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The chemokine eotaxin is a potent and relatively
osinophil-specific chemoattractant implicated in the
ell migration to inflammatory sites in allergic dis-
ases. Eotaxin exerts its activity solely through the
CR3 receptor, but the signaling pathways are poorly
efined. In this study, we show that eotaxin induces an

ncrease in tyrosine phosphorylation of multiple cel-
ular proteins in normal human eosinophils. Eotaxin-
ependent tyrosine phosphorylation was detected 1
in after stimulation and increased for at least 15 min
ith kinetics similar to those of eotaxin-induced cell

hape changes. Herbimycin A, a tyrosine kinase inhib-
tor, blocked both eotaxin-induced tyrosine phosphor-
lation and cell shape changes as well as chemotaxis.
mmunofluorescence microscopy analyses showed
hat eotaxin-induced cell shape changes were accom-
anied by redistribution of tyrosine-phosphorylated
roteins and F-actin reorganization that were sensi-
ive to herbimycin A. Coimmunoprecipitation studies
evealed that binding of eotaxin to CCR3 greatly en-
anced association of the Src family kinases, Hck and
-Fgr, with CCR3 after internalization of CCR3. These
esults may indicate that recruitment of Hck and c-Fgr
o CCR3 in a compartment triggers tyrosine phosphor-
lation, leading to rapid cell shape changes required
or cell migration. © 1999 Academic Press

Eotaxin, a C-C chemokine, was originally identified
n the bronchoalveolar lavage fluid from a guinea pig

odel of allergic airways inflammation and was later
ound in bronchial epithelial and endothelial cells of

1 To whom correspondence should be addressed at present ad-
ress: Department of Otolaryngology and Head and Neck Surgery,
t. George’s Hospital–London University, Blackshaw Road, SW17
QT England. Fax: 1144-121-443 4409. E-mail: 106726.2140@
ompuserve.com.
163
sthmatics and nasal mucosa of allergic rhinitis pa-
ients (1–5). In allergic inflammatory diseases such as
llergic asthma and rhinitis, tissue and/or blood eosin-
philia is the most striking feature (6, 7). Eotaxin,
hich binds only to the seven-transmembrane G-pro-

ein-coupled receptor CCR3 abundantly expressed on
osinophils (8–11), possesses the highest selectivity to
osinophils in controlling cell migration among the eo-
inophil chemoattractants, e.g. RANTES, macrophage
nflammatory protein (MIP)-1a, monocyte chemotaxis
rotein (MCP)-2, MCP-3, MCP-4, eotaxin, and IL-8
12–17). Eotaxin is therefore thought to play an im-
ortant role in the pathogenesis of eosinophilic inflam-
ation.
The chemotactic response is essential for accumula-

ion of cells at inflammatory sites. Cell migration fol-
owing exposure to chemoattractants is preceded by

any processes, including cytoskeletal reorganization
nd cell shape changes. Rapid and reversible polymer-
zation of globular monomeric actin into filamentous
olymeric actin (F-actin) initiates cell shape changes.
lthough the mechanisms of cell migration are of cur-
ent interest (18, 19), the molecular mechanism trig-
ering cell migration is still unclear.
Eotaxin is reported to induce a rapid increase in

-actin contents in human eosinophils (20). Treatment
ith inhibitors of tyrosine kinases is shown to modu-

ate activity of eotaxin-induced chemotaxis in human
osinophils, suggesting involvement of tyrosine ki-
ases in eotaxin-mediated signaling (21). The recent
vailability of specific mAbs directed against CCR3
9–17) allows us to explore signals generated from
CR3. In this study, we show that binding of eotaxin to
CR3 on normal eosinophils recruits the Src family

yrosine kinases, Hck and c-Fgr, to CCR3 and pro-
otes an increase in tyrosine phosphorylation of mul-
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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iple cellular proteins required for cell shape changes,
eading to cell migration.

