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Activationof b1 integrinsofbloodeosinophils, assessedbymAbN29,
correlates inversely with FEV1 in two paradigms for studying control
of human asthma. We asked whether P-selectin causes eosinophil b1

integrin activation and results in increased adhesivity. By dual-label
flow cytometry, eosinophils with high levels of surface-associated
P-selectin had higher reactivity with the activation-sensitive anti-b1

mAbs N29, 8E3, and 9EG7 than eosinophils with no or with a low-
level of surface-associated P-selectin. Among patients with non-
severeasthma, surfaceP-selectin correlated withN29, 8E3,and 9EG7
signals. By immunofluorescence microscopy, surface-associated
P-selectin was present in patches on eosinophils, some of which
stained for the platelet marker thrombospondin-1. Activated b1 and
P-selectin partially colocalized on eosinophils. Soluble P-selectin
added to whole blood enhanced activation of eosinophil b1, but
not b2, integrins. In contrast, IL-5 activated eosinophil b2, but not b1,
integrins. Eosinophils that did not attach to vascular cell adhesion
molecule-1 (VCAM-1) in a static adhesion assay had a lower N29
signal than the original population. Soluble P-selectin added to
whole blood enhanced eosinophil adhesion to VCAM-1. These
findings are compatible with a scenario whereby P-selectin, on
eosinophil-associated activated platelets or acquired from plasma
or fromprior interactionswithendothelial cellsorplatelets, activates
eosinophil a4b1 integrin and stimulates eosinophils to adhere to
VCAM-1 and move to the airway in asthma.
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Airway eosinophilic inflammation is characteristic of asthma,
contributes to exacerbations, and regulates airway remodeling
(1, 2). Arrest and extravasation of eosinophils, as with other
leukocytes, are believed to involve tethering and rolling on
endothelium, mediated by selectins, cytokine- or chemokine-
mediated activation of integrins, and transmigration in response
to chemoattractants (3–5). An essential step in eosinophil arrest
is the interaction of a4b1 integrin with vascular cell adhesion
molecule-1 (VCAM-1), induced on endothelium in response to
T helper cell type 2 (Th2) immunity mediators (1, 4–7) and
expressed in bronchial vessels of the asthmatic lung (8).

Integrin-mediated cell adhesion is a function of integrin
density, ligand density, and integrin activation state (9–11). In

patients with mild asthma, there is enhanced activation of b1

integrins, assessed with activation-sensitive mAb N29 (12), on
blood eosinophils after segmental lung antigen challenge,
a trend to such enhanced activation after inhaled corticosteroid
(ICS) withdrawal, and an inverse correlation of N29 reactivity
with FEV1 (13, 14). Activation of b2 integrins, assessed with
activation-sensitive mAb24 (11), is increased on bronchoalveo-
lar lavage (BAL) eosinophils but not on blood eosinophils after
segmental antigen challenge. The increase on BAL eosinophils
correlates with IL-5 concentration in BAL fluid, whereas b1

activation is increased on blood and BAL eosinophils and does
not correlate with IL-5 (14). These results suggest that activa-
tion of b1 integrins on circulating eosinophils complements
induction of VCAM-1 to cause eosinophil recruitment to the
airway. The results also indicate that b1 and b2 integrins are
activated independently in vivo, which is somewhat surprising
given the commonality of pathways that regulate b1 and b2

integrin activation (11). Although IL-5 is the likely in vivo b2

activator (14–17), the results raise the question of which
stimulus is responsible for b1 integrin activation on blood
eosinophils in vivo.

A variety of observations suggest that this activator is P-
selectin. Therefore, we evaluated the hypothesis that P-selectin
is responsible for b1 integrin activation on blood eosinophils in
asthma in a way that would favor eosinophil movement to the
airway. We analyzed (1) P-selectin associated with the eosinophil
surface, (2) eosinophil P-selectin glycoprotein ligand (PSGL)-1
expression, and (3) the b1 activation state in blood samples from
subjects with mild/moderate (nonsevere) asthma who were en-
rolled in an observational study. We performed complementary
in vitro experiments to learn the effect of added P-selectin on the
b1 activation state of blood eosinophils and explored whether b1

activation epitope expression is linked to the capacity of an
eosinophil to adhere to VCAM-1 in vitro. The results indicate
that P-selectin activates b1, but not b2, integrins of eosinophils and
causes increased eosinophil adhesion to VCAM-1.

