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Characterization of Eosinophil Adhesion to TNF-«-Activated
Endothelium Under Flow Conditions: «, Integrins Mediate
Initial Attachment, and E-Selectin Mediates Rolling*

Laurien H. Ulfman,* Philip H. M. Kuijper,* Jan A. M. van der Linden,*
Jan-Willem J. Lammers,* Jaap Jan Zwaginga, and Leo Koendermarf*

The multistep model of leukocyte adhesion reveals that selectins mediate rolling interactions and that integrins mediate firm
adhesion processes. In this study, the interaction between eosinophils and ThFactivated HUVEC (second or third passage) was
studied under flow conditions (0.8 and 3.2 dynes/cf). Especially the role ofe, integrins on eosinophils and E-selectin on HUVEC
was studied. Inhibition of the integrin e, chain on eosinophils reduced the number of firmly adhered resting eosinophils to
TNF-a-stimulated endothelium by 43% whereas the percentage rolling cells increased 2.2-fold compared with untreated control
eosinophils. Blocking of E-selectin on the endothelium reduced the number of adherent eosinophils by only 23% and 16%. In this
situation, however, hardly any rolling adhesion was observed, and the few rolling cells showed a low rolling velocity. Blocking both
a, integrin on eosinophils and E-selectin on HUVEC reduced the number of adhered eosinophils by 95%. P-selectin did not
significantly participate in eosinophil adhesion to TNFea-activated HUVEC. Inhibition of both «, integrins and B, integrins on
eosinophils resulted in a reduction of adhered cells by 65% and a 3-fold increase in percentage rolling cells. Taken together, these
results clearly show that resting eosinophils preferentially use constitutively activey, integrins (a,8;, @,B-,) for the first attach-
ment to TNF-a-activated HUVEC. In addition, «, integrins and E-selectin work synergistically in eosinophil adherence to TNF-
a-activated HUVEC. Although E-selectin is important for eosinophil rolling under these conditions, P-selectin plays only a minor
role. The Journal of Immunology,1999, 163: 343—-350.

diseases such as allergic asthma. Infiltrates of these cellmesentery showed that eosinophils utilize VLA-4 and L-selectin

are present in the interstitium and the lumen of the bron-for rolling interactions. However, still 50% of the rolling interac-
chi of asthmatic patients (1). Eosinophils have to pass the enddions persisted even though VLA-4 and L-selectin were blocked
thelium to enter this site of inflammation. A widely accepted par-(12). Very recently, Patel et al. (13) showed that eosinophilsyse
adigm for leukocyte extravasation is the multistep model. In thisintegrins in tethering to IL-4-stimulated endothelial cells under
model, selectins mediate rolling interactions between leukocytefiow conditions. In contrast, Kitayama et al. showed in a flow
and endothelium, and, subsequently, activated integrins facilitatghamber model that,, integrins did not mediate initial attachment
firm adhesion and extravasation of the cells (2). For eosinophilg,or constitutive rolling interactions of eosinophils on ThFac-
these specific interactions with the endothelium are not fully elu+jyated HUVEC but only mediated immediate arrest after P-selec-
cidated and are the subject of this study. tin-dependent initial attachment (14).

In marked contrast to neutrophils, eosinophils constitutively |, contrast to, integrins, E-, P-, and L-selectin are generally

express thep, integrin a,B, (very late Ag-4 (VLA-4)? agreed upon as very important molecules in initial tethering and
CD49dCD29) (3-6)VLA-4 is also present on monocytes, lym- qjing adhesion of leukocytes to endothelium, including eosino-

phocytes, and basophils, whereas its counter structure VCAM-1 s ™\ ynder static conditions, eosinophils can adhere to both P-

pre;ent on _actlvate_d er_wdothell_um (7_’ 8). Although selectins Pland E-selectin (4, 15). Under flow conditions, eosinophils have
marily mediate rolling interactions, it has been suggested th

heen reported to accumulate more avidly on P-selectin compared

VLA.4 on lymphocytes (9, 10) anq ceII. I|ne.s (11) can play 2 with neutrophils (16). On the other hand, neutrophils adhere more
role in this process as well. For eosinophils, discrepancies exist on,.. . ; .

: L e efficiently to E-selectin-coated surfaces under flow conditions (17).
the role ofe, integrin in mediating initial attachment to the endo-

In concordance with these findings, Kitayama et al. showed a role
for P-selectin in the first attachment of eosinophils to TédBtim-
Departments of *Pulmonary Diseases afitaematology, Academisch Ziekenhuis ulated first passage HUVEC and did not see an effect on primary
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) _ o ) tethering when E-selectin was blocked (14). Taken together, eo-
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sinophils seem to be less E-selectin dependent for rolling interac-

%ions with activated endothelium when compared with neutrophils.

