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The  adhesive interactions of eosinophils with  purified E-, P-, and L-selectins;  vascular cell adhesion molecule-1 molecule;  and 
HUVEC were examined in shear flow. Compared with neutrophils, eosinophils showed markedly less binding to E-selectin, but 
significantly stronger avidity for P-selectin. Both cell types  showed a similar level of tethering and rolling  on L-selectin.  Eosin- 
ophils tethered and arrested abruptly on vascular cell adhesion molecule-1. However, some of the tethers were detached within 
several seconds; this was prevented by stimulation with eotaxin. Eosinophils  also  showed immediate arrest on HUVEC stimu- 
lated with 100 U/ml TNF-a for 6 h. Treatment with L-selectin mAb decreased eosinophil accumulation on the HUVEC  by 
abrogating secondary tethers through interactions between flowing and attached eosinophils. mAb to P-selectin but not  to 
E-selectin strongly inhibited primary tethers and accumulation of eosinophils. mAb to the integrin a4 subunit inhibited arrest, 
induced rolling or detachment of tethered eosinophils,  and resulted in partial  reduction of eosinophil accumulation. mAb to the 
integrin p2 subunit had only a slight effect,  whereas treatment with mAb to the integrin a4 and p2 subunits together abolished 
rolling interactions as well as arrest, and thus almost totally  inhibited eosinophil accumulation. Our data indicate  that P-selectin, 
but not E-selectin, is directly involved in eosinophil tethering on inflammatory endothelium while L-selectin mainly mediates 
intereosinophil interaction. VLA-4 has a crucial  role in eosinophil arrest,  and arrest is enhanced by exposure to chemoattrac- 
tants. The Journal of Immunology, 1997,  159: 3929-3939. 

lthough a minor  population  among  circulating  blood  leu- 
kocytes,  eosinophils  often  predominate in tissues with 
chronic  allergic  inflammation,  such  as  reactive  airways, 

allergic  rhinitis, or atopic skin reactions (1, 2). Numerous  studies 
have  proposed mechanismb to  facilitate the selective  recruitment 
of eosinophils  into  these  pathologic  tissues (3, 4). Leukocyte  ad- 
hesion to local vascular  endothelium  is  an  essential  process  for 
leukocyte  emigration  and may be regulated by differential expres- 
sion of adhesion  molecules,  chemoattractants,  and  their  receptors. 
Binding to  local endothelium  may  be  divided  into  two  steps: initial 
tethering of  a  cell in vascular flow followed by rolling,  and  devel- 
opment of firm adhesion (5 .  6). 

Firm adhesion is mainly mediated by integrins. In distinct contrast 
to neutrophils. eosinophils  express very late Ag 4 (VLA-4j3 (a$,), 
and studies with blocking mAb in static conditions  have revealed that 
both VLA-4 and 0, integrina mediate  eosinophil adhesion to  cyto- 
kine-activated endothelial cells (HUVEC), by binding to vascular cell 
adhesion  molecule  (VCAM)-1  and intercellular adhesion  molecule- I ,  
respectively (7-1 I ) .  Furthemlore, cy4 integrins contribute  to rolling 
interactions in vivo (12). These results suggest that the  expression of 
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VCAM-1 in local endothelium may be one important mechanism  for 
selective recruitment of eosinophils. 

Local  production of chemoattractants may be  another  important 
factor in selective  leukocyte  emigration,  since  chemoattractants 
activate integrin adhesive  functions  and  stimulate directional mi- 
gration  of  leukocytes  across  endothelium (6). Recent  studies  have 
shown that C-C  chemokines,  including  RANTES (l3-15), mono- 
cyte  chemoattractdnt  protein-3,  monocyte  chemoattractant pro- 
tein-4 (16, 17),  and  eotaxin (18, 19) are  potent  and  selective  che- 
moattractants  for  eosinophils with  high  specificity and  are 
abundantly  expressed in tissues with allergic  diseases. 

Molecular  mechanisms  mediating  the initial step of eosinophil 
tethering  and  rolling  on  endothelial  cells  have not  been fully  char- 
acterized. In vitro flow assays  using purified molecules  have re- 
vealed that E-selectin (20, 21),  P-selectin ( 2 3 ,  and  VCAM-I (23- 
26), all of which  can  be  induced  on  endothelial cell surfaces by 
inflammatory  mediators,  support tethering and rolling of neutro- 
phils or mononuclear cell i n  the  presence of shear  force.  L-selectin 
has been shown not only  to  be  involved in lymphocyte  homing  to 
lymphoid  organs  but  also to be utilized in leukocyte infiltration to 
inflamed  tissue, and  has been proposed  to  recognize  L-selectin 
ligands  induced  on  cytokine-stimulated  endothelial  cells in vitro 
and in the microvasculature in vivo (27-30). However,  several in 
vitro  studies  have  failed to detect an involvement of L-selectin in  
the tethering of T cells  on HUVEC activated with IL-1 or TNF-a 
(23,  31).  Recent  studies  have  shown  that  tethering of neutrophils 
and  monocytes  through  L-selectin  can  be  divided  into  two different 
categories:  direct tethering on  the  underlying  substrate  (primary 
tethers),  and  cells  accumulated  downstream of previously adherent 
neutrophils  after  interactions  between flowing leukocytes  and pre- 
viously adherent  leukocytes  (secondary tether). These result in ac- 
cumulation of newly  adherent cells downstream of  previously  ad- 
herent  cells in a  pattern of cells  termed “strings” (32,  33). In other 
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studies it has been shown that neutrophils, monocytes, and eosin- 
ophils, but not human blood T lymphocytes, express L-selectin 
ligands as well as L-selectin, accounting for interleukocyte inter- 
actions in shear flow (34-38). 