ATERIALS AND METHODS

Reagents and antibodies. Recombinant human eotaxin was pur-
hased from PeproTech (London, UK). Pervanadate solution (50 mM)
as freshly prepared by mixing equal volumes of 100 mM Na3VO4

nd 100 mM H2O2. The anti-CCR3 mAbs, 7B11 (9) and 5H12 (17),
ere kindly provided by Drs. W. Newman, C. R. Mackay, and P. D.
onath (LeukoSite, Inc., Cambridge, MA). Anti-Syk (4D10), anti-Lyn

#sc-15), anti-Hck (#sc-72), and anti-c-Fgr (#sc-130) were purchased
rom Santa Cruz Biotechnology (Santa Cruz, CA). Anti-phos-
hotyrosine (4G10; Upstate Biotechnology Inc., Lake Placid, NY),
orseradish peroxidase-conjugated F(ab9)2 of anti-mouse Ig and of
nti-rabbit Ig (Amersham Corp., Buckinghamshire, UK), FITC-
onjugated F (ab9)2 of anti mouse IgG (BioSource International,
amarillo, CA), and rhodamine-phalloidin (Molecular Probes, Inc.,
ugene, OR) were also used.

Purification of eosinophils. Human normodense eosinophils were
solated from heparanized venous blood of normal volunteers by
ensity gradient centrifugation (56%/71%/78% Percoll discontinuous
ayers) followed by negative selection with anti-CD16-coated mag-
etic beads (22), as described previously (21). Briefly, leukocytes
ere enriched by sedimentation with 6% dextran and subsequent
ercoll gradient centrifugation at 20°C for 30 min. The granulocyte

raction was recovered from the pellet and the lowest band, and the
ontaminated red blood cells were removed by hypotonic lysis. The
ells were incubated with CD16 immunomagnetic beads (Miltenyi-
iotec, Germany) for 30 min at 6–12°C. The CD16-negative cells
ere collected through a MACS column. Eosinophil purity was .98%
s judged by Hinkelmann staining, and viability was typically .97%.

Chemotaxis assay. Purified eosinophils were suspended in RPMI
640 medium containing 10% FCS at 106 cells/ml. Then, 50 ml of cell
uspension in duplicate was placed in the top wells of a 48-well
icrochemotaxis chamber (NeuroProbe Inc., Cabin John, MD). The

ower wells, separated from the upper by a 5-mm pore polycarbonate
embrane, were filled with 29 ml of 100 ng/ml eotaxin or medium

lone. After incubation at 37°C for 90 min, cells migrating through
he membrane were fixed and stained with Diff-quick. Eosinophils
ere counted under a microscope in five selected high-power fields

magnification, 3400). Results were expressed as cell number/5 high
ower fields (5 hpf). Cells were treated with the following reagents:
i) cells were pretreated with 20 mg/ml anti-CCR3 mAb at 4°C for 30

in, and assayed with the same mAb; (ii) cells were preincubated
ith 5 mM herbimycin A at 37°C for 60 min, washed, and assayed;

iii) cells were assayed in the presence of pervanadate.

Immunofluorescence. Cells were fixed in 3.7% paraformaldehyde
t room temperature for 20 min, and permeabilized with 0.1% sapo-
in, as described previously (23). The cells were double-stained with
he 4G10 mAb at room temperature for 1 h followed by FITC-anti-
ouse IgG for 1 h, and with rhodamine–phalloidin for 30 min. To

revent dephosphorylation, 10 mM Na3VO4 was included throughout
he staining procedure. Merged confocal and Nomarski differential-
nterference-contrast images were obtained using a Fluoview laser
canning microscope (Olympus, Tokyo, Japan). Z-series sections
ere recorded at 0.5-mm intervals and all sections were merged. For
ACS analysis, cells were stained with the 5H12 mAb directed
gainst CCR3 at 4°C for 1 h, followed by FITC-conjugated F (ab9)2

ragment of anti-mouse IgG for 1 h, and analysed by a FACScan
Becton–Dickinson). The F-actin contents were measured by FACS
nalysis precisely as mentioned in Ref. 20.