E osinophils play an important role in allergic inflammatory thelium. A study in postcapillary venules of IL33activated rabbit
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1 This work was supported by a grant from the Dutch Asthma Foundation (NederlanddeSS importance than E- and P-selectin. However, L-selectin has
Astma Fands), Project Number 96.49. been shown to mediate adhesion of eosinophils to HUVEC under

2 Address correspondence and reprint requests to Dr. Leo Koenderman, Departmegpnditions of shear although experiments were performed at 4°C
of Pulmonary Diseases, Academisch Ziekenhuis Utrecht, F02.333, Heidelberglaan

100, 3584 CX Utrecht, The Netherlands. E-mail address: L.Koenderman@hli.azu.rﬁ‘Ind no controlled She_ar stress was used (18)- ]
3 Abbreviations used in this paper: VLA-4, very late Ag-4; PSGL-1, P-selectin gly- Increased expression of VCAM-1, E-selectin, and ICAM-1

coprotein ligand-1; HSA, human serum albumin. is associated with pulmonary allergic inflammation (19-22).
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Therefore, these molecules and their ligands might be adhesionith conventionally used isolation procedures with immunomagnetic
receptors for eosinophils to adhere to postcapillary venules presehgads (33).

in the bronchial mucosa. However, many animal models do noEndothelial cells

lead to a consensus regarding this issue. An interesting primate

. HUVEC were isolated from human umbilical cord veins according to Jaffe
model for asthma showed that anti-ICAM-1 therapy reduces lun t al. (34), with some minor modifications (35). The cells were cultured in

eosinophilia and hyperreactivity (23). In addition, these authorsRpmi 1640 containing 20% (v/v) heat-inactivated human serum, 200
showed that, after single Ag exposure, anti-E-selectin treatmentg/ml penicillin/streptomycin (Life Technologies, Breda, The Nether-

reduces lung neutrophilia in primates. In rats, anti-VLA-4 treat-!ands), and fungizone (Life Technologies). Cell monolayers were grown to

: e ; s sconfluence in 5-7 days. Endothelial cells of the second passage or third
ment did not have an effect on neutrophilia (24) or eOSInOphmapassage were used in perfusion assays. HUVEC was activated byxTNF-

(25). In contrast, the combination treatment of anfiintegrins (109 Uyml, 7 h, 37°C) before the perfusion experiments.
and anti-VCAM-1 showed a reduction in eosinophil and lympho-
cyte infiltration in the lung of mice (26). In vivo studies in mice

showed that recruitment of eosinophils (27, 28) and other leukoPerfusions under steady flow were performed in a modified form of trans-
cytes (29) at inflammatory sites is mainly mediated by P-selectinparent parallel plate perfusion chamber (36) as previously described by

However, these studies also suggest a role for E-selectin in thi¥an Zanten etal. (35). This microchamber has a slit height of 0.2 mm and
) width of 2 mm. The chamber contains a circular plug on which a coverslip

process (28, 29). 18 mm X 18 mm) with confluent HUVEC was mounted.
In the current study the interactions between eosinophils an
TNF-a-activated HUVEC were investigated in an in vitro flow
chamber model. Special emphasis was givesm,tltegrins on the  Eosinophils in suspension (2 10° cells/ml in HEPES incubation buffer)
eosinophils and E-selectin on the endothelium. were aspirated from a reservoir through plastic tubing and the perfusion
chamber with a Harvard syringe pump (Harvard Apparatus, South Natick,
. MA). In this way, the flow rate through the chamber could be precisely
Materials and Methods controlled. The wall shear stres§ {as calculated according to the Navier
Reagents Stokes equatiort: = (6Q - n)/(w - h?). In this equatiorQ is the volumetric
) . flow rate,n is the suspending medium coefficient of viscosity (assumed to
Percoll was obtained from Pharmacia (Uppsala, Sweden). fMLP was purhe equal to water at 0.01 pois@)s the slit width, andh is the slit height.

chased from Sigma (St. Louis, MO). Human serum albumin (HSA) wasThe shear stress is proportional to the rate of flow of the cells and can be
purchased from the Central Laboratory of the Netherlands Red Crosgg|culated as dynes/ém

Blood Transfusion Service (Amsterdam, The Netherlands). Recombinant Eqsinophil perfusions were performed as individual runs under specific
human TNFe was purchased from Boehringer Mannheim (Mannheim, shear conditions all in a 37°C temperature box. During the perfusion, the
Germany). HEPES incubation buffer contained 20 mM HEPES, 132 mMjow chamber was mounted on a microscope stage (DM RXE, Leica, Weit-
NaCl, 6 mM KCl, 1 mM MgSQ, 1.2 mM KH,PQ,, supplemented with 5 zjar Germany) that was equipped with a black and white CCD video cam-
mM glucose, 1.0 mM CaGJ and 0.5% (w/v) HSA. All other materials  gra (Sanyo, Osaka, Japan), coupled to a VHS video recorder. Perfusion

Perfusion chamber

Eosinophil perfusion and evaluation

were reagent grade. experiments were recorded on video tape. Video images were evaluated for
. . the number of adhered cells, the rolling velocity per cell, and the cluster
Antibodies index, using dedicated routines made in the image analysis software Op-