CLINICAL RELEVANCE

We demonstrate that P-selectin is bound to the surface of
eosinophils to a varying degree among cells and among
human subjects. A high level of surface P-selectin is asso-
ciated with a high degree of eosinophil b1 integrin activa-
tion in vivo. The addition of soluble P-selectin to blood
in vitro enhances activation of b1, but not b2, integrins on
eosinophils and enhances eosinophil adhesion to vascular
cell adhesion molecule-1. Our findings are compatible
with a scenario whereby P-selectin on activated platelets,
or acquired from plasma or endothelial cells, activates
eosinophil a4b1 integrin and stimulates eosinophils to
adhere to activated endothelium and move to the airway.
Targeting P-selectin–triggered eosinophil b1 integrin acti-
vation may represent a new therapeutic approach in
asthma.
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MATERIALS AND METHODS

Subjects

Twenty-three subjects with mild or moderate (nonsevere) physician-
diagnosed allergic asthma (Table 1) were studied as part of the VIAX
(Virus-Induced Asthma Exacerbation) study at the University of
Wisconsin-Madison Hospital (18, 19). Subjects were recruited and
screened and then asked to return at the onset of an infection. All sub-
jects had a positive skin prick test to at least 1 of 12 aeroallergens, did
not have a history of severe episodes of asthma with respiratory infec-
tions, did not have an ICS dose of greater than 400 mg fluticasone/d or
equivalent or Advair . 250/50, did not have an albuterol use of at least
6 puffs/d, were nonsmokers, and were not pregnant or breastfeeding
(18, 19). Other subjects, who were normal, allergic rhinitic (non-
asthmatic), and allergic asthmatic volunteers, donated blood for
in vitro studies of whole blood and purified eosinophils as before
(20). The studies were approved by the University of Wisconsin-
Madison Health Sciences Institutional Review Board. Informed writ-
ten consent was obtained from each subject before participation.

Antibodies, Flow Cytometry, and

Immunofluorescence Microscopy

Antibodies used; flow cytometric analysis of whole, unfractionated
blood or purified eosinophils; and immunofluorescence microscopy
staining of eosinophils in a cytospun whole leukocyte population are
described in the online supplement.

Cells

Eosinophils were purified from peripheral heparinized blood of
volunteer donors by negative selection using a cocktail of anti-CD16,
anti-CD14, and anti-CD3 magnetic beads in the AutoMACS system
(Miltenyi, Auburn, CA) (20). The purity of eosinophils was greater
than 99% as determined by Diff-Quik staining (Dade, Düdingen,
Switzerland). Viability was greater than 98% as assessed by staining
with propidium iodide and annexin V-FITC (BD Biosciences, San Jose,
CA). A sample of the human EoL-3 eosinophilic leukemic cell line (21)
was from Richard Lynch (University of Iowa, Iowa City, IA) and
cultured as described (20).

Addition of Soluble P-Selectin or IL-5

Venous blood drawn into green-top heparin tubes (BD Vacutainer
Systems, Franklin Lakes, NJ), or purified blood eosinophils resuspended
at 5 3 106/ml in RPMI 1640 medium (Mediatech, Herndon, VA) with
0.2% BSA from volunteer donors were preincubated with or without
different concentrations of added recombinant soluble extracellular do-
main of P-selectin or IL-5 (both from R&D Systems, Minneapolis, MN)
for 1 hour at 378C before being processed for flow cytometry as above.

Adhesion to VCAM-1

Selective adhesion to VCAM-1 and adhesion under static conditions
were assayed as described in the online supplement.

Statistics

The Spearman rank correlation test was used to analyze correlations.
The means of two populations or conditions from the same subjects
were compared using two-tailed paired t test. A level of P < 0.05 was
considered significant. Analyses were performed using Prism (Graph-
Pad, San Diego, CA).

RESULTS

Correlation between Eosinophil Surface–Associated

P-Selectin and b1 Integrin Activation State in Subjects with

Nonsevere Asthma

To begin the evaluation of the hypothesis that binding of P-selectin
to eosinophils in whole blood causes activation of b1 integrins, we
used flow cytometry to quantify the amounts of P-selectin on
individual eosinophils in comparison to the densities of the epitopes
for three activation-sensitive b1 mAbs, mouse N29 (12), mouse 8E3

(22), and rat 9EG7 (23). N29 is the mAb that we used previously
(13, 14). We added mAb 8E3 here with the expectation that it
would behave in a similar manner to N29 and strengthen the
conclusions based on N29. N29 and 8E3 recognize Glu-4 in the
amino-terminal plexin-semaphorin-integrin domain of the hu-
man b1 integrin subunit that is lysine in the mouse protein (17, 24).
MAb 9EG7 was included to examine whether the b1 integrin
activation on eosinophils encompasses regions in addition to the
plexin-semaphorin-integrin domain. The 9EG7 epitope is located
in the epidermal growth factor–like domains of the b1 ‘‘leg’’ (17,
23). Our first experiments included dual labeling and were done
on three subjects with nonsevere asthma, a group in which b1

