used aéxpression of adhesion molecules by myeloblasts

a concentration of 1Qug/mL. Endothelial cell monolayers were then

washed twice before each attachment assay. In addition, blast cells wepgs following FAB subtype distribution (subtype, number of

L”OC:IZ‘?;%Z fg;ﬁgsrgr‘éﬁiikﬁf&"g;h (zi‘t]i'cr‘“;f;“rr: :éonfs‘irﬂ”;?(x:‘ patients) was observed among the 78 patients investigated in this
selectin mAb, LAM1-3). Nonblocking anti—L-selectin mAb LAM1-11 WasStUdy: MO, 3; M1, 10; M2, 24; M3, 4; M4, 30; M5, 7. Expression of

used as control mAb. Blast cells §2 10° blast cells from 14 patients) were the. various adhesion molecules V_Va_s heterogenous among the
then immediately added to human umbilical vein endothelial cells, and c¥firious FAB subtypes and also within each of them (Table 1,
attachment assays were performed under horizontal rotation (72 rpm) forfi@ure 1). For example, there was a significant heterogeneity of
minutes at 37°C. Nonadherent cells were discarded, and Petri dishes wergelectin expressiorP(= .02; Figure 1 and Table 1) with higher
placed in phosphate-buffered saline (PBS)-2% glutaraldehyde. After tHeyels detected on MO (median, 31%) or M1 (50%) blast cells and
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Table 1. Expression of adhesion receptors among 75 acute myeloid leukemic cell samples

MOLECULAR MECHANISMS OF LEUKOSTASIS INAML 2123

MO + M1 M2 M3 M4 M5
L-selectin 47 (11-84) 12 (1-78) 8 (0-42) 17 (1-77) 6 (1-64)
sCD15 67 (12-99) 65 (6-95) 41 (28-88) 57 (3-94) 61 (3-94)
CD11A 88 (55-99) 85 (10-99) 70 (48-97) 89 (33-99) 97 (76-98)
CD11B 20 (2-96) 21 (3-85) 31 (15-36) 34 (1-98) 90 (3-97)
cbiic 19 (0-55) 27 (4-97) — 20 (1-97) 61 (0-85)
cD18 85 (24-98) 77 (0-99) 46 (40-95) 79 (9-98) 95 (15-98)
CD49D 95 (25-97) 89 (50-98) 72 (43-79) 75 (6-98) 92 (9-98)
CD49E 92 (9-99) 92 (33-98) 73 (42-98) 83 (3-97) 90 (1-98)
CD49F 44 (0-96) 23 (5-81) 12 (2-21) 8 (0-82) 1(0-2)
CD29 96 (9-99) 93 (18-99) 92 (64-99) 93 (2-99) 97 (11-99)
CD54 6 (0-76) 23 (0-82) 1 (0-25) 21 (1-76) 15 (0-30)

Median (range) percentage expression is shown for each receptor.

lower levels on M2 (12%), M3 (8%), M4 (17%), or M5 (6%) blastblast cell attachment to TN&-activated endothelium was found
cells. Heterogeneity was also seen for CD11b expresBien (05), to be dependent on L-selectin, E-selectpd integrins, and
with higher levels on M5 (median, 90%) blast cells than amon@2-integrins (Table 2). Anti—-L-selectin mAb LAM1-3 inhibited a
other AML categories (MO, 3%; M1, 10%; M2, 22%; M3, 4%; M4,major part of L-selectin blast cell attachment to TN&-activated
29%; M5, 7%). Finally, there were significant variations in CD49@ndothelium (50.7%t 6.7%; n=9; P < .001, Table 2). In con-
(MO, 96%; M1, 94%; M2, 89%; M3, 72%; M4, 75%; M5, 92%; trast, preincubation of L-selectirblast cells with LAM1-3 did not

