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During allergic reactions, basophils migrate from the blood compartment to inflammatory sites, where they act as effector cells in
concert with eosinophils. Because transendothelial migration (TEM) represents an essential step for extravasation of cells, for the
first time we have studied basophil TEM using HUVEC. Treatment of HUVEC with IL-1� significantly enhanced basophil TEM,
which was further potentiated by the presence of a CCR3-specific ligand, eotaxin/CCL11. In addition to CCR3 ligands, MCP-1/
CCL2 was also active on basophil TEM. Although stromal cell-derived factor-1/CXCL12, a CXCR4 ligand, failed to induce TEM
in freshly isolated basophils, it caused strong TEM in 24-h cultured cells. IL-3 enhanced basophil TEM by increasing the che-
mokinetic response. Spontaneous TEM across activated HUVEC was inhibited by treatment of cells with anti-CD18 mAb, but not
with anti-CD29 mAb, and also by treatment of HUVEC with anti-ICAM-1 mAb. Anti-VCAM-1 mAb alone failed to inhibit TEM,
but showed an additive inhibitory effect in combination with anti-ICAM-1 mAb. In contrast, eotaxin- and IL-3-mediated TEM was
significantly inhibited by anti-CD29 mAb as well as anti-CD18 mAb. These results indicate that�2 integrins play the primary role
in basophil TEM, but �1 integrins are also involved, especially in TEM of cytokine/chemokine-stimulated basophils. In conclusion,
the regulatory profile of basophil TEM is very similar to that reported for eosinophils. Our results thus support the previous
argument for a close relationship between basophils and eosinophils and suggest that the in vivo kinetics of these two cell types
are similar. The Journal of Immunology, 2004, 173: 5189–5195.

A lthough basophils are the least abundant circulating leu-
kocytes, an increasing body of evidence has demon-
strated that these cells play an active pathogenic role in

allergic inflammation by releasing diverse proinflammatory medi-
ators, including vasoactive amines, cysteinyl leukotrienes, and cy-
tokines (1). The biological significance of basophils in allergic
disorders has become more apparent with the recognition and un-
derstanding of allergic dual-phase reactions; analyses of chemical
mediators have revealed increases in basophil-derived mediators at
the sites of late-phase reactions (2–4).

The results of experimental allergen challenge in various organs
have revealed the influx of basophils to inflammatory sites several
hours after Ag exposure (5–9), indicating the existence of a mech-
anism for recruitment of basophils from the blood compartment to
inflamed tissue sites during allergic reactions. Like other types of
leukocytes, the entire process of basophil influx to inflamed tissue
sites comprises three essential sequential steps: adhesion to the
vascular endothelium, transendothelial migration (TEM),3 and lo-
comotion toward inflammatory sites in extravascular tissues. To
date, a considerable number of studies have outlined the mecha-
nisms of both the adhesion and locomotion processes in basophils

(10–14), demonstrating that adhesion molecules and/or several cy-
tokines and chemokines are critically involved in these processes.
In contrast to neutrophils, basophils express �4�1 integrins in ad-
dition to �2 integrins. Basophil-activating cytokines such as IL-3
are capable of up-regulating the expression of �2 integrins (CD11b
and CD18), thereby potentiating the �2 integrin-mediated adher-
ence of basophils to the endothelium (14). These basophil-activat-
ing cytokines also enhance basophil locomotive responses by in-
ducing random movement (chemokinesis) (11). Regarding the
basophil migration process, however, basophil-directed chemo-
kines such as eotaxin play more critical roles by virtue of inducing
strong directional movement (chemotaxis) (15, 16).

The molecular aspects of both the adhesion and migration pro-
cesses of basophils have thus become increasingly clear, but those
of basophil TEM, another essential process that links the adhesion
process and the locomotion process, have not been studied to date.
Given the importance of the TEM process for the recruitment of
basophils to allergic inflammatory sites, for the first time we have
studied basophil TEM using vascular endothelial cell monolayers.