activation, assessed with N29, correlates with measurement of
disease (13). Figure 1A and Figure E1 in the online supplement
show the results from a representative subject. Figure 1B
summarizes the results from the three subjects. Most eosinophils
had no or low amounts of cell-surface–associated P-selectin (the
white area of the distribution in Figure 1A, dots in the left part of
the plots in Figure E1), but there was a population of eosinophils
with higher P-selectin levels (the gray area in Figure 1A,
population marked with ellipses in Figure E1). The background
signal with isotype control antibodies was similar for the P-
selectin–low and –high populations (Figures E1A and E1E).
However, staining with N29, 8E3, or 9EG7 showed that the P-
selectin–high population had a greater signal for these activation-
sensitive b1 mAbs than had the P-selectin–low population
(Figures E1B, E1C, and E1F). The P-selectin–high population
denoted by the ellipses is located higher up than the P-selectin–
low population, indicating that higher density of P-selectin was
associated with higher density of activated b1 integrins. Quanti-
fying the specific staining in the three subjects confirmed that the
specific signal with the activation b1 mAbs was greater in the P-
selectin–high than in the P-selectin–low eosinophil population
(Figure 1B). Such a difference due to the P-selectin level was not
seen with expression of the P-selectin counterreceptor PSGL-1
(Figures 1B and E1D).

We examined whole blood from 23 subjects with nonsevere
asthma (Table 1) for N29 epitope expression on eosinophils and
a subset of the subjects with 8E3 and 9EG7. We determined
whether there were any correlations between b1 integrin
activation (reported by N29, 8E3, or 9EG7) and cell-surface–
associated P-selectin or PSGL-1 and analyzed the correlations
among the N29, 8E3, and 9EG7 epitopes. We found that there
was a tight correlation (Spearman rank correlation coefficient
[rs] . 0.8) between specific reactivity (adjusted for isotype
control) with N29, 8E3, or 9EG7 and the specific level of
P-selectin associated with eosinophil surface (Figures 2A–2C).
In contrast, N29, 8E3, or 9EG7 reactivity did not correlate with
PSGL-1 (Figures 2D–2F). Reactivities with 8E3 and N29
correlated with rs 5 0.96, presumably the maximum correlation

TABLE 1. CHARACTERISTICS OF SUBJECTS WITH NONSEVERE
ALLERGIC ASTHMA

Sex 16 females, 7 males

Age, yr 22 (20, 30)

FEV1, l 3.5 (2.9, 3.9)

FEV1, % pred. 93 (86, 101)

PC20, mg/ml 8.3 (1.1, 25)

Definition of abbreviations: FEV1, forced expiratory volume in 1 s; PC20,

provocative concentration of methacholine producing a 20% fall in FEV1;

% pred., percentage of the predicted value.

Data are shown as medians (25th, 75th percentiles). FEV1 values are from visit

10 and PC20 values are from visit 8 of the VIAX study. Spirometry and

methacholine challenge were performed according to American Thoracic Society

guidelines (18, 19).
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that can be achieved by flow cytometry (Figure 2G). Reactivity
with 9EG7 tracked N29 or 8E3 but with lower correlation
coefficients of 0.61 and 0.63 (Figures 2H and 2I).

Cellular Staining for Activated b1 Integrin and P-Selectin

Eosinophils do not contain mRNA for P-selectin, as assessed by
transcriptional array analysis (25). Possible in vivo sources of
the eosinophil-bound P-selectin protein are platelets, endothe-
lial cells, and plasma (26–28). To study the association between

activated b1 integrin and P-selectin on circulating eosinophils
and to determine possible sources of P-selectin, we performed
double immunofluorescence microscopy staining of cytospins of
mixed leukocytes from seven subjects with nonsevere asthma.
We used thrombospondin (TSP)-1, a protein present in plate-
let a granules (29), and the aIIb subunit of aIIbb3 integrin, an
abundant platelet surface protein (30), as platelet markers.
Eosinophils were identified by morphology (Figures E2C and
E2E) and positive staining for eosinophil major basic protein
(Figure E2B) or eosinophil peroxidase (EPO).

Figure 1. Expression of epitopes for activation-

sensitive b1 integrin mAbs N29, 8E3, and 9EG7
and anti–P-selectin glycoprotein ligand (PSGL)-1

in two populations of eosinophils in whole

blood with low or high levels of cell-surface–
associated P-selectin. (A) Division of eosinophils

into populations with a low (white) and high

(gray) level of cell-surface–associated P-selectin.

(B) Specific expression of N29, 8E3, or 9EG7
epitopes or anti–PSGL-1 in the P-selectin–low

(white bars) and P-selectin–high (gray bars)

populations. n 5 3 subjects with nonsevere

allergic asthma. Error bars 5 SEM. **P < 0.01
versus the P-selectin–low population.