The mAb HP2/1 (anti-VLA-4, CD49d) was purchased from Immunotech timas 6.1 (Medig Cyberneti(_:s Systems, Silver Spring, MD)' The ‘?03"‘0'
(Marseille, France). Two blocking anti-E-selectin (CD62e) mAbs were phils that were in contact with the surface appeared as bright Wh'|te-cen-
used; ENA was kindly provided by Dr. W. A. Buurman (University Hos- tered cells after proper adjustment of the microscope during recording. The
pital, Maastricht, The Netherlands) (30), and BBIG-E4 (5D11) was pur-adhering cells on the HUVEC were detected by the image analyzer. The
chased from R&D Systems (Abingdon, U.K.). mAb IB4 and mAb number of surface-adhered eosinophils was measured after 5 min perfusion
DREGS6 were isolated from the supernatant of a hybridoma obtained fronftt @ Minimum of 25 randomized high power fields (total surface of at least
the American Type Culture Collection (ATCC, Manassas, VA). The mAb mn?). Then buffer was perfused, and shear rates were increased from 0.8

WASP12.2 (anti-P-selectin, CD62p) (31) was purchased from Endogeﬁ0 2,3.2,and 6.4 dynes/(?r_nach for 1 min, F’!”"‘g which high power fields
(Boston, MA). The mAb PL-1 (anti-P-selectin glycoprotein ligand Were recorded to determine rolling velocities at these shear rates. To au-

(PSGL)-1, anti-CD 162) was purchased from Immunotech. All above menlomatically determine the velocity of rolling cells, custom-made software

tioned mAbs are functionally blocking Abs. Control Ab W6/32 (anti-HLA- was developed in Optimas 61 A sequence of 50 frames representing an
A,-B,-C) was isolated from the supernatant of a hybridoma obtained fromadJUSt.al[.’Ie time intervaly, with a minimal |nter_v_al of 80 miliiseconds)
ATCC. mAbs were incubated with eosinophils ¥41C° cells/ml) or with was digitally captured. At each frame, the position of every cell was de-
confluent HUVEC layers on cover slips at 1@/ml during 15 min before tected, and, for_ all subs_eque_nt frames, the d|stgnce moved by each cell and
the experiments. The cell suspensions were diluted twice with inc:ubatioﬁhe ”F’mbef of images in which a cell appears in focus was measured. The
buffer (final concentration of kg/ml mAb at 2x 1P cells/ml in HEPES \{elouty of a cell @ In micrometers per sec was calculated from th_e equa-
incubation buffer), and the coverslips were placed directly in the system..t'on: V= L/«St(x—l)_m whichL is the covered d'Stan.Cwm)' Bt 1S the time
interval between images (s), ards the number of images in which a cell
Isolation of eosinophils appears. The cut-off value to distinguish between rolling and static adher-
ent cells was set at Am/s. Rolling velocity classes were depicted, which

Blood was obtained from healthy volunteers from the Red Cross Bloods defined as the fraction of the total number of rolling cells in each group
Bank, Utrecht, The Netherlands. Mixed granulocytes were isolated fromexhibiting a rolling velocity corresponding to the velocity classes as indi-
the buffy coat of 500 ml blood anticoagulated with 0.4% (w/v) trisodium cated (see Fig. 3). With this method, static adherent, rolling, and freely
citrate (pH 7.4) as previously described (32). Mononuclear cells were reflowing cells (which were not in focus) could be clearly distinguished.
moved by centrifugation over isotonic Ficoll (1.077 g/ml). After lysis of Cluster index was measured as previously described (37). The number of
the erythrocytes with an isotonic ice cold )&l solution, the granulocytes — surface-adhered eosinophils per Aiwas measured after 5 min of perfu-
were washed and resuspended in RPMI 1640 (Life Technologies, Paislegion at a minimum of 20 randomized fields. For each adherent cell the
U.K.) with 0.5% (w/v) HSA. number of cells in the surrounding area-el750 wm? was measured. In

Granulocytes were incubated for 30 min at 37°C to restore the initialthe case of a random distribution, the expected number of cells inside this
density of the cells. Thereafter, the cells were washed and resuspended amea was calculated based upon the mean number of surface-adherent cells
PBS supplemented with 0.5% HSA and 13 mM trisodium citrate, and in-per mn?. The cluster index, set to be the difference between the measured
cubated with fMLP (10 nM) for 10 min at 37°C, to decrease the specificand the expected number of cells inside an arbitrary area around the cell,
gravity of the neutrophils, but not that of the eosinophils. Subsequentlywas calculated using the following equation: cluster index per=eéth —
eosinophils were obtained by centrifugation (20 min, 100@) over iso- [(X* a)/(A — 1)]| in whichmis measured number of cells in the rectangle
tonic Percoll (density 1.082 g/ml, layered on percoll with a density of 1.1area,X is the total number of cells in the imagh,is the size of the total
g/ml), washed, and resuspended in HEPES incubation buffer. Purity ofmage, anda is the size of a rectangular cell-surrounding area. For each
eosinophils was>95%, (and recovery was usually 80-90%). This proce- experiment the mean cluster index of a minimum of 500 cells was
dure leads to the isolation of relatively unprimed eosinophils comparectalculated.
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Statistical Analysis .
120