Western blotting. Cells were washed with Hepes-buffered saline
ontaining 1 mM Na3VO4 (pH 7.4) at 4°C, and then lysed in Triton
-100 lysis buffer (50 mM Hepes, pH 7.4, 1% Triton X-100, 4 mM
DTA, 100 mM NaF, 1 mM Na3VO4, 50 mg/ml aprotinin, 200 mM
164
ride) at 4°C for 30 min. Lysates were subjected to SDS–PAGE and
lectrotransferred onto polyvinylidene difluoride membranes for
estern blotting, as described elsewhere (24). The immune com-

lexes were washed with Triton X-100 lysis buffer at 4°C, and then
nalyzed, as described previously (25).

ESULTS AND DISCUSSION

Involvement of tyrosine phosphorylation in eotaxin-
nduced chemotaxis. To determine if the mAbs di-
ected against the human receptor CCR3 could inhibit
otaxin-induced chemotaxis of normal human eosino-
hils, chemotaxis assays were performed using two
Abs, 7B11 and 5H12 (Fig. 1A). The 7B11 mAb

howed complete blocking activity, whereas the 5H12
Ab showed marginal inhibitory activity (lanes 1–4),

onsistent with previous observations (9, 17).
Pretreatment of cells for 1 h with herbimycin A, a

yrosine kinase inhibitor, significantly blocked eotaxin-
nduced chemotaxis (Fig. 1B, lanes 5–7), a comparitive
tudies using other tyrosine kinases; erbstatin and
enestin, showed similar results (Table 1). By contrast,
xposure to pervanadate, a tyrosine phosphatase in-
ibitor, strengthened the activity of eotaxin-induced
hemotaxis (compare lane 8 with lane 6). Treatment of
ells with pervanadate alone, however, had no effect on
andom migration activity (Fig. 1B, lanes 9–12). Incu-
ation with herbimycin A or pervanadate under these
onditions did not affect cell viability (data not shown).
hese results suggest that tyrosine kinase activities
re involved in eotaxin-induced signal transduction
hrough CCR3 in eosinophil chemotaxis, and that
otaxin-induced signaling is mediated by tyrosine
inases and negatively regulated by tyrosine phos-
hatases.

Eotaxin-dependent tyrosine phosphorylation potenti-
ted by pervanadate. To determine whether eotaxin
ndeed induced tyrosine phosphorylation of cellular
roteins, normal human eosinophils were stimulated
ith eotaxin for the indicated times in the presence or
bsence of pervanadate, and tyrosine phosphorylation
as analyzed by Western blotting using the anti-
hosphotyrosine mAb 4G10 (Fig. 2A). Without per-
anadate we could not detect an increase in tyrosine
hosphorylation induced by eotaxin (compare lanes
–4 with lanes 5–8). In the presence of pervanadate,
yrosine phosphorylation was detected 1 min after
timulation with eotaxin and continued to increase at
east 15 min after stimulation (lanes 1–4). It is of note
hat proteins of smaller molecular sizes (,40 kDa,
riple asterisks) were heavily tyrosine-phosphorylated
fter stimulation. In addition, tyrosine phosphoryla-
ion of proteins of larger molecular sizes (.40 kDa,
ingle asterisks) was clearly enhanced. These results
emonstrate that eotaxin induces tyrosine phosphory-
ation of multiple cellular proteins immediately fol-
owing stimulation, and that inhibition of tyrosine
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hosphatase activities by pervanadate ensures the
iochemical detection of eotaxin-dependent tyrosine
hosphorylation.
Cell shape changes take place before cell migration.

o examine whether normal human eosinophils
hanged their morphology at early stimulation periods,
ells were stimulated with eotaxin for the indicated
imes in the presence of pervanadate and observed

FIG. 1. Modulation of eotaxin-induced chemotactic response. Nor
s described under Materials and Methods. Data are the number of c
EM of 7 different experiments (A, B), and of 3 different experiment
y paired t-test (lanes 7 and 8 versus lane 6).