Figure 2. Correlations among

anti–P-selectin, anti–PSGL-1,
and epitopes for activation-

sensitive anti-b1 integrin mAbs

N29, 8E3, and 9EG7 on eosin-

ophils in whole blood. Sam-
ples were from subjects with

nonsevere allergic asthma.

Data are expressed as specific
geometric mean channel fluo-

rescence (i.e., adjusted for iso-

type control; see MATERIALS AND

METHODS). N29 (A), 8E3 (B ), or
9EG7 (C ) versus anti–P-selectin;

N29 (D), 8E3 (E ), or 9EG7 (F )

versus anti–PSGL-1; 8E3 (G) or

9EG7 (H ) versus N29; and
9EG7 versus 8E3 (I ). Flow

cytometry data are from one

randomly chosen visit (no. 3 or
11 in the VIAX study) per sub-

ject. n 5 23 (in A and D) or

a subset of 11 (in B, C, and

E–I ).
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The proportion of cells positive for eosinophil major basic
protein (Figure E2B) or EPO (i.e., eosinophils) in the cytospun
leukocyte population from these subjects was 4 to 8%. Al-
though there was heterogeneity among the subjects, general
patterns discerned by immunofluorescence microscopic staining
of eosinophils are shown in Figures 3 and E2 and summarized in
Table 2. The eosinophils stained only weakly with N29 and 8E3
(not shown). Staining with activation-sensitive anti-b1 mAb
9EG7 was brighter and present in patchy and in diffuse patterns
(Figure 3A). MAb 9EG7 staining was a subset of staining for
total b1 with mAb13 or MAR4 (not shown). P-selectin staining
was mostly punctate or patchy (Figures 3B and 3D). Stainings
for 9EG7 and P-selectin partly overlapped (Figure 3C), but
9EG7-positive/P-selectin–negative areas were found (Figures
3A and 3C), indicating that some but not all sites of activated b1

on the eosinophil surface are at or close to sites where P-selectin
has bound. TSP-1 staining was patchy (Figures 3E and E2A),
with 5 to 25% of eosinophils being positive. aIIb staining was
similar to that of TSP-1 (Figure E2D). P-selectin and TSP-1
stainings partly overlapped (Figure 3F), but there were sites
that were P-selectin–positive and TSP-1–negative (Figures 3D
and 3F), indicating that some but not all sites of P-selectin
binding to the eosinophil surface are due to the association of
platelets or platelet fragments with the eosinophil surface. Flow
cytometric analysis showed that aIIb was higher on eosinophils
with a high level of P-selectin (Figure 3G), indicating that most
eosinophils with high surface P-selectin also had platelet
satellitism.

Compared with these results with cytospun whole blood
leukocytes, in which 5 to 25% of eosinophils had platelets or
platelet fragments associated with the cell surface as judged by
TSP-1 or aIIb staining, in similar experiments on cytospun
purified eosinophils, we found 15 to 25% of the eosinophils to
be TSP-1 or aIIb positive (not shown). The leukemic eosino-
philic cell line EoL-3, which has constitutive activation of b1

integrins (16), was negative for aIIb (not shown).

Enhancement of Eosinophil b1 Integrin, but Not b2 Integrin,

Activation by Added Soluble P-Selectin

Soluble extracellular domain of P-selectin was added to whole
blood or purified eosinophils (Figure 4E), the latter conditions
mimicking previous studies done on purified monocytes (31, 32).
For the subject shown in Figures 4A and 4E, N29 epitope
expression was higher on purified eosinophils than on eosino-
phils in whole blood in the absence of P-selectin. When we
compared the effects of a 1-hour preincubation with added

P-selectin on eosinophils in whole blood versus purified eosino-
phils, N29 reactivity increased (i.e., the N29 distribution shifted
to the right) on eosinophils in whole blood (Figures 4A and 4E)
but not on purified eosinophils (Figure 4E). The increase in
N29 reactivity on eosinophils in whole blood in response to
P-selectin was observed in four of five donors from whom
paired samples of whole blood and purified eosinophils were
obtained, whereas in no sample of purified eosinophils did
P-selectin increase N29. Total b1 did not increase after addition
of P-selectin in whole blood or on purified eosinophils (not
shown). Maximal N29 epitope expression was achieved at con-
centrations of added P-selectin of 100 to 1,000 ng/ml (Figure
4E). Thus, although P-selectin can increase b1 integrin activa-
tion on eosinophils in whole blood, it does not increase
activated b1 on purified eosinophils from the same donors,
which seem to be maximally stimulated, probably during the
purification process.