P = .007) and in CD49f expression (MO, 44%; M1, 34%; M2affect blast cell attachment (data no shown). E-selectin supported
23%; M3, 12%; M4, 8%; M5, 1%P = .008) (Table 1, Figure 1). blast cell attachment of all blast cell suspensions that were tested
Blast cells from 15 patients with AML were analyzed for theand that contributed to a major part of blast cell attachment
expression of PSGL-1. A strong expression of this marker w#s7.0%= 4.8%; n= 11; P < .001 Members of the superfamily of
observed in most cases (median, 95%; range, 32%-100%1%5). immunoglobulins, VCAM-1 and ICAM-1, were also found to
support blast cell adhesion. Anti-VCAM-1 mAb HAE-2 inhibited
blast cell attachment from 8 patients with AML by 66.7267.7%

and anti-CD18 mAb TS1/18 by 49.09%5.2% (n=11). In 2

The attachment of leukemic blast cells to human endothelium wa¥periments, the anti-PSGL-1 mAb KPL1 inhibited blast cell
evaluated using a nonstatic cell-binding as¥gjAfter 10 minutes adhesion by 52% and 66%, indicating an important role for
of incubation at 37°C, only a few blasts were attached B8SGL-1 in recruiting blast cells at the surface of ThiFactivated
unactivated endothelium (28 26 cells/field; n= 14). In contrast, endothelium.

the exposure of e'ndothelial cellsto TMH—lOQ U/mL TNFa for 6 Myeloblasts progressively accumulate on unactivated

hours at 37°C) induced a 7- to 31-fold increase in blast. cell dothelial cell monolayers

attachment (211 80 cells/field; n= 14). The adhesive properties

of L-selectin (CD62L), E-selectin (CD62ER2-integrin (CD18), Because little blast cell adhesion to unactivated endothelium
and VCAM-1 (CD106) were then evaluated by studying thevas detectable at 10 minutes, the effect of longer incubation
adhesion of blast cells in the presence of the adhesion blockitiges was examined. Leukemic blasts were allowed to adhere to
mAbs LAM1-3 (anti-CD62L), H18/7 (anti-CD62E), HAE-2 (anti- unactivated endothelial cells under static conditions at 37°C for
CD106), and TS1/18 (anti-CD18). The assay duration was 0075, 3, 6, or 24 hours; endothelial cell monolayers were then
minutes to limit L-selectin shedding observed with longer durawashed gently and adherent cells were counted. With incubation
tions. In this low shear stress assay (approximately 0.7 dy@gfém times of up to 24 hours, there was a strong positive nonlinear
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Table 2. Inhibition of blast cell attachment to 6h-TNF-  «-activated endothelium Secretion by leukemic blast cells of factors inducing
by adhesion-blocking mAbs endothelial E-selectin, P-selectin, ICAM-1, and
% Inhibition blast cell VCAM-1 expression
attachment
mAbs Mean + SEM  Range  n P Similar kinetics of E-selectin and VCAM-1 expression were
LAM 1-11 (anti-L-selectin/CD62L) 43+ 20 014 s — observed when endothelial cel[s were pocultured with leukemic
LAM1-3 (anti-L-selectin/CD62L) 507 + 6.7 34.95 9 <001 blastcellsorwhentheywere activated with 100 U/mL TiBr 10
TS1/18 (anti-CD18) 49.0 £ 5.2 2581 11 <.001 U/mL IL-1B. This observation suggests that activating cytokines
HAE-2 (anti-VCAM-1/CD106) 66.7 = 7.7 28-98 8 <.001 might have been secreted by leukemic blast cells during the
H18/7 (anti-E-selectin/CD62E) 57.0+48 31-89 11 <.001  coculture period. We tested this hypothesis by culturing endothelial