TABLE 1

ffects of Herbimycin A, Genistein, and Erbstatin on Eotaxin-
Induced Normal Human Eosinophils Chemotaxis

Treatment of cells

Number of migrated cells/5 hpf

Buffer Eotaxin (100 ng/ml)

ontrol 95 6 2.1 546.6 6 6.4*
erbimycin A (5 mM) 100 6 4.6 222.7 6 9.1*
enistein (1 mM) 99 6 3.6 140 6 6.1*
rbstatin (3 mM) 85 6 8.8 200 6 4.4*

* P , 0.01 by paired t test. Results represent means 6 SEM of six
ndependent experiments performed in duplicate.
165
nder a Normarski differential-interference-contrast
icroscope. Eotaxin was found to induce cell shape

hanges as early as 1 min after stimulation and the
xtent of the shape changes continued to increase for at
east 15 min (Fig. 2B, lower panels). These kinetics
orresponded to those of an increase in eotaxin-induced
yrosine phosphorylation of cellular proteins (Fig. 2A,
anes 1–4). On the other hand, pervanadate alone es-
entially had no effect on cell morphology (Fig. 2B,
pper panels), nor did pervanadate alone stimulate
andom migration (Fig. 1C, lanes 9–12).

Blockade of tyrosine phosphorylation and shape
hanges by herbimycin A. To explore the role of ty-
osine phosphorylation in morphological changes, the
ffects of herbimycin A were analyzed on normal hu-
an eosinophils stimulated with eotaxin for 15 min in

he presence of pervanadate. As shown in Fig. 3A,
hen herbimycin A was included in culture medium
uring the preincubation and subsequent stimulation
eriods, eotaxin-induced tyrosine phosphorylation of
ellular proteins (lane 2) was almost completely
locked (lane 3) to a control background level as seen in

l human eosinophils were treated with various reagents and assayed
per 5 high-power fields (5 hpf; 3400) and presented as the mean 6
, D), counted from duplicate wells. PerVan, pervanadate. p , 0.01,
ma
ells
s (C
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FIG. 2. Relationship between eotaxin-induced tyrosine phosphorylation and morphological changes. (A) Normal human eosinophils were
ncubated for 0 min (lanes 1 and 5), 1 min (lanes 2 and 6), 5 min (lanes 3 and 7), and 15 min (lanes 4 and 8) at 37°C, with 100 ng/ml eotaxin in
he presence (lanes 1–4) or absence (lanes 5–8) of 250 mM pervanadate. Equal amounts of Triton X-100 cell lysates were analyzed by Western
lotting with the 4G10 mAb for phosphotyrosine. Molecular size markers are indicated on the right (kDa). (B) Normal human eosinophils were
ncubated for 0.25 min (a and e), 1.0 min (b and f ), 5.0 min (c and g), and 15 min (d and h) at 37°C, with (lower panels) or without (upper panels)
00 ng/ml eotaxin in the presence of 250 mM pervanadate. Cells were fixed and imaged by Nomarski differential-interference-contrast. Bar, 5 mm.
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FIG. 3. Effect of herbimycin A on eotaxin-induced tyrosine phosphorylation and morphological changes. (A) Normal human eosinophils were
reincubated with 5 mM herbimycin A (lane 3) or DMSO alone (lanes 1 and 2) for 1 h at 37°C, and further incubated for 15 min at 37°C in the
resence (lanes 2 and 3) or absence (lane 1) of 100 ng/ml eotaxin. Tyrosine-phosphorylated proteins were analyzed as described in Fig. 2. Molecular
ize markers are indicated on the left (kDa). (B) Normal human eosinophils were incubated with eotaxin (d, e, and f ), eotaxin plus herbimycin A
g, h, and i), or with medium alone (a, b, and c), as described above. The cells were fixed, permeabilized, and dual-stained with anti-phosphotyrosine
green channel; p-Tyr, b, e, and h) and phalloidin (red channel; F-actin, c, f, and i). Nomarski differential-interference-contrast images are shown
n a, d, and g. Bar, 5 mM. (C) F-actin contents were measured for the indicated intervals in the presence or absence of herbimycin A.
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ervanadate alone (lane 1). Herbimycin A was partic-
larly efficient in inhibiting eotaxin-dependent ty-
osine phosphorylation of proteins of smaller molecular
izes (,40 kDa). In addition, cell viability was unaf-
ected under these conditions (data not shown).