Results are expressed as meaiSEM. Statistical analysis of the data was

performed using a one-way ANOVA against fixed value with Bonferroni T
correction, a one-way ANOVA with Bonferroni correction, or paired Stu- 100

dentt test, as indicated in the figure3.values= 0.05 were considered to M FL _L
be significant. _L

80

Results
E-selectin andv, integrins are important adhesion molecules in
initial attachment to TNFa-stimulated HUVEC

The role of different adhesion molecules in eosinophil-endothe-
lium interactions was examined using blocking Abs. Fig. 1 shows 20
the number of adhering cells per rgwhich equals the total num-

ber of firmly adhered and rolling cells) to activated HUVEC 0 \ : :
(TNF-a, 100 U/ml, 7 h) under flow conditions (0.8 dynes/fras voab

a percentage of control (untreated) eosinophils. Figfatuses on against ~ [SGL1 Psel  Esel  Esel a4 int Psel oy Ead,
the adhesion molecules mediating rolling, and Fig.fdcuses on (ENAZ)  (BEAZ) + + +
those mediating adhesion interactions. Treatment of eosinophils ok Nt a4 int. o4 int
with the anti-PSGL-1 Ab PL-1 or treatment of HUVEC with anti-

P-selectin WASP12.2 did not significantly decrease the number of® '@ "

adherent cells, showing the minor importance of these adhesion

molecules under these conditions. HUVEC incubated with anti-E- 100 i

selectin Abs (ENA-2 or 5D11) showed a slight decrease in adher- €L

ent cells. However, this did not reach significance. When eosino-
phils were incubated with the anti-integkij chain Ab HP2/1 only

58 + 7% of the eosinophils were able to adhere. Interestingly, a
combination of antia, mAb with anti-E-selectin mAbs ENA-2 or
BBA2 almost completely abolished adhesion. The percentage of
binding eosinophils was only 4:8 1.6% and 5.9 1.7%, respec-
tively. This additive effect was not seen for anti-P-selectin treat- 20
ment in combination with HP2/1 (4& 16% adhesion) (Fig.A).

In Fig. 1B, the treatment of eosinophils with the anti-integun 0
chain Ab HP2/1 is shown again. Furthermore, the combination of  moa 4w g g
blocking a, integrins ands, integrins resulted in an additive effect against - +

whereby 35+ 9% of the cells stayed adherent. This effect was ot int (:é:’;)

significant (paired Studenttest;p = 0.002). The combination of

blocking E-selectin and, integrins is significantly different from FIGURE 1. Effect of inhibition of selectins and integrins (int.) with
blocking e, integrins alone (ANOVA with Bonferroni correction: blocking Abs on the interaction of eosinophils to TNFactivated endo-

p < 0.005). Treatment of anf, integrins by mAb 1B4 resulted in thelium.A, Shows the effect of blocking rolling receptors, @dhows the

. . . . effect of blocking firm adhesion receptors (except the combination in which
0
89 = 7% of adhering eosinophils compared with control. Also, E-selectin is blocked). Cells (& 10°%/ml) preincubated in the presence or

blocking bothg, integrins on the eosinophils and E-selectin on the ypsence of blocking mAbs (1ag/ml, 15 min, 37°C) were perfused at

endothelium did not result in a change in the percentage of adhekhear stress 0.8 dynesfmuring 5 min, and images were recorded on
ent cells (89+ 12%). Treatment of eosinophils with the Ab W6/32 video. At least 30 images were counted off line by image analysis (see
(anti-HLA-A, -B, and -C) compared with control eosinophils (no Materials and Methods The number of adhering eosinophils (rolling and
mAb) showed no difference in adhesion, 116233 and 1292+ firm adhering cells) was determined as a percentage of control values (rest-
134, respectively § = 0.362, paired Studerttest). ing, nontreated eosinophils on 7-h TN¥stimulated HUVEC). The abso-

lute number of adhering cells in the control situation was 114267
E-selectin,a, integrins, andp, integrins function differently in eosinophils/mra Percentages are shownSEM of three to five different
the rolling behavior of eosinophils experiments. The statistically significant effects of the blocking Abs were

. . . . determined by ANOVA against fixed value with Bonferroni correction
The role of different adhesion molecules in rolling processes Oftgr nonpaired datas{ p < 0.001) or by paired Studettest for paired data
eosinophils on activated endothelium was examined using blocke:«, p = 0.002).

ing Abs. The percentage of rolling cells was determined by image

analysis of video images (s&aterials and MethodgFig. 2). Fig.