cell monolayers in the presence of conditioned medium obtained

from blast cell and endothelial cell coculture. Strong expression of
correlation (R = 0.996) between blast cell adhesion at endethdCAM-1, VCAM-1, and E-selectin was detectable when endothe-
lial cell surface and incubation time (Figure 2). A possibldial cell monolayers were incubated for 24 hours at 37°C with
explanation for this observation is that blast cells can activatenditioned medium obtained after 6 hours of coculture of
endothelial cells, thereby inducing the expression of endotheligukemic blasts with unactivated endothelium. ICAM-1 expression
adhesion receptors such as ICAM-1, E-selectin, P-selectat,the surface of unactivated endothelial cells was=6% and
or VCAM-1. 43% =+ 5% on endothelial cells exposed to coculture medium
(n=13; P =.0013). VCAM-1 expression was not detectable on
unactivated endothelial cells and increased to 34%# on
endothelial cells exposed to coculture medium~.3; P = .0001).
E-selectin expression was not detectable on unactivated endothelial

The ability of leukemic blasts to activate endothelial cells and €#llS and 27%+ 5% on endothelial cells exposed to coculture
induce E-selectin, P-selectin, ICAM-1, and VCAM-1 expressiofteédium (n= 14; P =.0001). The absence of VCAM-1 and
was evaluated by coculturing blast cells with endothelial cefi-Selectin expression on unactivated endothelial cells was ex-
monolayers for 24 hours at 37°C. Immunostaining of endotheliRected:***3°Additional experiments were undertaken to test the
cells with appropriate mAbs revealed the strong induction d¥ossibility that endothelial cell receptor expression after endothe-
ICAM-1, VCAM-1, E-selectin, and P-selectin expression buium exposure to coculture medium was related to the presence of
not of CD29 B1 integrin or CD31 (Table 3). At 24 hours, €ndotoxin in conditioned medium. This possibility was rejected
expression levels of ICAM-1 (CD54) and VCAM-1 (CD106E)Pecause similar levels of ICAM-1, VCAM-1, and E-selectin
were higher than levels seen for E-selectin (CD62E) or PXpression were observed using unprocessed coculture medium or
selectin (CD62P). VCAM-1 and E-selectin expression were théi@culture medium adsorbed 3 times on an endotoxin-removing
determined at various times (0, 3, 6, and 24 hours of coculturéfinity-gel column. Finally, the role of blast cell adhesion to

A progressive increase in VCAM-1 expression was detect@fdothelial cell monolayers in inducing ICAM-1 and VCAM-1
over the 24-hour coculture period; in contrast, E-selectiXxpression at the endothelial cell surface was examined by
expression peaked at 6 hours and decreased afterward (FigeRewaring the expression of these molecules after 20 hours of
3). Importantly, in 2 experiments, the coculture of humagoculture of leukemic blast cells and endothelium in direct contact
neutrophils with endothelial cells did not induce the expressidi separated by a membrane with @ué pores. After 6 hours of

of P-selectin, E-selectin, and VCAM-1 and did not increaseoculture at 37°C, weaker induction of ICAM-1 expression was
ICAM-1 expression after 3 hours, 6 hours, and 24 hours of
coculture. These observations indicate that myeloblasts and

. . . Table 3. Expression of endothelial adhesion receptors before (resting
neutrophils have distinct behaviors that may strongly affect c%ﬁdothe,ium) and after 24 hours of blast cell coculture

Coculture of leukemic blast cells with unactivated endothelial
cell monolayers induces endothelial E-selectin, P-selectin,
ICAM-1, and VCAM-1 expression

recruitment at the endothelial cell surface. with endothelial cell monolayers at 37°C
% Expression
350 - Mean = SEM Range n P
CD54
3001 Resting 6+1 0.5-22 14
T e Cocultured 43+5 4-78 14 <.0001
[]
E CD106
% 200 1 Resting 6+1 2-14 14
% Cocultured 34+6 12-82 13 .0003
150 1
5 50 CD62E
o 1004 Resting 3x1 0-12 14
Z Cocultured 275 0-63 13 .0002
50 CD62P
Resting 4+1 0-19 13
0 T T T T T T T _
0 N N s 12 15 18 21 Cocultured 22+7 0-99 13 .0019
CD29
Time (h) Resting 87+5 50-94 8
Figure 2. Kinetics of leukemic blast cell adhesion to human vascular endothe- Cocultured 91 = 89-94 8 .45
lium. Blast cells (107 M5 AML) were cocultured with endothelial cell monolayers in CD31
25-cm? flasks. Numbers of adherent cells per field (0.08 mm?/field) counted at various Resting 86+ 5 37-99 11

time points are indicated by open circles. Results (mean + SD) are representative of
3 similar experiments.