In studies of subjects with mild asthma undergoing ICS
withdrawal, N29 reactivity correlated with FEV1 (13). Experi-
ments on additional subjects indicated that baseline N29 re-
activity in whole blood was higher in subjects with asthma than
in normal donors (not shown). Such observations prompted us
to ask whether the magnitude of the P-selectin–stimulated
increase in the N29 signal differ among subject groups due to
their status. Enhanced N29 epitope expression after P-selectin
preincubation compared with after control preincubation was
found in 3 of 3 normal subjects, 8 of 14 nonasthmatic subjects
with allergic rhinitis, and 5 of 13 subjects with asthma. The
increase was significant in the normal group (P 5 0.004) (Figure
E3). Baseline N29 reactivity (in the absence of added P-
selectin) in the present groups was in the order normal ,

allergic nonasthmatic , allergic asthmatic donors (Figure E3).
These results indicate that whether b1 integrin activation on
eosinophils in whole blood is enhanced by the addition of P-
selectin depends on the level of baseline activation that is
present in vivo compared with maximal possible activation.

We compared the effect of P-selectin with that of IL-5,
a known activator of eosinophil aMb2 integrin (15), in five
donors who responded to P-selectin by enhanced N29 reactivity
(Figure E4A). IL-5 significantly enhanced reactivity with
mAb24, which detects a b2 activation epitope (11) (Figures
4D and E4B), but did not increase N29 reactivity (Figures 4B
and E4A). Conversely, mAb24 reactivity was not changed after
the addition of P-selectin (Figures 4C and E4B).

Because P-selectin has been reported to activate aMb2

integrin on purified neutrophils (33–35) and monocytes (32),

TABLE 2. SUMMARY OF IMMUNOFLUORESCENT MICROSCOPIC STAINING OF EOSINOPHILS FOR ACTIVATED b1 INTEGRIN,
P-SELECTIN, AND PLATELET MARKERS

Antibody Pattern Colocalization with others Figure

Anti-total b1 Patchy and diffuse, in all eos More extensive than 9EG7 NS

Anti-active b1 (9EG7) Patchy and diffuse, in many but not all eos Less extensive than total b1 NS

Partly overlapping with P-selectin, 3A,C

also P-selectin-negative areas 3A,C

Anti-P-selectin Punctate or patchy, in many but not all eos Partly overlapping with 9EG7 3B,C

Partly overlapping with TSP-1, 3D,F

also TSP-1-negative areas 3D,F

Anti-TSP-1 Patchy, in some but not all eos Partly overlapping with 9EG7, 3E,F

similar to aIIb E2A

Anti-aIIb Similar to TSP-1 Similar to TSP-1 E2D

Anti-eos MBP Granules, in all eos Not overlapping with the others E2B

Definition of abbreviations: eos, eosinophils; EPO, eosinophil peroxidase; MBP, major basic protein; NS, not shown; TSP, thrombospondin.

This table summarizes the data shown in Figures 3 and E2 (in the online supplement) as well as data not shown. Immunofluorescence microscopic staining of cytospun

whole leukocytes from seven subjects with nonsevere allergic asthma was performed as described in Materials and Methods in the online supplement. Eosinophils were

identified by morphology (see Figure E2C, E) and positive staining for eosinophil MBP (Figure E2B) or EPO (not shown).
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we analyzed the same data sets for integrin activation on these
leukocytes after P-selectin or IL-5 addition to whole blood.
Baseline reactivities of N29 and mAb24 on the leukocyte
populations were in the order eosinophils , neutrophils ,

monocytes (Figure E4), as previously reported for N29 (14).
Whereas P-selectin enhanced the N29 reactivity on eosinophils

(Figure E4A), there were only trends to small increases in the
N29 signals on neutrophils (Figure E4C) and monocytes (Figure
E4E) that did not reach significance. IL-5 did not increase
the mAb24 signal on neutrophils (Figure E4D) or monocytes
(Figure E4F), which lack the IL-5 receptor a subunit (30).
P-selectin (100 ng/ml) also did not enhance mAb24 reactivity on