Next confocal immunofluorescence microscopic anal-
ses with double staining showed that eotaxin-induced
orphological changes (Fig. 3B, d) were accompanied

y intracellular redistribution of tyrosine-phosphor-
lated proteins and F-actin, as well as increase in both
he level of tyrosine phosphorylation of cellular pro-
eins and the level of F-actin (compare e and f with b
nd c & Fig. 3C). Intriguingly, treatment with herbi-
ycin A as described in the legend to Fig. 3A com-

letely blocked eotaxin-induced shape changes (Fig.
B, g). Furthermore, the distribution of tyrosine-
hosphorylated proteins and F-actin in herbimycin
-treated cells were quite similar to those seen in

ontrol cells incubated with pervanadate alone (com-
are h and i with b and c). These results indicate that
otaxin-induced morphological changes, which are ac-

FIG. 4. Association of tyrosine kinases with CCR3. (A) Normal h
00 ng/ml eotaxin in the presence of 150 mM pervanadate. The levels
ontrol, staining with secondary antibody alone; CCR3, anti-CCR3 (5

lanes 1–4) or 15 min (lanes 5–8) at 37°C. With (lanes 2, 4, 6, and 8
50 mM pervanadate. Equal amounts of Triton X-100 lysates (whole
ith anti-CCR3 (7B11) and reprobed with anti-Hck, anti-Fgr, anti-
nti-CCR3 (5H12) from the Triton X-100 lysates were analyzed by W
ck, 59/61 kDa; c-Fgr, 55 kDa; Lyn, 53/56 kDa; Syk, 72 kDa.
168
ompanied by reorganization of F-actin, require signal-
ng mediated by tyrosine phosphorylation, suggesting
hat tyrosine phosphorylation induced by eotaxin
eads to actin reorganization accompanying cell shape
hanges.

Recruitment of Src family kinases to CCR3 upon
timulation. Since CCR3, which is the seven trans-
embrane G protein-coupled receptor for eotaxin, does

ot possess known kinase motifs (9, 10, 15), it is pos-
ible that CCR3 is associated with non-receptor-type
yrosine kinases. Two different anti-CCR3 mAbs, 7B11
nd 5H12, were well-characterized as a complete
locker of eotaxin binding to CCR3 and a non-
marginally) blocking mAb, respectively (Refs. 9, 17;
ig. 1A, lanes 3 and 4 in this study). To examine the
ynamics of internalization of CCR3, normal human
osinophils were stimulated with eotaxin for the indi-
ated times in the presence of pervanadate, and the
evels of CCR3 present on the cell surface were ana-
yzed by flow cytometry using the 5H12 mAb (Fig. 4A).

an eosinophils were incubated for 0, 1, 5, and 15 min at 37°C with
CR3 expressed on the cell surface were analyzed by flow cytometry.

2) staining. (B) Normal human eosinophils were incubated for 1 min
without (lanes 1, 3, 5, and 7) 100 ng/ml eotaxin in the presence of
tes, lanes 1, 2, 5, and 6) were analyzed by Western blotting, probed
, and anti-Syk. Immunoprecipitates (IP, lanes 3, 4, 7, and 8) with
rn blotting, probed and reprobed as indicated above. CCR3, 45 kDa;
um
of C
H1
) or
lysa
Lyn
este
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he values of mean fluorescent intensity were 10.5 at 0
in, 10.75 at 1 min, 8.06 at 5 min, 4.37 at 15 min, and

.28 as a control. These results indicate that eotaxin
nduces rapid internalization of CCR3.