Previous studies on eosinophils have shown that purified eosin- 
ophils bind both to immobilized E-selectins (39) and P-selectins 
(40) in static conditions, although binding to E-selectin is less than 
observed with neutrophils, probably because of the lower expres- 
sion of sialylated Lewis” on eosinophils. In rotational adhesion 
assays, Stamper-Woodruff assays, and in mesentery, L-selectin 
(12, 41) and P-selectin (42) have been reported to be involved in 
eosinophil adhesion to endothelial cells. In flow assays, eosino- 
phils have been found to roll less efficiently than neutrophils on 
E-selectin (43), and to roll on P-selectin with higher avidity than 
neutrophils (44). In this study, we use an in vitro flow chamber 
assay to analyze the interaction of purified eosinophils with cul- 
tured endothelial cells as well as with purified P-selectin, E-selec- 
tin, L-selectin, and VCAM-1. We demonstrate that eosinophils 
show unique adhesive interactions with these molecules compared 
with neutrophils. 

Materials and Methods 
Reagents and Abs 

E-selectin was immunopurified from E-selectin-transfected CHO cells 
(CHO-E), using mAb BB I I (45) (a gift from Dr.  R. Lobb, Biogen, Cam- 
bridge, MA) affinity chromatography. P-selectin, purified from platelets 
(46) was kindly provided by Dr. R. McEver (University of Oklahoma). 
L-selectin was immunopurified from human peripheral lymphocytes using 
mAb  DREG56 (a gift from Dr. T. K. Kishimoto, Boehringer-Ingelheim, 
Ridgefield, CT) affinity chromatography (47). Soluble VCAM-I was pro- 
vided by  Dr. R. Lobb, Biogen (Cambridge, MA) (48). Human eotaxin was 
chemically synthesized by Dr. Ian Clark-Lewis and purified by high pres- 
sure liquid chromatography (19). TNF-a was purchased from Genzyme 
(Cambridge, MA). mAbs HP2/1 to integrin aq (Amac, Westbrook, ME), 
DREG56, TS 1/18 to integrin p2 (49). BB 1 1 (45) and W6/32 to MHC class 
I were used as purified IgG. mAbs to P-selectin HDPG2/3 (blocking) and 
HPDG2/I (nonblocking) were kindly provided by Dr. Dale Cummings 
(Genetics Institute, Cambridge, MA) (50). For blocking experiments, leu- 
kocyte-directed mAbs were incubated with cells at  20  pgtml in 0.1 ml 
HBSS with 10 mM HEPES, pH 7.4, for  30 min on ice and then diluted to 
1 ml  of assay media (HBSS with I O  mM HEPES supplemented with 2 mM 
Ca2+, 1 mM Mg2+, and 0.2% human serum albumin, pH 7.4) and used for 
experiments (final concentration of 2.0  pg/ml). HUVEC-directed mAbs 
were added to HUVEC cultures at a concentration of 40  pg/ml and incu- 
bated for 30 min at 37°C before experiments were performed. 

Cell purification 

Granulocytes were isolated from citrate-anticoagulated whole blood from 
normal volunteers by dextran sedimentation, Ficoll-Hypaque centrifuga- 
tion, and hypotonic lysis of the granulocyte cell pellet to remove RBCs 
(51). Granulocytes, washed twice with PBS containing 1% BSA and 5 mM 
EDTA, were used as the input neutrophil population (>92-96% neutro- 
phils). Identical results were obtained using eosinophils purified with Per- 
coll gradients, in which a hypotonic lysis step was not used. Eosinophils 
were purified from granulocytes by negative immunomagnetic selection 
using anti-CD16-conjugated microbeads (MACS; Miltenyi Biotec, Sunny- 
vale, CA) (52). Isolates routinely contained >99% eosinophils with via- 
bility >95% by trypan blue exclusion. 

Preparation of protein substrate  or  HUVEC monolayer 

Purified P-, E-, or L-selectin in octylglucoside detergent were dissolved in 
PBS buffered with 10 mM bicarbonate (pH 8.0) and immediately spotted 
on polystyrene plates (Lab-Tek; Nunc, Naperville, IL) for  2 h, washed 
three times with PBS, and blocked with 20 pg/ml human serum albumin 
fraction V  (Calbiochem, La Jolla,  CA) in PBS for 2  h at 37°C and incu- 
bated for an additional 20  h at 4°C. Soluble VCAM-1 was diluted into 50 
mM Tris  (HCl, pH 8.0) and coated as described above. HUVEC were 
isolated (53) and cultured in six-well dishes coated with 40 pg/ml type-1 
collagen in  medium 199 (M199) supplemented with 15% FCS and 50 pg/ml 
endothelial mitogen (Biomedical Technologies, Stoughton, MA)  and  100 
fig/ml  heparin (Sigma Chemical Co., St. Louis, MO). After reaching conflu- 

ence, the HUVEC monolayers were  cultured  for  another 6 h with or without 
00 U/ml (10 pg/ml) TNF-a. For all experiments, primary or first  passaged 
HUVEC were used. Increased expression by TNF-a of  E-selectin  and  P- 
selectin on these cells has  previously  been characterized (3 I ,  54). 