Figure 3. Double immunofluorescence micro-

scopic localization of epitopes for activation-
sensitive anti-b1 integrin mAb 9EG7, anti–P-selectin,

and anti–TSP-1 and flow cytometric analysis of

anti-aIIb integrin versus anti–P-selectin on eosin-
ophils. Representative results of experiments on

cells from seven subjects with nonsevere allergic

asthma. (A–F ) Eosinophils in cytospun whole

leukocytes were identified by morphology or by
positive staining for antibodies to eosinophil

major basic protein or eosinophil peroxidase

(see Figure E2 in the online supplement). Mi-

crographs of eosinophils analyzed by staining
with 9EG7 and rhodamine-conjugated anti-rat

secondary antibody (A, C ), mAb to P-selectin

and FITC-conjugated anti-mouse secondary anti-

body (B, C, D, F ), and biotinylated mAb to TSP-

1 and rhodamine-avidin (E, F ). Arrows, areas with colocalization. Arrowheads, areas with no colocalization. Note partial colocalization between 9EG7
epitope (arrow in A and C ) and P-selectin (arrow in B and C ) and between P-selectin (arrow in D and F ) and TSP-1 (arrow in E and F ). Also note 9EG7-

positive/P-selectin–negative areas (arrowhead in A and C ) and P-selectin–positive/TSP-1–negative areas (arrowhead in D and F ). Scale bar 5 5 mm. (G)

Flow cytometry of aIIb (mAb HIP8) versus P-selectin on eosinophils in whole blood.

Figure 4. Effect of added soluble P-selectin or IL-5 on

expression of epitopes for activation-sensitive anti-b1

integrin mAb N29 or activation-sensitive anti-b2 integrin

mAb24. N29 (A, B) or mAb24 (C, D) epitope expression on

eosinophils in whole blood after preincubation with (thick
line) or without (normal line) added soluble P-selectin

(0.1 mg/ml) (A, C ) or IL-5 (50 ng/ml) (B, D). The mouse

IgG1 isotype is shown as a thin line. (E ) N29 epitope

expression on eosinophils in matched whole blood (closed
symbols) and purified blood eosinophils (open symbols)

from a normal subject after preincubation with different

concentrations of added soluble P-selectin. Representative

results of experiments with five donors (see text and Figure
E4 in the online supplement).
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neutrophils (Figure E4D) and monocytes (Figure E4F), which is
different from what would be expected from the literature (32,
34). We have not attempted to use the conditions that were used
in published studies (32, 34), such as purified neutrophils or
monocytes, the higher P-selectin concentrations of 150 ng/ml to
10 mg/ml, or the activation-sensitive anti-aM mAb CBRM1/5.

Decreased b1 Integrin Activation State and Surface-Associated

P-Selectin on Cells Nonadherent to VCAM-1

The reactivity of activation-sensitive, antiintegrin mAbs is
expected to be linked to a cell’s ability to interact with ligand
(10). To test whether N29 reactivity reports a cell’s capacity to
adhere to VCAM-1, purified blood eosinophils were plated in
VCAM-1–coated wells, and the cells that did not adhere to the
substrate were compared with the starting population and with

nonadherent cells in wells coated only with blocking protein.
Studies were done in parallel with EoL-3 cells, which have the
N29 epitope (16) but no platelet satellitism. Different coating
concentrations of VCAM-1 were used for the different cells
because EoL-3 cells require less VCAM-1 to adhere than
eosinophils (16). The distribution of N29 epitope expression
of purified eosinophils and EoL-3 cells nonadherent to VCAM-
1 was shifted to the left (Figures 5A and 5B). Results from three
experiments with EoL-3 cells showed that nonadherent cells
had significantly decreased N29 reactivity compared with the
original or total population, whereas total b1 was not signifi-
cantly decreased (not shown). N29 epitope expression of cells
that did not adhere to the control substrate (gelatin for
eosinophils, BSA for EoL-3 cells) was not significantly different
from that of the original population (not shown).

Enhancement of Eosinophil Adhesion to VCAM-1 by Added

Soluble P-Selectin

A similar assay to that described above was done with whole
blood from four donors to which P-selectin had been added.
The N29 epitope distribution of eosinophils in P-selectin–
treated whole blood nonadherent to VCAM-1 was different
from the original population (Figure 5C) and from cells non-
adherent to gelatin (not shown), with a small shift to the left.
Eosinophils in whole blood nonadherent to VCAM-1 did not
have lower total b1 than the original population or than cells
nonadherent to gelatin (not shown). These results indicate that
eosinophils with b1 activated in response to P-selectin bind
selectively to VCAM-1. To demonstrate this more directly,
eosinophil adhesion in whole blood to the alternatively spliced
7- and 6-domain forms of VCAM-1 under static conditions was
quantified with the EPO assay. The 7-domain form of VCAM-1
contains two integrin-binding domains, domain 1 and domain 4,
whereas the 6-domain form only contains one integrin-binding
domain, domain 1 (16, 17). Domain 1 interacts with a4b1 integrin,
whereas domain 4 can interact with a4b1 and aMb2 (16, 17). Thus,
6-domain VCAM-1 supports a4b1–mediated adhesion, whereas
7-domain VCAM-1 primarily supports a4b1–mediated adhesion
but can also support aMb2–mediated adhesion (16). Added P-
selectin significantly enhanced adhesion to the 6- and 7-domain
forms of VCAM-1 (Figure 6). The P-selectin effect was specific for
VCAM-1 as a substratum because P-selectin did not cause any
significant increased background adhesion to gelatin (not shown).