Cocultured 84 +3 63-98 10 .79
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Figure 3. Kinetics of VCAM-1 and E-selectin expression by endothelial cells
cocultured in 25-cm 2 flasks containing 10 7 M5 AML blast cells. Endothelial cells,
detached with 5 mM EDTA at the indicated times, were analyzed for VCAM-1 and
E-selectin expression by flow cytometry. Results are representative of 3 similar
experiments. Background staining obtained with an unreactive isotype-matched mAb
is indicated by dotted lines in the left panels.
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Prevention of endothelial cell activation
by anticytokine antibodies

Several studies have shown that myeloblasts can secretexTodF-
IL-1B. The involvement of these cytokines in coculture experi-
ments presented here was evaluated using antibodies against
TNF-a or IL-1B. Leukemic blast cell suspensions from 3 different
patients (patient 1, M2 AML; patient 2, MO AML; and patient 3,
M4 AML) were treated with anti—IL-p or anti-TNFe antibodies.
The effect of anti—-IL-B treatment was examined using E-selectin
and ICAM-1 expression as criteria. E-selectin expression was 31%
on endothelial cells incubated for 4 hours with the culture medium
of a blast cell suspension (1@ells/mL) obtained from patient 1
with M2 AML (Figure 4A, lower left). In contrast, E-selectin
expression was only 1% when blast cell culture medium was
treated with anti—IL-B (5 wg/mL) (Figure 4A, lower right). This
treatment also reduced ICAM-1 expression. Similarly, the expres-
sion of ICAM-1 on endothelial cells was reduced from 38% in the
presence of untreated blast cell culture medium from patient 1 to
15% in the presence of anti—ILB%treated conditioned medium
(notillustrated). The effect of anti-TN&-+{reatment was examined

in subsequent experiments in which VCAM-1 and ICAM-1
expression were used as endothelial cell activation criteria. VCAM-1
and ICAM-1 expression were, respectively, 77% and 93% when
endothelial cells were incubated for 14 hours with the culture
medium of blast cells (I0cells/mL) obtained from patient 2 with
MO AML. VCAM-1 and ICAM-1 expression were reduced to,
respectively, 26% and 53% when blast cell culture medium was
treated with anti-TNFx (5 pwg/mL) (not illustrated). Additional
experiments were performed using a third culture medium prepared
using a blast cell suspension from patient 3 with M4 AML.
Anti—IL-1B treatment alone had only a weak effect in preventing
E-selectin endothelial cell expression by this culture medium.
E-selectin expression was 83% with anti—IR-freated culture
medium (Figure 4B, lower left) versus 95% with untreated culture

observed when leukemic blast cells were separated from endotf@dium (Figure 4B, upper right). A further small reduction in
lial cell monolayers than when direct contact was alloweB-selectin expression to 76% was seen when anti—&NRtibody
(67% =+ 4% vs 77%=* 3%; n= 3; P = .007). A similar trend was was added to the anti—ILgktreated culture medium (Figure 4B,

detectable for VCAM-1 expression (268 16% vs 39%+ 11%;
n=2).

lower right). Thus, although the results obtained with the first 2
culture media indicate that ILgland TNFe can play a key role in

i IL-1g || i IL-1B + anti-IL-1B i IL-1B || i culture medium
iivu\ ; i
BAl ’
S e
&N Fo
AY ;\ \ 3
I L ) L STl | | g | \
iii culture medium || iv culture medium iii culture medium || iv culture medium
+ anti-IL-1B + anti-IL-13 + anti-IL-13/TNF-o.