Laminar flow assay 

The plastic plate (90 mm X 90 mm) on which adhesion molecules were 
adsorbed was assembled as the lower wall of a parallel-plate flow chamber, 
and mounted on the stage of  an inverted phase-contrast microscope and 
viewed with a X20 objective (22, 55).  In experiments using HUVEC, the 
flow chamber was mounted on a HUVEC monolayer in one well (35 mm 
in diameter) of a six-well plate, and the monolayer was used for  just one 
flow experiment. Before placement of the chamber on the HUVEC mono- 
layer, care was taken to eliminate air bubbles in the flow chambers, since 
the flowing bubbles easily disrupted the HUVEC monolayer. All flow ex- 
periments were performed at 37°C using a thermostatted air  chamber  on 
the microscope. Wall shear stress was calculated as previously described 
(22). A cell suspension (106/ml) was perfused through the flow chamber 
using an automated syringe pump (Harvard Apparatus, Natick, MA) at- 
tached to the outlet side. Chemoattractants were added to cells immediately 
before infusion, and cells reached the point of microscopic observation 
within a few seconds. Cells interacting with the substrate during flow were 
quantitated by analysis of images videotaped with a TEC-470  CCD video 
camera (Optronics, Goleta,  CA) and Hi-8 Sony CVD-1000 recorder. All 

blinded. 
experiments were scored by two independent observers, one of whom was 

Evaluation of primary tethering,  secondary  tethering,  and 
accumulation and detached, rolling, or  arrested  cells 

Tethered cells were defined as cells that maintained an adhesive interaction 
with the substrate for  at least 1 s. Tethering efficiency was measured as the 
number of cells that formed tethers over the initial 30 s of infusion, when 
leukocyte tethering occurred mostly through direct interactions between 
flowing leukocyte and underlying substrate, Le., when most tethers were 
primary. For the analysis of post-tethering behavior, the movement of each 
tethered cell was observed for 30 s after it first tethered. Cells detached in 
the flow stream in this period were counted as detached cells. Among the 
cells that remained adherent, cells that were displaced less than or more 
than 1 cell diameter for 30 s were defined as arrested and rolling cells, 
respectively. For exact quantification of primary tethers on HUVEC, ad- 
herent cells present in the tield were first identitied at the 1.0-min time 
point, then the videotape was played backward in slow motion and only the 
cells that tethered directly to HUVEC without a preceding leukocyte-leu- 
kocyte interaction were counted as primary tethers. Total cell accumulation 
was defined as the number of cells that arrested or remained rolling at the 
end of the 3-min observation period. p values were calculated by paired 
Student’s t test, and the differences with p < 0.05 were considered to be 
significant. 

Results 
Eosinophil tethering and rolling on E-selectin  and  P-selectin 

Tethering and rolling of freshly isolated eosinophils on E-selectin 
and P-selectin in physiologic shear flow was compared with that of 
neutrophils under the same conditions (Fig. I ) .  Selectin-coating 
conditions were adjusted to result in nearly equal tethering of neu- 
trophils to E- and P-selectin over the shear range tested. Eosino- 
phils formed substantially fewer tethers to E-selectin than neutro- 
phils at all  shear levels and only a few eosinophils tethered at more 
than 1.5 dydcm’ (Fig. IA) .  In contrast, eosinophils bound to P- 
selectin somewhat more efficiently than neutrophils over a wide 
range of shear rates (Fig. l B ) ,  and the difference was significant at 
2.0 dyn/cm2 ( p  < 0.05, n = 3). 

Although all the cells that tethered on purified E- and P-selectin 
were observed to roll in shear flow, the rolling velocity and shear 
resistance contrasted between neutrophils and eosinophils. In ac- 
cordance with their lower tethering efficiency on E-selectin, eo- 
sinophils rolled on purified E-selectin with significantly faster 
speed than neutrophils over a range of wall shear stresses (Fig. 
ID). By contrast, the rolling velocity of eosinophils on P-selectin 



The Journal of Immunology 3931 

P-Selectin (2.0 pglml) L-selectin (2.0 pglml) 

n 

E-Selectin (0.3 pg/ml) 

70 1 
B 

60 7 

50 - A q hi1 

-...... 0 ........ Eosinophil 

40 - 
30 - 
20 - L..* I 

10 - 1 .'.......,I 
p ......... * *  t t  

............. 0 'n .-I 
I I I T 1 

0 0.5 1 1.5 2 2.5 
: I  
10 

5 

0 
0 

60- T 

40 

30 - 
20 - + Neutrophil A 

107 ........ ........ Eosinophil 
P 

I I I I 
0.5 1 1.5 2 2.5 

D 
77 

E 40i 7- 

6 -  

5 -  

4- 

3-  

2 -  

1- 

T T 

..... fl-v .................. _/*- ..... 

,..y 

- 
I '  

0 1  
0 5 I O  15 20 0 s 10 15  20 

G H 

"--a T 
1 

* *  

25 - 1  \ 
o l , , I y , I ~  'a..-.. 

0 5 10 15 20 25 30 35 

shear stress (dydcm2) 

0- 
0 5 10 15 20 25 30 35 

shear stress (dydcm2) shear stress (dydcm2) 

FIGURE 1. Adhesive  interactions  of  eosinophils  and  neutrophils with E-selectin, P-selectin, and L-selectin substrates in shear flow.  Tethering 
efficiency (A-C), rolling  velocity ( I F F ) ,  and  detachment  profile ( G I )  of  neutrophils  (closed square) or  eosinophils  (open square) on substrates 
bearing E-, P-, and L-selectin. Purified, full-length E-selectin, P-selectin, and L-selectin at 0.3, 2.0, and  2.0 @ml, respectively, were adsorbed to 
plastic substrates. A-C, Cell suspensions (1 06/ml) were perfused in the flow chamber at the  indicated  wall shear  stresses. The number  of  cells that 
tethered in the first 30 s was counted. Values show  mean % SD in three independent  experiments (A, BJ or in four different fields in  two 
independent  experiments (CJ. D to F, Cell suspensions (10"/mlJ were perfused at  0.5 dyn/cm2 for 2 rnin (D, E )  or at 1 .O dynlcm' for 1 min ( F J ,  
and  then  the shear  was increased every 15 s. Rolling  velocity was calculated for 12 to 20 cells in each shear condition  in  individual experiments 
and expressed as mean 5 SD of 40 to 60 cells  examined in  two ( F )  or  three (0, E)  different experiments. C/, In  the same experiments as for D 
to F, the  number  of  cells  that  remained  rolling adherent in the  field was counted at the  end  of  each flow interval  and expressed as the percentage 
cells  adherent after tethering  for 2 rnin at 0.5 dynlcm' ( G H )  or for 1 min at 1 dyn/cm2 ( I ) .  In Fand /, both cell types rolled  quickly  out  of  the  field 
of  view at  shear  stress of 3.0 to 5.0 dyn/cmz,  and values could  not  be  accurately measured at higher shear. *, p < 0.05; **, p < 0.01, eosinophils 
compared  with  neutrophils. 