DISCUSSION

We previously reported that activation of b1 integrins on blood
eosinophils can occur in patients with mild asthma, varies
among subjects, and correlates with disease activity (13, 14).
Several observations in the literature suggested that the stim-
ulus for this activation may be interaction with P-selectin. P-
selectin is a counterreceptor for PSGL-1, which is expressed
constitutively on eosinophils and other leukocytes (36). P-
selectin is sequestered in a granules of platelets and Weibel-
Palade bodies of endothelial cells and translocated to the
surface in response to various mediators, such as thrombin,
histamine, epinephrine, ADP, or vascular endothelial growth
factor (26–28, 37, 38). Activated platelets bind to leukocytes via
P-selectin (39). An in vitro study indicated that P-selectin–
bearing platelets contributes to enhanced tethering of eosino-
phils to activated endothelium (40). Genetic inactivation in
mice has implicated P-selectin as a critical mediator in a model of
eosinophil recruitment or asthma (41). Transfusion of platelet-
depleted mice with activated wild-type, but not P-selectin–
deficient, platelets in a lung antigen challenge model resulted
in eosinophil recruitment to the airway (42). The addition of

Figure 5. N29 epitope expression on blood eosinophils or eosinophilic

leukemic EoL-3 cells in suspension before and after adhesion to vascular

cell adhesion molecule (VCAM)-1. Representative of results with four
donors (eosinophils) or three experiments (EoL-3 cells). N29 epitope

expression was measured on purified blood eosinophils from an allergic

asthmatic donor (A), EoL-3 cells (B), or eosinophils in whole blood from
an allergic asthmatic donor to which soluble P-selectin (0.1 mg/ml) had

been added (C ). Measurements were made on the original cell

population before adhesion to VCAM-1 (‘‘total,’’ normal line) or on

cells nonadherent to coated soluble 7-domain VCAM-1 (thick line). The
mouse IgG1 isotype is shown as a thin line. Coating concentrations of

VCAM-1 were 10, 1, and 30 mg/ml in A, B, and C, respectively. The fact

that all distributions in (C ) as well as in Figures 4A–4D are to the right

compared with those in A and B is due to different cytometer settings
for whole blood to accommodate neutrophils and monocyte distribu-

tions compared with for purified cells or cell lines.
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purified soluble P-selectin in vitro to monocytes activated b1

integrins and enhanced adhesion to VCAM-1 (31, 32).
Thus, we evaluated the hypothesis that P-selectin is the

stimulus responsible for activation of b1 integrins on blood
eosinophils in vivo. This evaluation was not straightforward
because of the need to work with eosinophils in unfractionated
blood and the variability in baseline b1 activation among
subjects. Therefore, we pursued two experimental paradigms,
the first exploring the variability among donors and the second
testing the effect of adding P-selectin to blood eosinophils,
recognizing that individual variability would complicate the
interpretation of the results.

By flow cytometry of blood samples from subjects with
nonsevere asthma, P-selectin was detected on the eosinophil sur-
face to a variable degree among subjects and among eosinophils
within the same subject. Reactivity with activation-sensitive b1

mAb N29, 8E3, or 9EG7 correlated with eosinophil-bound P-
selectin among an individual’s eosinophils and for the whole
eosinophil populations among the subjects. The correlations
support the hypothesis that an interaction between P-selectin
and eosinophils is responsible for an enhanced eosinophil b1

activation state in vivo.
Immunofluorescence microscopy staining of whole leuko-

cytes from subjects with nonsevere asthma was consistent with
the flow cytometry data in that there was variable staining for
the b1 activation epitopes and P-selectin among subjects and
among eosinophils within a subject. Staining for the platelet
markers TSP-1 and aIIb integrin subunit indicated that platelets
or platelet fragments were associated with a fraction of eosino-
phils. This is in agreement with an earlier report of a heteroge-
neous, moderate level of ‘‘expression’’ of the platelet-specific
aIIb integrin subunit on eosinophils by flow cytometry and
demonstration by electron microscopy and immunogold that
the aIIb staining is due to platelets adhering to or associated
with the eosinophil membrane (43). Our experiments showed
that there was partial but not complete overlap among eosin-
ophil stainings for b1 activation epitopes, P-selectin, and TSP-1.
The results, therefore, indicate that P-selectin associated with
the eosinophil surface is partly due to ‘‘satellitism’’ of activated

platelets or platelet fragments and partly due to P-selectin
binding from other sources, presumably endothelium and/or
plasma, and indicate that eosinophil b1 is activated at sites of
P-selectin binding and at other sites.