Materials and Methods
Reagents and mAbs

Murine mAbs with blocking activity against adhesion molecules were
used. Anti-CD49d mAb (IgG1, clone HP2/1) and anti-CD29 mAb (IgG1,
clone 4B4) were purchased from Coulter Immunotech (Marseille, France).
Anti-CD11a mAb (IgG1, clone TS1/22) was obtained from Endogen
(Woburn, MA). Anti-CD49e mAb (IgG1, clone IIA1), anti-CD11b mAb
(IgG1, clone 44), and anti-CD18 mAb (IgG1, clone L130) were purchased
from BD Pharmingen (San Diego, CA). The F(ab�)2 of anti-CD54 mAb
(IgG2a, clone MEM-111) and anti-CD106 mAb (IgG1, clone 1G11B1)
were purchased from Caltag Laboratories (Burlingame, CA). The F(ab�)2

of mouse IgG was obtained from Jackson ImmunoResearch Laboratories
(West Grove, PA). Mouse IgG1 (MOPC-21) with irrelevant specificity was
purchased from Sigma-Aldrich (St. Louis, MO). Murine anti-CCR1 mAb
(IgG1, clone 141) and anti-CCR3 mAb (IgG1, clone 444) were donated by
Dr. H. Kawasaki (Institute of Medical Science, University of Tokyo, To-
kyo, Japan) (17). Other reagents used in the experiments were previously
described (13).
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Cell separation and culture conditions

Human basophils were isolated from venous blood obtained from consent-
ing volunteers with no history of atopic diseases. Basophils were semipu-
rified by Percoll density gradient centrifugation as previously described
(18). The purity of semipurified basophil preparations was 12.5 � 0.13%
(n � 60). A vast majority of the contaminating cells were lymphocytes and
monocytes, and the preparations usually contained no eosinophils. Their
viability, measured by the trypan blue exclusion test, was consistently
�95%. In some experiments basophils were further purified (purity,
�98%) by negative selection with MACS beads (Basophil Isolation kit;
Miltenyi Biotec, Auburn, CA) as described previously (13).

HUVEC were isolated and cultured according to the previously de-
scribed methods (19). The culture medium was medium 199 (Invitrogen
Life Technologies, Grand Island, NY) supplemented with 20% FCS (In-
vitrogen Life Technologies), 2 mM L-glutamine (Invitrogen Life Technol-
ogies), antibiotics (100 U/ml penicillin and 100 �g/ml streptomycin; In-
vitrogen Life Technologies), endothelial cell growth supplement (20 �g/
ml; Collaborative Research, Bedford, MA), and heparin sodium (90 �g/ml;
Sigma-Aldrich). HUVEC (2–5 � 104 cells) were cultured on 2% gelatin-
coated Transwell culture inserts (6.5-mm diameter polycarbonate mem-
branes with 5-�m pores; Costar, Cambridge, MA) for 2–5 days. To confirm
the confluence of the HUVEC on the membrane, sample monolayers were
routinely stained with Diff-Quick (International Reagents, Kobe, Japan)
before use in each experiment.

TEM assay

Unless otherwise indicated, HUVEC monolayers grown in Transwell in-
serts were pretreated for 4 h with human rIL-1� (5 ng/ml; Diaclone Re-
search, Besaçn, France) and washed twice with PIPES ACM buffer (25
mM PIPES, 119 mM NaCl, 5 mM KCl, 2 mM Ca2�, 0.5 mM Mg2�, and
0.03% human serum albumin). Percoll-separated basophils (3 � 104/100
�l) suspended in PIPES ACM buffer were added to the upper wells, and
samples to be tested (600 �l) were placed in the lower wells. After incu-
bation for 3 h at 37°C, the cells that had migrated to the lower wells were
collected and washed twice in PBS supplemented with 3% FCS and 0.1%
NaN3. For analysis of the numbers of migrated basophils, the cells were
stained with FITC-conjugated goat anti-human IgE (BioSource Interna-
tional, Camarillo, CA) at 4°C for 30 min. After washing the cells, the
numbers of FITC-positive cells were counted by flow cytometry as previ-
ously described (13). Basophil TEM was expressed as a percentage of the
number of inoculated basophils.