Fluorescence intensity (log scale) Fluorescence intensity (log scale)

Figure 4. Anti—IL-1 B and anti—-TNF- « mAbs prevent endothelial cell activation by blast cell supernatants. (Ai-ii) Endothelial cells were incubated with medium containing
10 U/mL IL-1B in the absence (i) or the presence (i) of 5 wg/mL mAb anti-IL-1B. (Aiii-iv) Endothelial cells were incubated for 4 hours at 37°C with culture medium of M2 AML
myeloblasts (patient 1) in the absence (iii) or the presence (iv) of 5 pwg/mL mAb anti-IL-1B3. Endothelial cells were analyzed for E-selectin expression by flow cytometry. (B)
Partial inhibition of endothelial cell activation by anti—IL-18 and anti—-TNF-« antibodies. (Bi-ii) Endothelial cells were incubated for 4 hours at 37°C with medium supplemented
with 10 U/mL IL-1B (i) or with supernatant from M4 AML myeloblasts (ii). (Biii) Endothelial cells were incubated with the culture medium of M4 AML myeloblasts (patient 3)
treated with anti—-IL-1B (5 pg/mL). (Biv) endothelial cells were incubated with supernatant from M4 AML myeloblasts treated with anti—IL-18 (5 pg/mL) and anti-TNF-a (10
rg/mL). E-selectin expression by endothelial cells was evaluated by flow cytometry. Background staining by an unreactive isotype-matched mAb is indicated by the dotted line.

Dashed lines show the expression of ICAM-1 by unactivated endothelium.

20z AeN gz uo 3senb Aq 4pd-121.2010L08Y/STYT.L9L/1 21 2/LIL6/4Pd-8l01E/POO|gARU suoRedlqndyse//:diy wouy papeojumoq



2126  STUCKIetal BLOOD, 1 APRIL 2001 - VOLUME 97, NUMBER 7

promoting endothelial cell activation by blast cell supernatants, the

data obtained with the third supernatant indicate that additiorgliscyssion

mechanisms are also involved in this reaction.

Acute leukemias are heterogeneous regarding the origin of the
neoplastic clone, cytogenetic abnormalities, clinical presentation,
response to treatment, and biologic behafidpissemination of

Additional experiments were performed to evaluate the role 8fast cells in extramedullary sites and Ieukzstasis are major
blast cell adhesion in inducing endothelial cell adhesion recepfNcerns in the treatment of patients with ANt The study of
expression. Leukemic blast cells {@L) were cultured on myeloblast—endothelial cell interactions reported here may give
endothelial cell monolayers in the presence of adhesion-blockii§" iNsights into the mechanisms of such complications. Observa-
mAbs directed against VCAM-1, ICAM-1, E-selectin, or P-selectiffonS Made in this paper show that (1) the expression of adhesion
(mAb concentration, 1Qug/mL). After blast cell-endothelial cell '€C€PtOrs among AML MO to M5 FAB subtypes is highly heteroge-

monolayer coculture for 6 hours at 37°C, VCAM-1, ICAM-1,"€0US: (,2) Ieukgmic k?'aSt cell adhgsioq to .TMI activated
E-selectin, and P-selectin expression were assessed by endothgﬂ thelial Ce||S.IS meFilated by selegtlns, integrins, and members
cellimmunostaining using FITC-labeled non—cross-blocking mAbE. the superfamily of immunoglobulins; (3) blast cells progres-

Leukemic blast cell suspensions were obtained from patient 4 ( E/ely accumulate on unactivated endothelium by inducing endo-

. . . thelial cell adhesion receptor expression including E-selectin,
AML) and patient 5 (M5 AML). Adhesion-blocking mAbs G1 P-selectin, VCAM-1, and ICAM-1; and (4) secretion of cytokines