2A focuses on adhesion molecules mediating rolling interactions. Fig. 2B focuses on adhesion molecules mediating firm adhesion.
On activated HUVEC (TNF, 7 h, 37°C), 21+ 4.4% of the  The control situation and treatment of eosinophils by anti-
surface interacting eosinophils were rolling. Blocking PSGL-1 or a,-integrins are depicted as in FigAlBlocking 3, integrins did
P-selectin did not affect percentage rolling compared with the connot have a significant effect on the percentage of rolling cells. By
trol situation. By blocking E-selectin, the percentage of rolling blocking bothB, and «,, again a significant increase in the per-
cells decreased by more then 50% compared with control (ENA-2¢centage of rolling cells was seen (61 8.1%). Simultaneously
4.2 = 1.8%; BBA2, 8.0+ 2.0%). A significant increase in the blocking «, integrins and E-selectin resulted in a too low amount
percentage of rolling cells was seen whep integrins were  of cells to evaluate the percentage of rolling cells.

blocked (44+ 5.9%). However, blocking botl, integrins and Rolling velocities are shown in Fig. 3. The percentage of cells in
P-selectin did not significantly differ from blocking, integrins  each velocity class is plotted against the different velocity classes.
alone (54=+ 7.5%). Rolling velocity classes are defined as the fraction of the total
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FIGURE 2. Effect of inhibition of selectins and integrins (int.) with

blocking Abs on the percentage of rolling eosinophils on TéNRetivated
endothelium.A, Shows the effect of blocking rolling receptors, aBd
shows the effect of blocking firm adhesion receptors. Cellx (20%/ml)

preincubated in the presence or absence of blocking mAbgglfl, 15
min, 37°C) were perfused at shear stress 0.8 dynés/and, during the

EOSINOPHIL ADHESION TO TNFe-ACTIVATED ENDOTHELIUM

—0— controf (n =11)

—a— anti E-selectin (n =5)
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FIGURE 3. Effect of inhibition of selectins and integrins with blocking
Abs on the rolling velocity of eosinophils on TNé&-activated endothe-

lium. Frequency distribution of rolling cells at shear stress 0.8 dynés/cm
The percentage of rolling cells of the total number of cells (tetablling

plus firmly adhering to the endothelium) in each velocity class is plotted.
The sum of the percentages per group equals the percentages shown in Fig.
2. The first point represents velocity class of 1 to 2 microns/s; following
points represent the velocity class of 2 to 4, 4 to 6 microns/s, etc. Cells
rolling faster than Jum/s were considered as rolling cells. Data represent
mean percentages SEM of the indicated number of experiments.

icantly different from the control situation. By blocking, inte-
grins, it was shown that, besides the significant increase in the
percentage of rolling cells, the mean rolling velocity of the cells
increased to 12.2m/s (median, 9.4um/s). Blocking botha, in-
tegrins and P-selectin or both integrins and3,, integrins resulted

in similar velocity profiles, compared with blocking af, integrins
alone (data not shown; medians, 12.2 and 10v0s, respectively).

Effect of different shear rates on rolling velocities and behavior
of eosinophils

The effects of different shear rates on median rolling velocities of
resting untreated eosinophils and HP2/1-treated eosinophils were
examined. Eosinophils were allowed to interact with the endothe-
lial surface for 5 min (0.8 dynes/cih Then buffer was perfused
with increasing shear stresses of 2, 3.2, and 6.4 dyné</aah for

1 min. Rolling velocities of at least 100 cells were measured at
these time intervals, and the median rolling velocity of the total
number of rolling cells is shown in Table Il. Increasing shear
forces of 0.8, 2, 3.2, and 6.4 dynesfimad a slight increasing

second and third minute of perfusion, at least three areas were recorded on
video for a period of at least 5 s. At least 100 cells were studied per

perfusion, and data were analyzed off line by image analysis\s¢erials
and Methods The percentage of rolling cells>@ um/s) of the total num-

ber of adhering cells was calculated. Means are plotted for three to fouf @Ple I. Effect of inhibition of selectins and integrins with blocking Abs

experimentst SEM. The statistically significant effects of the blocking

Abs against control situation or between different treatments (as indicate

in the figure) were determined by paired Studeest ¢, p < 0.05) or one-
way ANOVA with Bonferroni correction«x, p < 0.005;#**, p < 0.001).

number of rolling cells in each group exhibiting a rolling velocity

corresponding to the velocity classes as indicated. The median and E-selectin

mean rolling velocities are shown in Table I. The mean rolling
velocity of control eosinophils to activated endothelium was 4.
um/s (median, 2.um/s). Eosinophils treated with anti-PSGL-1
(PL-1; median, 2.8um/s), antif, (IB4; median, 3.1um/s), and

HUVEC treated with WASP12.2 (anti-P-selectin; median, 3.6

on the median rolling velocity of eosinophils on TFactivated
gndotheliurﬁ

Median Rolling Mean Rolling
Blocking: Velocity (um/s) Velocity (um/s) p Value
Control 2.6 4.8

P-selectin 3.6 5.2 NS
PSGL-1 2.8 6.1 NS

1.7 4.3 NS
VLA-4 (o, integrin) 9.4 12.2 <0.001
g VLA-4 and P-selectin 12.2 14.4 <0.001
VLA-4 and 3, integrins 10.0 12.7 <0.001

B, integrins 3.1 5.5 NS

2 Eosinophils were incubated with indicated mAbs (@6/ml) for 15 min, and
flow experiments on 7-h TNie-activated HUVEC at 0.8 dynes/Gwere performed.