The effects of integrins and CCRs were examined by treating cells with
blocking mAbs or controls at 37°C for 30 min. Without washing, treated
cells were placed in the upper wells. We used F(ab�)2 for blocking CD54
(ICAM-1) and CD106 (VCAM-1) on HUVEC to avoid the undesired ef-
fects of the Fc portion of immobilized mouse mAb on basophil Fc�R.
HUVEC were pretreated with the F(ab�)2 of each mAb or controls at 37°C
for 30 min before assay. The inhibition by mAbs was calculated using the
following formula: % inhibition � (migration by isotype-matched control-
treated cells � migration by blocking mAb-treated cells)/(migration by
isotype-matched control-treated cells) � 100.

Statistics

All data are expressed as the mean � SEM, and differences between values
were analyzed by the one-way ANOVA. When this test indicated a sig-
nificant difference, Fisher’s protected least significant difference test was
used to compare individual groups.

Results
Effects of IL-1 and eotaxin on basophil migration across
endothelial cells

A basophil TEM assay was performed using Percoll-separated ba-
sophils and Transwell systems with cultivated HUVEC on the sur-
face. In accordance with the previous reports of eosinophil TEM
assays (19), HUVEC were activated by stimulation with IL-1� for
4 h before assays. As shown in Fig. 1A, only marginal numbers of
basophils had transmigrated across a layer of unstimulated
HUVEC even after 3 h of incubation. In contrast, stimulation of
HUVEC with IL-1� significantly enhanced basophil TEM at later
time points. During the initial 2 h, TEM across IL-1-activated
HUVEC showed a similar time course of accumulation as TEM
across unstimulated HUVEC. After 3-h incubation, however, the

number of transmigrated cells was significantly increased in cul-
tures stimulated with IL-1� (3.9 � 1.2 and 14.7 � 2.7%, for TEM
across unstimulated and IL-1-stimulated HUVEC, respectively). Fur-
thermore, basophil TEM was markedly enhanced by the presence of

FIGURE 1. Time course of TEM of basophils. A, HUVEC monolayers
in Transwell inserts were pretreated with (f and �) and without (F and E)
IL-1-� (5 ng/ml) at 37°C for 4 h. Percoll-separated basophils were added
to the upper wells, and the chambers were incubated at 37°C in the pres-
ence (f and F) and the absence (� and E) of eotaxin (5 nM) in the lower
wells. After the indicated time periods, the cells in lower wells were col-
lected, and the number of IgE-positive cells was determined by flow cy-
tometry. Bars represent the SEM (n � 6–8). �, p 	 0.05; ��, p 	 0.01 (vs
spontaneous migration (E) at corresponding time point). B, TEM through
HUVEC by highly purified basophils was indicated. Basophils from a sam-
ple of Percoll-separated cells were further enriched by negative selection
with MACS beads. TEM assays were performed for 3 h, as described
above, using Percoll- (�) and MACS-separated (f) basophils. The purities
of Percoll- and MACS-separated basophils were 19.6 � 5.7 and 98.3 �
0.4%, respectively. Bars represent the SEM (n � 5). NS, no significant
difference between Percoll- and MACS-separated basophils.
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a chemoattractant, eotaxin/CCL11. Compared with spontaneous
TEM, chemokine-induced TEM showed a faster time course of
accumulation. Even with unstimulated HUVEC, the number of trans-
migrated cells increased linearly until 2 h and then plateaued. Al-
though a similar time course of accumulation was observed with
activated HUVEC until 2 h of incubation, the number of transmi-
grated cells was significantly increased at 3 h of incubation (Fig. 1A).
The basophil preparations used in these experiments were Percoll-
separated and consisted of �90% contaminating cells. To explore
whether these contaminating cells indirectly affect basophil TEM, we
further purified the Percoll-separated cells by negative selection with
MACS beads (purity, �98%) and compared the TEM between
Percoll- and MACS-separated basophils. As shown in Fig. 1B, no
significant difference in TEM was observed between the two prepa-
rations, indicating that contaminating cell populations do not signifi-
cantly affect the basophil TEM.