(anti—P-selectin) and HU 5/3 (anti-ICAM-1) partially prevente%y leukemic blast cells and adhesion of leukemic blast cells to

the induction of the expression of VCAM-1 and ICAM-1 on . o . . )
endothelial cells by specific adhesion receptors play a major role in

endothelial cell monolayers cultured in the presence of IeUkemI?omoting blast cell recruitment. These results demonstrate that

blasts from patient 4. VCAM-1 and ICAM-1 expression after (?L;yeloblasts can promote their own adhesion to unactivated vascu-

hours of coculture were, respectively, 25% and 60% in the abseq&g endothelium, a reaction that might play a major role in the

of mAbs (Figure 5A, upper panels), 1% and 20% in the presenceg?gthogenesis of leukostasis and tissue invasion.

the anti—-P-selectin mAb G1 (Figure 5A, middle panels), and 1% Immunophenotypic analysis showed that the expression of

and 26% in the presence of the anti-1 mAb HU 5/3 (Figure SAghesion receptors by blast cells was heterogenous among the
lower panels). However, ICAM-1 expression (55%) was NQfarious AML subtypes. Moreover, as shown in Table 1, the
prevented by anti-VCAM-1 mAb HAE-2 (not illustrated). Simi-gypression of adhesion molecules also varied widely within each
larly, ICAM-1 and VCAM-1 expression, which were 60% and 16%ptype. Statistical analysis did not disclose any relation between
respectively, were not reduced by the presence of the anti+ga expression of CD15, CD11a, CD18, CD49e, CD29, CD54, and
selectin mAb H18/7. The following pattern was observed witthe various AML subtypes. In contrast, higher levels of L-selectin
leukemic blasts from patient 5 with M5 AML. Anti—P-selectin mAbexpression were detected at the surface of MO and M1 AML than
G1 and anti-ICAM-1 mAb HU 5/3 did not prevent VCAM-1 on more differentiated M2, M3, M4 or M5 AML blast cells (Figure
expression (not illustrated). However, anti-VCAM-1 mAb HAE-31). Higher levels of CD49f, a receptor for laminin, were also
partially prevented E-selectin and ICAM-1 expression. Contr@pserved on MO AML and M1 AML blast cells, whereas M5 AML
experiments showed that E-selectin and ICAM-1 expression aftebfasts did not express this receptor. The opposite was seen with
hours of blast cell-endothelial monolayer coculture were, respaCb11b, a receptor for ICAM-1, ICAM-2, C3b, fibrinogen, and
tively, 56% and 92% (Figure 5B, upper panels), 20% and 43% factor X, as the highest levels of expression of CD11b were
presence of the anti-VCAM-1 mAb HAE-3 (Figure 5B, middleobserved on myelomonoblastic leukemia M4 AML and monoblas-
panels), and 50% and 68% in the presence of the anti-ICAMtit leukemia M5 AML blast cells. In agreement with earlier studies,
mAb HU5/3 (Figure 5B, lower panels). lower levels of CD11b expression were found on M0, M1, M2, and

Inhibition of leukemic blast cell-mediated endothelial cell
activation by adhesion-blocking monoclonal antibodies

A vcam1 ICAM-1 B E-selectin ICAM-1

Control Control

control

control

Figure 5. Inhibition of endothelial cell adhesion recep-

tor expression by adhesion-blocking mAbs against
P-selectin, ICAM-1, and VCAM-1. (A) Effect of mAbs
directed against P-selectin (G1, 10 pg/mL) and ICAM-1
(HU 5/3, 10 pg/mL) on VCAM-1 and ICAM-1 expression
after 6 hours of endothelial cell coculture with M2 AML
blasts (107 blasts/25-cm? flasks). Endothelial cells were
analyzed for VCAM-1 and ICAM-1 expression by flow
| cytometry. (B) Effect of mAbs directed against and
VCAM-1 (HAE-3, 10 pg/mL) or ICAM-1 (HU 5/3, 10
rg/mL) on E-selectin and ICAM-1 expression after 6
hours of endothelial cell coculture with M5 AML myelo-
blasts (107 blasts/25-cm? flasks). Endothelial cells were
analyzed for E-selectin and ICAM-1 expression by flow
cytometry. Dotted lines indicate background staining of
endothelium labeled with an unreactive isotype-matched
mAb. Dashed lines indicate expression of ICAM-1 by
unactivated endothelium.