was slightly slower than that of neutrophils, correlating with on P-selectin, rolling adhesions of eosinophils were more shear 
slightly higher tethering efficiency (Fig. 1E). The profile of resis- resistant than those of neutrophils (Fig. 1H). The three different 
tance to detachment at increasing wall shear stress on E-selectin measures of selectin-mediated interactions in shear flow demon- 
demonstrated that rolling adhesions of neutrophils were dramati- strated that binding of eosinophils to E-selectin was dramatically 
cally more stable than those of eosinophils (Fig. lC). In contrast, less efficient and stable than of neutrophils, whereas binding o f  
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FIGURE 2. Eosinophil  interaction  with  immobilized  VCAM-1  and effect of  eotaxin.  Soluble  VCAM-1 at 5.0 pg/ml was coated  on plastic and 
eosinophil suspensions (lO6/m1) were perfused at the  indicated  wall shear  stresses (A-Cj or at  0.5 dyn/cm2 for 2 min,  and  the shear  was then 
increased every 15 s (Dj. Eotaxin was added  to the eosinophil suspensions  at a  final  concentration  of 10  nM just before  perfusion.  Tethering 
efficiency ( A )  and  total  accumulation ( B )  were  evaluated after the  initial  30 s and at 3 min after the start of perfusion, respectively. C, Each tethered 
cell detected in A was carefully  examined for 30 s after it tethered. Arrested, rolling,  and detached cells  were  defined as described in Materials 
and Methods. 0, Cells remaining after each shear  step were  calculated as percentage of the cells accumulated at the shear of 0.5 dyn/cm2 for 2.0 
min. Values represent mean ? SD in three independent experiments. *, p < 0.05; **, p < 0.01, hetween presence and absence of  eotaxin. 

eosinophils and neutrophils to P-selectin was more comparable, ering efficiency, rolling velocity, shear resistance, or the shear 
with eosinophil adhesion consistently more efficient. threshold value required for tether formation (Fig. 1, C, F,  and I ) .  

Eosinophil interaction with L-selectin 
In the flow experiments on purified P-selectin, we observed eo- 
sinophils in flow  to accumulate preferentially downstream of pre- 
viously tethered eosinophils, which resulted in the formation of 
strings as previously reported for neutrophils (32, 56). L-selectin 
ligands have been reported to be expressed on and are well char- 
acterized on neutrophils (34, 35, 37) and y6 T cells (57). L-selectin 
ligands are also expressed on eosinophils (37),  but have not been 
characterized in detail or compared in efficiency to those on neu- 
trophils. Therefore, we examined interactions with immobilized 
L-selectin purified from PBLs to test for differences i n  L-selectin 
ligand activities between neutrophils and eosinophils. In  contrast 
to results on E-selectin and P-selectin, neutrophil and eosinophil 
tethering to purified L-selectin was far less efficient at 0.5 dyn/cm2 
than at shear stresses above 1 .0 dyn/cm2 (Fig. 1 C). Thus, eosino- 
phil rolling adhesions on L-selectin as substrate require a shear 
stress above a threshold value, as reported for neutrophils and T 
cells using an L-selectin ligand as the substrate (58, 59). Both 
eosinophils and neutrophils rolled on L-selectin with much faster 
velocity than on E- or P-selectins (Fig. 1F). However, no signif- 
icant differences were observed between the two cell types i n  teth- 

Eosinophil interaction with VCAM- I 

Since eosinophils highly express VLA-4 that can support tethering 
and rolling of PBL on VCAM-I (25 ,  26), we examined the inter- 
action of eosinophils with purified VCAM-1. Eosinophils, and not 
neutrophils, tethered and accumulated on plastic coated with 5 
pg/ml of soluble VCAM-1 (Fig. 2A). The number of tethers (Fig. 
2A) and amount of cell accumulation (Fig. 2 B )  decreased at shear 
stresses above 1.5 dyn/cm2, in contrast to results with P-selectin 
and L-selectin (Fig. 1, B and C) .  Moreover, the behavior of cells 
after tethering on VCAM-1 was notably diiferent from on selec- 
tins. More than 95% of tethered eosinophils arrested immediately 
after tethering on VCAM-I at 0.5 dyn/cm2,  i.e., without an inter- 
vening period of rolling (Fig. 2C). Even at higher shear stress, 
most of the tethered eosinophils did not roll at 1 and I .5 dyn/cm2, 
and many of the nonrolling, as well as rolling, cells subsequently 
detached within 30 s after tethering (Fig. 2 C ) .  Some of the de- 
tached cells had tethered on VCAM-l only transiently, while oth- 
ers showed jerky rolling for several seconds before detachment. 
When VCAM-1 was coated at higher concentrations, the percent- 
age of detached cells at each shear decreased, but again the teth- 
ered cells mostly arrested abruptly, and few cells were observed to 



The Journal  of Immuno logy  3933 

A 

200 

I50 

100 

50 

0 
0 0.5 1 1.5 2 2.5 3 

Perfusion  time  (min) 

B 

TNF-a 6hr / 
0 5 10 15 20 

2oo 1 Neutrophil 

0 0.5 1 1.5 2 2.5 3 

Perfusion  time  (min) 

TNF-a (-) 

TNF-a 6hr 

control 

TNF-a 6 hour 

I detached - 
0 5 10 15 20 

cells/field.30sec. 