In in vitro experiments, eosinophil N29 reactivity was
enhanced by the addition of exogenous soluble P-selectin to
blood of many but not all donors. Maximal effect on eosinophil
N29 epitope expression was obtained with 100 to 1,000 ng/ml
of added P-selectin. The concentration of soluble plasma
P-selectin in normal subjects is 20 to 40 ng/ml (27), but the
concentration can be increased severalfold in disease states,
such as hemolytic uremic syndrome, thrombotic thrombocyto-
penic purpura, and acute myocardial infarction (44). Concen-
trations up to 70 ng/ml have been measured repeatedly in
patients with asthma, and the extent of this elevation has been
correlated with measures of disease (45–47). Up to 170 ng/ml
has been recorded after exercise in subjects with exercise-
induced asthma (47). Thus, the added P-selectin concentration
(100 ng/ml) found here to be active in inducing b1 integrin
activation in vitro corresponds to a 2.5 to 5-fold increase over
the concentration in healthy individuals, is within the range that
has been measured in plasma of patients with asthma, and,
consequently, is pathophysiologically relevant.

To explore the functional significance of b1 integrin activa-
tion, cells nonadherent to VCAM-1 were analyzed. Compared
with the original population, the nonadherent population was
depleted of the cells with the highest N29 signal. The results
indicate that VCAM-1 preferentially supports adhesion of those
eosinophils with higher N29 reactivity. Furthermore, the addi-
tion of soluble P-selectin enhanced eosinophil adhesion to
VCAM-1. This result is in partial accord with other in vitro
studies, in which the addition of soluble P-selectin to purified
monocytes enhanced reactivity with the activation-sensitive
mAbs HUTS-21 to b1 and CBRM1/5 (to aM) and adhesion to
VCAM-1, fibronectin, and ICAM-1 (31, 32). Similarly, addition
of soluble P-selectin to purified neutrophils in vitro enhanced
reactivity with CBRM1/5 and adhesion to fibrinogen and
ICAM-1 (33–35). In contrast to the reports that P-selectin
activates a4b1 and aMb2 integrins on purified monocytes and
aMb2 on purified neutrophils, however, we found activation of
only b1, and not b2, integrins on eosinophils. The addition of
IL-5, conversely, significantly increased eosinophil mAb24
but not N29 epitope expression. Thus, there is specificity of
P-selectin–triggered integrin activation on eosinophils (only b1),
compared with the reported situation on monocytes (b1 and b2)
(32). However, we did not detect a P-selectin–triggered increase
in b2 activation on monocytes or neutrophils at the P-selectin
concentration used (100 ng/ml) in our assay on whole blood.
In any case, in addition to general mechanisms for inside-out
integrin activation (11), specific mechanisms for activation of
the different b integrin subfamilies must exist for eosinophils.

The present data are compatible with a scenario that
P-selectin activates eosinophil b1 integrins, resulting in stimu-
lation of eosinophil adhesion to VCAM-1, egress, and recruit-
ment to the airway. P-selectin may be picked up from activated
platelets, encounters with activated endothelial cells, or plasma.
Microscopy indicated that some activated b1 is located on the
eosinophil surface per se and not on the surface of eosinophil-
associated platelets. Thus, the observed activated b1 likely is, in
part, the result of triggered intracellular signaling and inside-out
activation of eosinophil integrins. In neutrophils or leukemic
cell lines, the PSGL-1 cytoplasmic domain binds Nef-associated
factor 1, which becomes phosphorylated by Src family kinases
and recruits phosphoinositide-3-OH kinase, resulting in aMb2

integrin activation (35). Evidence exists that the activation level
of a4b1 integrin on purified blood eosinophils, judged by anti-

Figure 6. Effect of added soluble P-selectin on blood eosinophil
adhesion to VCAM-1. Static adhesion of eosinophils in whole blood,

after preincubation without (5 100% of control, dashed line) or with

added soluble P-selectin (1 or 5 mg/ml) to soluble 7-domain (7 d) or 6-
domain (6 d) VCAM-1, coated at 1 mg/ml. n 5 4 experiments with 7 d,

3 experiments with 6 d VCAM-1. Median with interquartile range. *P <

0.05 versus no-addition control. Adhesion was quantified by an EPO

assay, which measures the optical density of the colored enzyme
product at 490 nm.
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a4–inhibitable cell affinity for VCAM-1–coated beads, is main-
tained by a pathway involving homeostatic intracellular free
Ca21, phospholipase C, and Rap1 (48), consistent with current
models for integrin activation (11). Further investigation is
needed to determine whether these signaling pathways are
responsible for the activation of b1 integrins as a consequence
of P-selectin binding to eosinophils.
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