anti-P-selectin

L !

anti-ICAM-1

Fluorescence intensity (log scale) Fluorescence intensity (log scale)
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M3 AML blast cells?>46 These differences in adhesion receptomay constitute a mechanism favoring blast cell proliferation,
expression may affect myeloblast trafficking and patient progntihereby contributing to the rapid growth of AML cells in the
sis#247 A study by the Eastern Cooperative Oncology Groupascular compartment and subsequent leukostasis and tissue inva-
suggested that CD1IbAML may constitute a new leukemic sion. Additional changes after endothelial cell activation (for
syndrome with a poor response to chemotherapy and redu@@mple, loss of vascular integrity, modification of the endothelial
survival#>However, the impact of adhesion receptor expression @ienotype from antithrombotic to prothrombotic, increased
clinical presentation and response to therapy was not examineddéadothelial production of cytokines) may also contribute to activate
the patients studied in this report. In future studies, correlatiotise deleterious inflammatory reactions that can cause multiple
between the expression of these parameters and clinical preseatgan failure>®:60
tion may be helpful to identify AML subgroups with unique In the experiment illustrated in Figure 4B, endothelial cell
trafficking behavior. activation by the cell culture supernatant was only partially
As previously reported for normal leukocyte®;448myelo- inhibited by anti—IL-B and anti-TNFe, suggesting that endothe-
blast adhesion to TNE—activated endothelium under nonstatidial cells could be activated by other factors. Various pathways are
conditions was dependent on L-selectin and E-selegfinandB2 involved in endothelial cell activatiot?.Activation of the comple
integrins and on members of the immunoglobulin superfamilyent system or generation of oxygen-reactive species plays an
ICAM-1 and VCAM-1 (Table 2). Observations made with normalmportant role in the pathophysiology of several inflammatory
leukocytes showing that selectins and members of the immurdisease$§-62Thrombin generation after tissue factor expression or
globulin superfamily function synergistically to mediate optimatancer procoagulant secretion by blast cells may also contribute to
blast cell attachment to inflamed endothelium may, therefore, alactivate endothelial celf$:57 Finally, the generation of neutrophil
apply to myeloblasts. With nonmalignant cells, the various stepswiembrane microparticles has been reported to activate endothelial
leukocyte—endothelium adhesion were shown to be mediateells®® The extent to which these various mechanisms are in
through interdependent adhesion reactions. Selectins were functieolved in myeloblast-dependent endothelial cell activation will
ally dominant during rolling whereas ICAM2 integrin played have to be determined.
an important role in stabilizing selectin-mediated rollfiy. Cell—cell contact generates intracellular signals that play an
Inflammatory cytokines and chemokines play a major role iimportant role in regulating cell growth, survival, and locomotion.
regulating leukocyte migration by inducing endothelial cell adheBinding of L-selectin to its ligand, GlyCAM-1, or binding of
sion receptor expression and by modulating the affinity of leuké&-selectin to PSGL-1 increases leukocyte integrin function. Along
cyte integrins during leukocyte rolling. As previously observed fowith chemotactic stimuli, these activating signals may regulate the
normal leukocyted? myeloblasts did not attach to endothelium in dransition from leukocyte rolling to firm adhesié%’2 Cross-talks
short-term (10-minute) nonstatic adhesion assay without pribetweer,, B,, andBz integrins may play a more important role in
endothelial cell activation by TN However, progressive recruit- regulating further steps of leukocyte migratit¥’é In addition,
ment of myeloblasts was observed when blast cells and endotheliggnd binding to L-selectin, PSGL-18,, or B, integrins can
cells were cocultured for several hours. During the first 6 hours génerate diverse intracellular signals that lead to the production of
coculture, blast cell accumulation on endothelium was almostflammatory mediators, including TNé&; IL-1B, IL-8, and tissue