Next, expression of typical non-receptor-type ty-
osine kinases in normal human eosinophils was ex-
mined. Western blotting analyses showed that Syk
yrosine kinase and Src family tyrosine kinases, Hck,
-Fgr, and Lyn, were detected in Triton X-100 lysates
Fig. 4B). CCR3 was also detected in the lysates by

estern blotting using 7B11 mAb (Fig. 4B, upper pan-
ls). After cells were stimulated with eotaxin for 1 min
r 15 min in the presence of pervanadate, protein levels
f CCR3 and each tyrosine kinase were unchanged
rom those seen in control cells incubated for 1 or 15
in with pervanadate alone (compare lane 1 with lane

, and lane 5 with lane 6), indicating that eotaxin has
o effect on the rates of synthesis and degradation of
hese proteins during incubation period.

To examine whether these tyrosine kinases physi-
ally associated with CCR3, CCR3 was immunoprecipi-
ated using the 5H12 mAb from Triton X-100 lysates of
ontrol cells incubated with pervanadate alone or of
ells stimulated with eotaxin in the presence of per-
anadate. The recovery of CCR3 immunoprecipitated
rom eotaxin stimulated cells was generally compara-
le to that from control cells (Fig. 4B, upper panels,
ompare lane 3 with lane 4, and lane 7 with lane 8).
ntriguingly, after 15 min stimulation, increasing
mounts of Hck and c-Fgr were present in the immune
omplex of CCR3 prepared from eotaxin-stimulated
ells (compare lane 8 with lane 7). The amounts of Lyn
nd Syk in the CCR3 immunoprecipitate slightly in-
reased after stimulation (lanes 7 and 8). However,
fter 1 min stimulation, no apparent increase in the
mounts of these kinases was observed in the immune
omplex of CCR3 (lanes 3 and 4). These results suggest
hat CCR3 forms a complex with these kinases, and
hat binding of eotaxin to CCR3 greatly enhances the
hysical association of Hck and c-Fgr with the CCR3
omplex in an intracellular compartment. It is there-
ore likely that following stimulation of normal eosin-
phils with eotaxin, rapid internalization of CCR3 and
ubsequent recruitment of Hck and c-Fgr to the CCR3
omplex trigger signal transduction through tyrosine
hosphorylation mediating cell shape changes leading
o chemotaxis.

Cell migration along a chemokine gradient plays a
ajor role in directed cell movement to inflammatory

ites. Chemokine-mediated signal transduction is be-
ieved to involve (i) Ca21 mobilization, protein kinase
, and heterotrimeric GTP-binding proteins in a clas-
ical view (26), and (ii) kinases and phosphatases,
dapter proteins, and small GTP-binding proteins in
n alternate view (18, 19, 27, 28). Although the
hemokine-signaling pathways have not been fully elu-
idated. Our recent studies with a variety of inhibitors
169
uggest that eotaxin-induced chemotaxis of normal human
osinophils may require tyrosine kinase activities (21).
In this study, we provide the first evidence for the

ignificance of tyrosine phosphorylation in CCR3-
ediated chemotaxis. Sufficient association of Hck and

-Fgr with CCR3 in an intracellular compartment may
e critical to trigger eosinophil migration by eotaxin.
urthermore, it is likely that a putative protein-tyro-
ine phosphatase(s) rapidly downregulates eotaxin-
ependent tyrosine phosphorylation. Thus, the balance
etween tyrosine phosphorylation and dephosphoryla-
ion of specific proteins is fundamentally important for
otaxin-induced eosinophil chemotaxis. Identification
f eotaxin-dependent tyrosine phosphorylated proteins
ill help us to further understand the molecular mech-
nism. Finally, we believe that the eotaxin-mediated
yrosine phosphorylation as well as the eotaxin/recep-
or interaction might be targeted for therapeutic appli-
ations aimed at selective prevention of eosinophil ac-
umulation at inflammatory sites in allergic diseases.
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