wm/s) showed the same profile in frequency distribution as controfhe rolling velocities of at least 100 cells per experiment out of at least three exper-
cells (data not shown). However, when E-selectin was blocked, thénents were determined (sééaterials and Methods and the median and mean

mean rolling velocity decreased to 4uBn/s, and the median roll-
ing velocity was shifted to 1.&am/s, although this was not signif-

rolling velocities wm/sec) were calculated. The statistically significant effep)sof
the blocking Abs against control situation were determined by one-way ANOVA with
Bonferroni correction.
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Table Il. Median rolling velocities and mean rolling velocities (SEM) of total number of rolling cells at
different shear rates for resting control eosinophils and anfintegrin-treated eosinophils on 7-h TN~
stimulated HUVEE

Median m/s) Mean fum/s = SD)

dynes/cm - HP2/1 - HP2/1 p Value
0.8 3.2 8.6 4.7+ 0.34 10.9+ 0.54 <0.001
2.0 3.8 12.8* 5.5+ 0.24 13.6+ 0.41° <0.001
3.2 4.3 15.0 5.8 0.27 16.3+ 0.4 <0.001
6.4 5.8 195 8.0~ 0.3¢° 21.0+ 0.4 <0.001

2 Effect of different shear stresses on the rolling velocity of eosinophils on d&fdEtivated HUVEC in the presence or
absence of an antiy integrin mAb (HP2/1). After 5 min of perfusion at shear stress 0.8 dynésttia shear was increased to
2.0, 3.2, and 6.4 dynes/Grduring 1 min, respectively. Median and mean rolling velocities)(s) =+ SEM are calculated from
at least 100 cells (seédaterials and Methodsout of three experiments (exceptn = 2). The statistically significant effect®)
of anti-a, integrin treatment (HP2/1) vs control situation were determined for each velocity class by one-way ANOVA.

b The significant effects f < 0.05) of the mean rolling velocity in the shear class 2, 3.2, and 6.4 dynéskrthe 0.8
dynes/crd value in each group (control and HP2/1 treatment) determined by one-way ANOVA.

effect on median rolling velocity of resting eosinophils on TNF- 14%) whereas blocking, integrins did (39 8%). When both
a-activated HUVEC. The mean rolling velocity of control eosin- L-selectin and E-selectin were blocked, still 308% of the eo-
ophils at shear rates 3.2 and 6.4 dyneg/evas significantly dif-  sinophils stayed adhered (Table Ill). No cells were attached to the
ferent (p < 0.05) from the rolling velocity at shear rate 0.8 dynes/ surface when both E-selectin aaglintegrins were blocked, which

cn?. The median rolling velocity of eosinophils treated with HP2/1 is similar to the situation at shear stress 0.8 dyne$(ors- 1). The

increased from 8.6um/s at 0.8 dynes/ctto 19.5 um/s at 6.4

percentage of rolling cells at shear stress 3.2 dynésiconeased

dynes/cm. These cells increased their mean rolling velocity with 1.5-fold compared with 0.8 dynes/émWhen «, integrins were

increasing shear stresses of 2, 3.2, and 6.4 dynésignificantly
(p < 0.001) compared with shear stress 0.8 dyne&/dine mean

blocked at shear stress 3.2 dynesicBi.5 = 14% of the cells
were rolling. In contrast, when E-selectin was blocked, only

rolling velocity of control eosinophils vs HP2/1-treated eosino-13.6* 6% of the cells showed a rolling interaction, which did not

phils was significantly lower at all four different shear ratg@s<(
0.001) (Table II).

Effect of high shear stress on adhesion, rolling, and rolling
velocity of eosinophils

decrease further when L-selectin was blocked in addition to E-
selectin. The mean rolling velocity in the control situation was 7

0.5 um/s, which is 1.5 times higher than at shear stress 0.8 dynes/
cn. Inhibition of «, integrin increased the rolling velocity to 18

0.6 um/s, which is 1.6 times as high as at shear stress 0.8 (Table

When resting, untreated eosinophils were perfused at shear stredy However, blocking E-selectin did not significantly reduce the
3.2 dynes/criduring 5 min, the total number of adherent cells was rolling velocity compared with the control situation. Also, inhibi-
1089 + 167, which was not significantly different from experi- tion of both L-selectin and E-selectin did not significantly differ

ments done at shear stress 0.8 dyne${qm= 0.72, paired Student
t test). At shear stress 3.2 dynesfcrstrings (cell clusters in the

direction of the flow) were visible. This suggests a role for L-
selectin (19, 38). To address the role of L-selectin in this situation

from the control situation.