FIGURE 3. Accumulation ( A )  and  tethering (5) of  eosinophils  or  neutrophils  on resting or  TNF-a-activated  HUVEC.  Cell suspensions (106/ml) 
were perfused on  confluent  HUVEC  cultured for 6 h with or  without 100 U/ml  TNF-a. A, Cell  accumulation. 5, Each cell tethered in the  initial 
30-s perfusion  period was examined  for  a 30-s period after it tethered. Arrested, rolling,  and  detached  cells  were  determined as described in Figure 
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roll on  VCAM-1 under any experimental condition (data not 
shown). 

Effect of the chemoattractant  eotaxin on eosinophil 
interaction with VCAM- 1 

In  the multistep model  of leukocyte adhesion  to  local endothelium, 
chemoattractants are proposed to trigger  firm  adhesion  by  increasing 
integrin  avidity (6, 22). Therefore, we examined the  effect  of eotaxin 
on eosinophil interaction  with substrates bearing  purified VCAM-I. 
Eotaxin, a member of the CC chemokine family that is a potent che- 
moattractant for eosinophils (18, 19), was added to eosinophils just 
before perfusion in the flow chamber at 10 nM, an optimal concen- 
tration  in chemotaxis assays (19) (data not shown). Eotaxin  slightly 
increased  tethering  efficiency to VCAM-1 at wall shear stresses above 
1.5 dydcm’,  although this was  not  significant (Fig. 2 A ) .  However, 
total eosinophil accumulation was  significantly  increased at 1 .O, 1.5, 

and 2.0 dydcm’ (Fig. 2B). This was  because the number of arrested 
cells was  dramatically  and statistically significantly  increased by 
eotaxin at  and above 1.0 dydcm’ (Fig. 2C). Almost all  eotaxin-stim- 
ulated eosinophils arrested  immediately  after  tethering at all  shear 
stresses examined (Fig. 2C). Resistance to detachment by increasing 
shear stresses was also significantly  increased by eotaxin at 8 dydcm’ 
and above (Fig. 20). 

Eosinophil  interaction with  cultured  endothelial cells in  flow 

Interactions with endothelial cells were compared between eosin- 
ophils and neutrophils by perfusing the cells on HUVEC mono- 
layers with or without stimulation by 100 U/ml TNF-a for 6 h. In 
both cell types, only a few cells attached on resting HUVEC, 
whereas large numbers of cells accumulated on TNF-a-stimulated 
HUVEC at a shear of 1.5 dydcm’ (Fig. 3, A and B) .  Neutrophils 
and eosinophils showed similar kinetics in  accumulation on the 
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FIGURE 4. Pattern o f  eosinophil accumulation on  activated 
HUVEC. A, Control eosinophils or 6, DRECS6-treated eosinophils 
were perfused at 1.5 dynlcm-’  for 3 min on HUVEC stimulated with 
100 U/ml TNF-a for 6 h. 

HUVEC. For the early perfusion period, most of the tethers oc- 
curred randomly on the HUVEC monolayers; thereafter, more eo- 
sinophils (Fig.  4A) and neutrophils (not shown) accumulated 
downstream of previously attached cells, with formation of strings 
at the end of the perfusion (32, 33). In keeping with this, cell 
accumulation accelerated after 0.5 min (Fig. 3A). This suggests 
that interleukocyte interactions occurred and augmented cell ac- 
cumulation at later time periods. The post-tethering behavior was 
examined for  cells that attached in the initial 30-s period. Of the 
few cells tethered on resting HUVEC for this period, most de- 
tached within 30 s after tethering (Fig.  3B). By contrast, many 
more eosinophils and neutrophils tethered on activated HUVEC, 
and most of the tethered cells were immediately arrested (Fig. 3B). 
Although a few tethered cells rolled, all rolled for no more than a 
few cell diameters before arresting, and no cells detached during 
the observed period. 

Blocking of eosinophil adhesion on TNF-a-stimulated 
HUVEC with mAOs to selectins 

Treatment with mAb DREG56 to L-selectin markedly reduced eo- 
sinophil and neutrophil accumulation on TNF-a-stimulated 
HUVEC (Fig. 5,  right). However, the number of primary tethers, 

i.e., cells that bound directly on the HUVEC surface without a 
preceding interleukocyte interaction, was minimally affected (Fig. 
5, left). Furthermore, L-selectin mAb-treated eosinophils (Fig.  4B) 
and neutrophils (data not shown) accumulated with a random dis- 
tribution on the HUVEC monolayer, with no strings observed. 
Treatment of HUVEC with mAb BB 1 1 to E-selectin strongly de- 
creased both primary tethers and accumulation of neutrophils (Fig. 
5 A )  ( p  < 0.01, n = 3). The effect on both neutrophil primary 
tethers and total accumulation was in marked contrast to the effect 
of L-selectin mAb. BBI I further enhanced the inhibitory effect of 
DREG56 on neutrophil accumulation, when compared with 
DREG56 alone (Fig. 5A, rigkf) ( p  < 0.05, I I  = 3). In marked 
contrast to its effect on neutrophils, BBI 1 showed no significant 
effect on eosinophil tethers on accumulation, whether used alone 
or together with DREG56 (Fig. 5B) .  However, the blocking 
HPDG2/3 mAb to P-selectin greatly decreased eosinophil primary 
tethers and accumulation (42 2 4.78 ,  p < 0.01,n = 3, and 45 2 
8.3%. p < 0.02, n = 3, respectively). HPDG2/3 mAb also de- 
creased neutrophil primary tethers (22 2 3.4% p < 0.01, n = 3) 
and accumulation (24 2 2.1%, p < 0.01, n = 3). but to a lesser 
extent. The ratios of inhibition were significantly greater  for  eo- 
sinophils than neutrophils ( p  < 0.05 for tethering, p < 0.01 for 
accumulation, n = 3). In all these experiments, most of the teth- 
ered cells were immediately arrested on activated HUVEC, and the 
treatment with anti-selectin mAbs had no apparent effect on post- 
tethering behavior in either cell type. 