linear, but measures at 24 hours indicated the presence of a platizator’-77-81 Intracellular signal transduction can also occur in
(Figure 2). The kinetics of blast cell adhesion to coculturedctivated endothelial cells after leukocyte adhesion. Transient
endothelium was similar to the kinetics of normal leukocytincreases in endothelial cell cytosolic free calcium and cytoskel-
adhesion to TNFe or IL-1B-activated endothelium. This observa-eton rearrangement have been observed in this cofftExidothe
tion suggests that myeloblasts may secrete BNHL-13, or lial selectins and VCAM-1 were shown to play key roles in the
additional stimulating factors, thereby activating endothelial celgeneration of endothelial intracellular signédsThese cross-talks
and promoting their own adhesion. may also occur between myeloblasts and endothelial cells. Obser-
The possibility that factors secreted by blast cells could activatations made in the current study suggest that blast cells could
the endothelium was suggested by observations showing thativate endothelial cells not only by secreting soluble factors but
endothelial cell exposure to supernatants of blast cell culturako by adhesive interactions with endothelial cells. In the experi-
induced E-selectin, P-selectin, VCAM-1, and ICAM-1 expressioment illustrated in Figure 5B, the inhibition of VCAM-1-mediated
and that the addition of anti—-TNé&-or anti—IL-13 antibodies to blast cell adhesion to endothelium abrogated E-selectin and
blast cell culture media prevented subsequent endothelial caljnificantly inhibited ICAM-1 expression. Thus, in this situation,
activation and endothelial cell adhesion receptor expression (FMCAM-1 played a important role in regulating E-selectin and
ure 4A-B). Myeloblasts have been shown to express TN\&d ICAM-1 expression, an observation concordant with results ob-
IL-1B.49-51In addition, several studies have indicated that T&F-tained in a study on blood neutrophisThe data on VCAM-1
and IL-13 may play a key role in regulating myeloblast proliferaand ICAM-1 expression shown in Figure 5A also indicate that
tion. TNF- significantly increases blast cell proliferation in theP-selectin and ICAM-1 can play a role in endothelial cell activa-
presence of granulocyte macrophage—colony-stimulating factan. In addition, as reported for normal leukocytes, endothelial cell
(GM-CSF)%2 whereas IL-B supports the autocrine growth ofadhesion receptors may induce intracellular signals in blast cells
AML blasts5354In addition to the autocrine loop, a paracrine looghat may stimulate the production of TNFor IL-1B; however,
supporting myeloblast proliferation is provided by the induction ahis possibility was not addressed in this study.
GM-CSF, TNFe, and IL-18 production by fibroblasts and endothe-  Current models of leukocyte adhesion to vascular endothelium
lial cells3055-57 Finally, IL-18 may inhibit the programmed cell propose that leukocytes roll on activated endothelial cells through
death of AML cells by activating nuclear transcription factoselectins and integrins® Integrin activation by chemokines and
NF-«B, a pathway recently shown to be blocked by the arsengelectins during rolling seems crucial for leukocyte arrest and firm
compound phenyl arsine oxid&lnduction of adhesion receptors atadhesiort? We show here that myeloblasts use integrins and
the surfaces of endothelial cells in direct contact with blast celélectins to attach to cytokine-activated endothelium and that blast
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cells can directly activate endothelial cells by secreting Ti\F- eration. These observations increase our understanding of leuke-
IL-1B, or additional activating factor cells and by adhering tanic cell biology; importantly, they also suggest a therapeutic
endothelial cells. Thus, in contrast to neutrophils, myeloblasts hapetential for cytokine inhibitors and adhesion receptor antago-
acquired the ability to create conditions necessary for thaiists against leukemic cell adhesion, leukostasis, and leukemic
adhesion to vascular endothelium, migration to tissues, and prolisue infiltration.
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