Discussion

blocking studies were performed. In the control situation, stringsin this study, the interactions between resting human eosinophils

were observed (Fig.A), and the cluster index was 15 0.2.
Inhibition of L-selectin by blocking mAb DREG-56 (1g/ml)
resulted in a cluster index of 0.85 0.2 (p = 0.05, paired Student

and TNFe-stimulated HUVEC were evaluated using a flow cham-
ber model. TNFe-stimulated HUVEC (7 h) was used to induce
increased VCAM-1, E-selectin, and ICAM-1 expression, simulat-

t test), and fewer strings were observed compared with the controhg the vasculature in allergic inflammation. The influence of in-

situation as shown in Fig.B! Incubation of eosinophils with con-
trol Ab W6/32 (anti-HLA-A, -B, and -C) did not affect the per-
centage of adhering cells (138 14%). Also, blocking E-selectin
did not significantly influence the number of adhered cells (02

FIGURE 4. Effect of inhibition of L-selec- A Control

tin with blocking Ab DREG56 (1Qug/ml) on

the distribution pattern of eosinophils on
TNF-a-activated endothelium. Cells were
perfused in the presence or absence of anti-
L-selectin over 7-h TNFe-activated HUVEC

at shear stress 3.2 dynesfcnimages were
recorded on video during 5 min, and, subse-
quently, cluster indexes were determined (see
Materials and Methods(A, 1.8;B, 1.1). The
images depicted above were taken after 30 s
of cell perfusion in a time frame as indicated.
The experiment shown is representative of
two experiments.

5sec

5 sec

o o O

B anti-L-selectin (10ug/ml)

hibition of different adhesion molecules with blocking mAbs was
evaluated with real time video-assisted image analysis. By deter-
mination of the number of adherent cells, the percentage of rolling
cells, and rolling velocity distributions, we show that eosinophils

25 sec 45 sec g, 65 sec : 80sec
¢ o8 L8 w00 °
o O = o * 8' o
. S oo o O & o 0n
== Flow : 400 s ; shear stress : 3.2 dyn/cm®
25 sec 3 45 sec o 65 sec ST 80 seg
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Table Ill. Effect of inhibition adhesion molecules with blocking Abs on adhesion, percentage of rolling
cells, and the mean rolling velocity of eosinophils on Tid&etivated endothelium at shear rate
3.2 dynes/cA?

Mean Rolling
Blocking: Adherent Cells (% of control) % Rolling Cells Velocity (um/s)
Control 100 32.6- 8.5 7.1+ 0.48
VLA-4 (a, integrin) 38.9+ 7.7+ 67.5% 14 2 18.2+ .64«
E-selectin 101.6- 13.6 13.6% 6.0« 7.3+ 0.84
E-selectin and L-selectin 298 7.6+ 14.2+ 3.4+ 4.6+ 0.69

2 Eosinophils were incubated in the presence or absence of indicated mAhg/(h0 for 15 min, and flow experiments on
7-h TNF-activated HUVEC at 3.2 dynes/émvere performed. Images were recorded on video. Data are plotted for three to
seven experiments SEM. At least 30 images were counted off line by image, and number of adhering eosinophils (rolling and
firm adhering cells) was determined as a percentage of control values (resting, nontreated eosinophils onaZstimiliBted
HUVEC). The statistically significant effects of the blocking Abs were determined by ANOVA against fixed value with Bon-
ferroni correction £, p < 0.005). The percentage of rolling cells (um/s) of the total number of adhering cells was calculated.
The statistically significant effects of Ab-treated eosinophils in contrast to control cells of percentage rolling cells were deter-
mined by a paired Studentest +, p < 0.05). The rolling velocities of at least 40 cells per experiment were determined (see
Materials and Methods The statistically significant effects of Ab-treated eosinophils in contrast to control cells of mean rolling
velocity were determined by one-way ANOVA with Bonferroni correction#{, p < 0.001).

preferentially use constitutively actiwe, integrins for mediating We found that inhibition ofx, integrins (CD49d) by blocking
the first attachment to activated HUVEC. Also, E-selectin on theanti-o, chain mAb HP2/1 resulted in more than a 40% decrease in
activated endothelium is used for initial attachment, and it medithe total number of adhering eosinophils to TNFactivated
ates rolling interactions even at high shear stress. Most strikinglyHHUVEC (7 h, 100 U/ml) whereas blocking E-selectin or P-selectin
blocking a, integrins and E-selectin together totally abolishes ad-did not have a significant effect on adhesion. Remarkably, by
hesion, indicating the strong cooperation of these two molecules iblocking bothe, integrin and E-selectin the percentage of adhered
eosinophil adhesion to activated HUVEC and the minor impor-eosinophils decreased by more than 95% (Fig. 1). This was found
tance off3, integrins under these conditions. for each of the two anti-E-selectin Abs (ENA-2 and 5D11) that