Blocking of eosinophil adhesion on TNF-a-stimulated 
HUVEC with mAbs to integrins 

Integrin function in eosinophil accumulation on HUVEC was ex- 
amined with mAb HP2/1 to the a4 and mAb TS1/18 to the leu- 
kocyte & integrin subunits. Treatment with HP2/1 did not signif- 
icantly affect the total number of tethers on TNF-a-stimulated 
HUVEC  (the total of arrested, rolling, and detached cells, Fig. 6, 
I t $ ) .  However, treatment with a4 mAb dramatically changed the 
post-tethering behavior of eosinophils. Instead of arresting, most 
of the HP2/1-treated eosinophils rolled on the HUVEC, with only 
23% of the cells arrested. Moreover, about 30% of the eosinophils 
detached during the following 30 s. About half  of the cells counted 
as rolling cells arrested permanently at later time points, while 
other cells continued rolling or “jumping” with intervening tran- 
sient arrests for the entire period that could be observed. As a 
result, treatment with a4 mAb HP2/1 decreased eosinophil accu- 
mulation by 44 2 14% (Fig. 6, right) ( p  < 0.05, n = 3).  The 
blocking mAb T S M 8  to the Pz integrin subunit reduced eosino- 
phil accumulation slightly, but not significantly (Fig. 6, righf) .  
Most of the T S M 8  mAb-treated cells arrested on the HUVEC, 
although some of the tethered cells were counted as rolling (Fig. 6, 
left). However, they rolled only for  a few cell diameters before 
arresting. A striking inhibition was obtained when the TSM8 
mAb to Pz and the HP2/1 mAb to a4 were used together. The total 
number of tethers was reduced by 44 2 6.1 % (Fig. 6, left) ( p  < 
0.01, n = 3, compared with HP2/1 or TS1/18  alone). Furthermore, 
the number of arrested and rolling cells was greatly decreased 
compared with treatment with either mAb alone, with most teth- 
ered cells subsequently detaching  (Fig. 6, left). Thus, eosinophil 
accumulation was almost totally inhibited by combined treatment 
with HP2/1 and TS1/18 (Fig. 6, rigkf) ( p  < 0.001, n = 3). As 
expected, HP2/1 had no effect on neutrophil tethering or accumu- 
lation on HUVEC, either alone or in combination with T S M 8  
(data not shown). 
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FIGURE 5. Effects of anti-selectin mAbs on  primary tethers and  total  accumulation  of  neutrophils ( A )  or eosinophils ( B )  on  HUVEC  activated  with 
100 U/ml TNF-a for 6 h.  Control  cells or anti-L-selectin  (DKEG56)-treated  cells  were perfused on the HUVEC  monolayer at 1.5 dynlcm' for 3 min. 
mAb  to HUVEC, B B I  1 (anti-E-selectin), HPDG2/3  (blocking  mAb  to P-selectin), and HPDG213 (nonblocking  mAb  to P-selectin) were directly 
added  to  HUVEC 30 min before perfusion. Accumulation was examined at the  end of perfusion, and the number  of  primary tethers were  counted 
for the  initial 1 .O min  of perfusion by close examination  of videotape, as described in Materials and Methods. Each value represents mean t_ SD 
of three independent  experiments. 

Discussion 
Although there is substantial evidence that selectins and VLA-4 
can mediate leukocyte rolling adhesion in  shear How, the role of 
these molecules and their relative importance in eosinophil inter- 
actions with endothelium i n  shear flow has not been clear. An in 
vivo study has shown that the number of eosinophils rolling on an 
IL- I -stimulated rabbit mesenteric vessel wall is partially decreased 
by mAbs to L-selectin or the cy4 integrin subunit (12). In this study, 
however, treatment ofeosinophils with a combination of these two 
mAbs inhibited eosinophil rolling by about 50%, suggesting the 
existence of other adhesion pathways. Both E- and P-selectin have 
been shown to support neutrophil rolling in shear flow (20-22, 
60). However, a previous static binding assay (39) and Stamper- 
Woodruff assay (42) have suggested that eosinophil binding to 
E-selectin is significantly weaker than neutrophil binding, because 

of the low expression of E-selectin ligands. Recently, it has been 
shown that mAb to E-selectin significantly inhibits the rolling in- 
teraction of neutrophils, but not of eosinophils, with IL-I-stimu- 
lated rabbit mesenteric venules (43), and that eosinophil influx to 
the pleural cavity is effectively inhibited by mAbs to P-selectin or 
L-selectin, but not by mAb to E-selectin in an LPS-induced mouse 
pleuritis model (61). 