The well-established multistep paradigm for leukocyte-endothewere tested. In contrast, no synergistic effect was seen when both
lium interactions describes rolling adhesion mediated by selecting, integrins and P-selectin were blocked. We conclude that in our
and firm adhesion mediated by integrins. These processes are diystem bothy, integrins and E-selectin are important for the first
vided in time and place. However, the situation is more complexattachment to activated HUVEC at shear stress 0.8 dynéslom
since several recent studies describe a situation in which both tetlwontrast with another report (14), P-selectin does not play a role
ering and firm adhesion are mediated by the same adhesion recepader these conditions (see below). Thag,integrins and E-se-
tors. Clear examples for this overlapping behavior aredth@- lectin together are responsible for initial attachment and work syn-
tegrins @,B, and a,B,), which have been described as rolling ergistically in our model.
receptors (9-12), besides their role in firm adhesion (5, 14, 39). These results are in disagreement with the study of Kitayama et
The «, integrins are present on lymphocytes, monocytes, baal. (14). These authors concluded thagtintegrins play a minor
sophils, and eosinophils but are not expressed on neutrophils. Berele in initial attachment whereas we did find a major role dgr
lin et al. (9) were the first to show,-dependent rolling of mouse in this process. They also showed that P-selectin and not E-selectin
lymph node cells on VCAM-1 and mucosal addressin cell adheis important in eosinophil rolling on TNle-stimulated HUVEC (6
sion molecule-1 (MAdCAM-1)-coated surfaces. Later studies alsch, 100 U/ml). These differences are difficult to explain. However,
showed initial tethering and rolling interactions by integrins of ~ two considerations must be taken in account. 1) The (pre)activa-
human T lymphocytes (11) and B lymphocytes (40) in a VCAM- tion status of eosinophils is of major importance in this type of
1-dependent way. For monocytes, some studies showothat- studies. Eosinophils from mild eosinophilic donors (44) or cells
tegrins play a role in stabilizing initial tethering on activated en- isolated via different isolation procedures (33, 44) might have been
dothelium (39, 41), and another study showed that monocytes capreactivated and might have up-regulated ttgirintegrins and
tether on VCAM-1 (42). For eosinophils, little is known about the thereby have altered adhesion characteristics to endothelial cells
role of a, integrins in attachment to inflamed endotheliua, (see below). 2) We used second passage HUVEC, which did not
integrins on resting, nonactivated eosinophils are functionally acexpress an appreciable amount of P-selectin (data not shown),
tive for adherence to VCAM-1-coated substrates or activatedvhereas Kitayama et al. used first passage HUVEC possibly ex-
HUVEC under static conditions (3—6, 43). We confirmed this by pressing sufficient amounts of P-selectin (39, 42, 45). P-selectin
performing experiments in which resting eosinophils bound tocan be expressed significantly on HUVEC in response to stimula-
VCAM-1-coated magnetic beads or VCAM-1-coated 96-wellstion with histamine (46) or thrombin (31, 47). However, another
plates. This interaction could be specifically blocked by mAbimportant source for P-selectin is platelets. In this light, we re-
HP2/1 (data not shown). However, the question remained whetharently showed that activated and P-selectin-expressing platelets
a, integrins on human eosinophils are functionally active in me-can bind leukocytes, thereby facilitating P-selectin-dependent sec-
diating initial attachment to activated HUVEC under flow condi- ondary tethering to the surfaédnterestingly, platelets have been
tions. Thus far, a few groups have investigated this in an in vitro
flow system (13, 14). We used an in vitro flow chamber assay to
study the interactions of the, integrins on eosinophils with ac-
tivated endothelium under different shear forces. Also, the impor- P- H. M. Kuijper, J. J. Zwaginga, J. A. M. van der Linden, H. Gallardo-Torres,

. . . J.-W. J. Lammers, and L. Koenderman. Monocyte-associated platelets mediate P-

tance of the rolling receptors E- and P-selectin was studied, und

- esreIectin-dependent secondary tethering under flow condit®utsmitted for publica-
the same conditions. tion.
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shown to adhere to eosinophils of allergic donors and might contethering processes at high shear stresses. Remarkably, inhibition

tribute to P-selectin-mediated interactions between eosinophils andf both L-selectin and E-selectin resulted in a residual binding of

endothelial cells (48). In our studies, eosinophils were carefully30 = 8% of the eosinophils compared with the control situation

studied, and no attached platelets were present on the cell surfagdable Ill). Thus, even at high shear stresg,integrins are func-
Blocking thep, integrins did not result in a significant decrease tional in mediating initial attachment to activated endothelium.

in adhesion whereas the combination of anfiand antig, re- In conclusion, we show that resting eosinophils use constitu-

sulted in a percentage of adherent cells 0ft39% compared with  tively active «, integrins and, to a lesser extent, E-selectin on

the control situation (Fig. 1). This 65% reduction, significantly TNF-«-activated HUVEC for initial attachment under flow condi-

different from antier, treatment alone, suggests th@t integrins  tions. Also, E-selectin can mediate stable rolling interactions even

play only a minor role for resting eosinophil adherence to activatedat high shear stresses. These data give new insights in the way

HUVEC. In contrast, Kitayama et al. (14) and Patel (13) showedeosinophils can get recruited to inflamed endothelium and empha-

that the combination of anf,, integrins and anti, integrins to-  size the importance of E-selectin as a rolling receptor for eosino-

tally abolished accumulation of eosinophils on 6-h ThHacti- phils on TNFe-activated endothelium. The importance of identi-

vated HUVEC and 24-h IL-4-activated HUVEC, respectively. fication of the mechanisms involved in eosinophil extravasation is

This suggests differences in the activating state ofdhmtegrins  that it might lead to development of specific antagonists of this

of eosinophils isolated by different methods (see above). The conmprocess, which might be used as targets for specific antiallergic

bination of blockingp, integrins and E-selectin did not have a treatment.

significant effect on adhesion compared with control. This further

suggests that, integrins are perfectly capable of mgdiating initial Acknowledgments
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