Consistent with previous studies, we found that eosinophils 
showed markedly less tethering efficiency, faster rolling velocity, 
and less resistance to detachment than neutrophils on purified E- 
selectin. However, we emphasize that the presence of shear stress 
strongly enhances the difference in E-selectin binding between 
neutrophils and eosinophils, and that very few eosinophils accu- 
mulated on E-selectin at physiologic shear rates for postcapillary 
venules (1.0 to -30 dyn/cm2). 
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FIGURE 6.  Effect of anti-integrin mAbs on eosinophil  tethering,  post-tethering  behavior,  and accumulation on HUVEC activated with T N F - a  for 
6 h.  Eosinophils  were  pretreated  with HP2/1 (anti-a,) and/or TSl/18 (anti-p,) and  perfused  on  the HUVEC at 1.5 dydcm’ for 3 min. Cells  that 
tethered in the first 30 s were followed for 30 s after  tethering,  and  cells  that  arrested,  rolled, or detached were counted. Accumulation  was 
measured at the end of the 3-min perfusion  period. Each value  shows  mean 2 SD of three independent experiments. 

In contrast to the results on E-selectin, eosinophils and neutro- 
phils were reported to bind to P-selectin nearly equivalently in a 
static assay (40).  Our results are consistent with this, but also 
clearly show that eosinophils bind more avidly than neutrophils to 
P-selectin at relatively high shear. Consistent with this, the expres- 
sion of PSGL-I, a major ligand for P-selectin, was higher in eo- 
sinophils than in neutrophils as examined by reactivity with a rab- 
bit polyclonal Ab to PSGL-I (Rb3302) (data not shown). This is in 
agreement with observations that eosinophils have higher avidity 
for P-selectin than neutrophils and that PSGL-1 on eosinophils is 
not only expressed at higher levels but also differs structurally 
from PSGL-I on neutrophils (44). 

Eosinophils tethered on purified VCAM-I at lower shear 
stresses than on selectins. In contrast to the observations on E-, P-, 
and L-selectins, most of the tethered eosinophils did not roll, but 
immediately arrested on VCAM-I. In the presence of constant 
shear flow ( 1  .0 dyn/cm2 or above), some of the tethered eosino- 
phils detached into the flow stream, but none of them showed 
persistent rolling on VCAM-1. In contrast, most purified PBL as 
well as K562 cells transfected with VLA-4 rolled on the same 
substrate (25) (data not shown). Purified monocytes also arrested 
immediately on immobilized VCAM-1 with only a few rolling 
cells  (C. Weber, unpublished observations). The reason for this 
difference is not clear, but might be attributed to functional differ- 
ences between a4 integrins on lymphocytes on one hand and eo- 
sinophils and monocytes on the other. We obtained similar results 
using two different eosinophil preparation techniques; however, it 
cannot be excluded that eosinophils could have been partially ac- 
tivated in the course of purification. All the cells used in the flow 
assay retained a spherical shape and expressed L-selectin as highly 
as eosinophils before purification. 

The  VLA-4 molecule on resting eosinophils did not appear to be 
fully activated, because addition of 10 nM of eotaxin increased the 
resistance of tethered eosinophils to increasing shear stresses, and 

essentially all eotaxin-stimulated eosinophils that tethered subse- 
quently arrested on VCAM-I at all shears examined. This is con- 
sistent with our previous finding that the avidity of eosinophil 
VLA-4 can be rapidly enhanced by chemoattractant stimulation 
(62). Our findings demonstrate that a4 integrins on circulating eo- 
sinophils can mediate transient arrest on VCAM-I without pre- 
ceding rolling, even in the absence of chemoattractant stimulation, 
whereas exposure with chemoattractant prevents detachment of 
tethered eosinophils and therefore enhances eosinophil accumula- 
tion under physiologic shear force. 

On TNF-a-stimulated HUVEC at I .5 dyn/cm2, most of the teth- 
ered eosinophils showed abrupt arrest, similar to the results on 
VCAM-1. Blocking with mAbs to E-selectin and P-selectin further 
confirmed that P-selectin, but not E-selectin, was involved in eo- 
sinophil tethering. Together with our  data on purified molecules 
and the results in previous reports (39, 42, 43, 61), it can he con- 
cluded that eosinophil tethering on endothelium is strongly depen- 
dent on P-selectin but not on E-selectin in physiologic shear con- 
ditions. Additionally, the finding that eosinophils have a higher 
avidity for P-selectin than neutrophils suggests that the selective 
induction on endothelial cells of P-selectin compared with E-se- 
lectin, as by thrombin or histamine (63,64), may favor preferential 
eosinophil accumulation. 

L-selectin has been reported to be involved in the recruitment of 
neutrophils as well as mononuclear cells on inflamed endothelium 
both in vitro (24, 27, 41, 65) and  in vivo (28-30, 66, 67).  L- 
selectin mAb has also been reported to inhibit eosinophil adhesive 
interactions with endothelial cells both in vitro (41) and  in vivo 
(12). Consistent with these reports, more than  half  of eosinophil 
and neutrophil accumulation on TNF-a-stimulated HUVEC was 
blocked by L-selectin mAb in our study. However, recent studies 
have suggested that L-selectin on neutrophils does not  bind di- 
rectly to TNF-a-activated HUVEC, but binds to L-selectin ligands 
on neutrophils, and mainly mediates “secondary tethers” through 
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homotypic interactions between nonadherent and adherent neutro- 
phils in  flow (32, 56). We tested for any differences in L-selectin 
ligand activity between neutrophils and eosinophils, and found that 
eosinophils tethered and rolled on purified L-selectin equally to 
neutrophils, suggesting that eosinophils express L-selectin ligands 
at the same level. On TNF-activated HUVEC, eosinophils formed 
strings, which are evidence  for interleukocyte interactions, and 
strings were totally abrogated by L-selectin mAb. Close observa- 
tion of videotapes showed that treatment with L-selectin mAb had 
little if any effect on primary tethers on HUVEC. Inhibition of cell 
accumulation was mostly attributed to the abrogation of secondary 
tethers. Our results suggest that one important function of L-se- 
lectin in eosinophil recruitment is to mediate interleukocyte inter- 
actions, as previously discussed for neutrophils (32). 

A mAb to the integrin a4 subunit did not significantly reduce the 
tethering efficiency of eosinophils on TNF-a-stimulated HUVEC, 
but dramatically changed post-tethering behavior. This can be 
mainly attributed to the interaction of a&, with VCAM-1 but may 
be partially dependent on cy4& since a& is expressed, although 
at lower levels than a4/3,, on eosinophils (68, 69).  The inability of 
a4 mAb to decrease eosinophil tethers on activated HUVEC is 
consistent with the finding that few eosinophils tethered on 
VCAM- 1 at I .5 dynkm’, the wall shear stress used for the exper- 
iments on HUVEC. These data suggest that a4 integrins do not 
have a major role in initial tethering of eosinophils in physiologic 
shear  conditions 

By contrast to its lack of effect on tethering on activated 
HUVEC, mAb to a, strikingly inhibited arrest of eosinophils. In 
the presence of a4 mAb, most tethered eosinophils showed sub- 
sequent rolling on stimulated HUVEC, and some were detached 
within a short time, resulting in a decrease in eosinophil accumu- 
lation by 44 -+ 14%. A similar result has been described for mono- 
cytes (24,  54) and CD4+ T  cells (31) on cytokine-activated 
HUVEC, although it  was not as marked as for eosinophils. From 
these data, we conclude that although a4 integrins on eosinophils 
can effectively make bonds with VCAM-I in shear flow, they do 
not have a major role in primary tethering on activated HUVEC. 
The principal role of a4 integrins appears to be in arrest of eosin- 
ophils that are tethered by other molecules expressed on the 
HUVEC, such as P-selectin. 

The rolling of ad mAb-treated eosinophils on HUVEC appeared 
to be mediated by P-selectin, since use of P-selectin lnAb 
HPDG2/3 together with cy4 mAb further inhibited rolling interac- 
tions (data not shown). However, eosinophils treated with a4 mAb 
alone rolled only for  a short period, and about 30% of tethered 
eosinophils detached from the HUVEC surface within 30 s, sug- 
gesting that in contrast to the observation on purified molecules, 
P-selectin alone did not mediate persistent rolling and accumula- 
tion on the HUVEC surface. A portion of the rolling eosinophils 
arrested at later time points. This arrest was mostly dependent on 
f l z  integrins, because treatment with mAbs to p2 and a4 integrins 
together totally abrogated arrests and accumulation of eosinophils. 
However, a,-mediated arrest usually predominates and occurs 
more immediately, since mAb to the p2  integrin subunit alone has 
little effect on eosinophil arrest. Interestingly, almost all eosino- 
phils treated with the combination of these two anti-integrin mAbs 
tethered only transiently, and rolling interactions as well as arrest 
formation were almost completely abolished. Moreover, the num- 
ber  of tethers was also significantly decreased by this treatment, 
although not affected by each mAb alone. This was an unexpected 
finding, because integrins are not considered to be involved in the 
initial tethering and rolling step. In this study, we defined tethered 
cells as the cells interacting with HUVEC for at least 1 s. There- 
fore, some shorter-lived transient tethers may  be neglected by our 

measurements. However, our findings suggest that selectin-medi- 
ated interactions are not sufficient to support stable eosinophil roll- 
ing on stimulated endothelial cells, and that cooperation with a4 
and f12 integrins are required for eosinophil accumulation by sta- 
bilizing rolling and enhancing arrest. A decrease in interleukocyte 
tethers through L-selectin because of a lack of firmly adherent 
leukocytes may also result from inhibition with mAb to a4 and p2 
integrins and partially contribute to the effect. A caveat to the 
insufficiency of P-selectin in supporting rolling is that P-selectin 
expression declines with successive passages of HUVEC in vitro, 
and even though we have used HUVEC passaged only one to two 
times, P-selectin expression may be higher on endothelium i n  vivo. 

Another interesting question is whether chemoattractants are in- 
volved in the step of eosinophil arrest on TNF-a-activated 
HUVEC. On purified VCAM-I, at 1.5 dynlcm’ some eosinophils 
detached within 30 s after tethering, and detachment was totally 
prevented by eotaxin stimulation. By contrast, almost all tethered 
eosinophils immediately arrested on TNF-a-stimulated HUVEC. 
Although it is still unknown whether TNF-a induces sufficient 
chemoattractant production for eosinophil activation, platelet ac- 
tivating factor (70) and RANTES (71) have been reported to be 
produced by TNF-a-stimulated HUVEC. In preliminary studies, 
we  find that the supernatant of TNF-a-stimulated  HUVEC is che- 
motactic for eosinophils and significantly increases eosinophil 
binding to purified intercellular adhesion molecule- 1 and VCAM- 1 
in static conditions. This suggests that chemoattractants produced 
by activated endothelium may be involved in stimulation of eo- 
sinophil arrest through enhancement of integrin-mediated 
adhesion. 

The expression of a4 as well as p2 integrins, L-selectin as well 
as L-selectin ligand, P-selectin ligand, and well-characterized re- 
ceptors for chemoattractants, make eosinophils an interesting cell 
type for studying a wide range of steps in leukocyte accumulation 
on activated endothelium. Our findings show that eosinophils use 
P-selectin, but not E-selectin, for primary tethering on activated 
endothelium. L-selectin is important in mediating secondary teth- 
ers through interleukocyte interactions. lntegrin a4 has a minor 
role in  initial tethers but plays a central role in arrest formation. 
Integrin a4 and VCAM-I interaction mediates immediate arrest of 
eosinophils without prerequisite rolling. Chemoattractant stimula- 
tion may further strengthen this adhesion pathway and  can aug- 
ment eosinophil accumulation in shear flow. p2 integrins contrib- 
ute to eosinophil accumulation and appear to act later than the a4 
integrin. 
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