Basophil TEM by chemokines

The results of our and other laboratories have demonstrated the
expression of multiple chemokine receptors in basophils (13, 16,
20), and our previous functional survey demonstrated that CCR3
ligands are mainly responsible for the migratory responses of rest-
ing basophils (13). Fig. 2 depicts the effects of various chemokines
on basophil TEM. Transmigration was determined after 3 h of
incubation using IL-1-activated HUVEC. CCR3 ligands, eotaxin,
and RANTES/CCL5 induced strong basophil TEM. Eotaxin binds
specifically and exclusively to CCR3, whereas RANTES binds to
CCR1 with higher affinity than to CCR3. To determine the che-
mokine receptors responsible for RANTES-induced basophil
TEM, we performed blocking experiments using receptor-specific
mAbs of an antagonistic nature. As shown in Fig. 3, eotaxin-in-
duced TEM was almost completely inhibited by anti-CCR3 mAb.
Although RANTES-induced TEM was also markedly blocked by
anti-CCR3 mAb, treatment with anti-CCR1 mAb exerted virtually
no effect on the migratory response.

Our previous study using a HUVEC-free Transwell system
demonstrated that CXCR1/CXCR2 ligand IL-8/CXCL8 and CCR2
ligand MCP-1/CCL2 also induced significant, but weak, migration
of basophils (13). However, no statistically significant TEM was
observed in cells stimulated with IL-8. In contrast, MCP-1 was
capable of inducing TEM as strongly as eotaxin. Furthermore, a
CXCR4-specific ligand, stromal cell-derived factor-1 (SDF-1)/
CXCL12, was also capable of inducing strong basophil TEM un-
der certain conditions. In our previous report we demonstrated that
the expression of functional CXCR4 is induced on the basophil
surface by 24 h of culture, and SDF-1 induced significant migra-
tory responses in 24-h cultured basophils (13). The same situation
was observed in TEM; although freshly isolated basophils failed to
exhibit TEM in response to SDF-1, strong TEM, comparable to
that induced by eotaxin, was observed with 24-h cultured basophils
(Fig. 2B).

FIGURE 2. Effects of chemokines on basophil TEM. A, HUVEC were
pretreated with IL-1-� (5 ng/ml) at 37°C for 4 h. A basophil TEM assay
was performed in the presence of various chemokines in the lower wells.
Basophils were separated by Percoll and immediately added to the upper
wells. After 3 h of incubation at 37°C, the cells in the lower wells were
collected, and the number of IgE-positive cells was determined by flow
cytometry. B, Percoll-separated basophils were cultured in RPMI 1640
supplemented with 10% FCS and antibiotics at 37°C for 24 h. The cultured
cells were added to the upper wells, and TEM assay was performed as
described above. Bars represent the SEM (n � 4–7). �, p 	 0.05; ��, p 	
0.01 (vs migration in the absence of chemokines (Nil)).

FIGURE 3. Effects of chemokine receptor blocking on chemokine-in-
duced basophil TEM. HUVEC were pretreated with IL-1-� (5 ng/ml) at
37°C for 4 h. Percoll-separated basophils were preincubated with anti-
chemokine receptor mAbs (20 �g/ml) or isotype control mAb (mouse
IgG1, 20 �g/ml) at 37°C for 30 min. TEM assay was performed in the
presence and the absence of eotaxin (15 nM) or RANTES (15 nM) in the
lower wells for 3 h. Migrations of control Ab-treated basophils toward
eotaxin and RANTES were 29.5 � 4.6 and 28.5 � 5.7%, respectively.
Spontaneous migration without any chemokine was 9.2 � 2.5%. Bars rep-
resent the SEM (n � 9). ��, p 	 0.01 (vs percentage of control migration).
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Basophil TEM by IL-3

Results from our and other laboratories have established that IL-3
stimulates various aspects of basophil functions, such as mediator
release (21, 22) and in vitro survival (23, 24). Furthermore, our
earlier study using Boyden chamber systems demonstrated that
IL-3 potently enhances in vitro locomotive responses by basophils
(11). The migratory response induced by IL-3 was chemokinetic
rather than chemotactic. When serially diluted IL-3 was added to
the upper wells of a Transwell, we observed that the number of
transmigrated basophils increased in a dose-dependent fashion
(Fig. 4). A significant increase in basophil TEM was observed
when the cell suspension in the upper wells contained as little as 3
pM IL-3. When the IL-3 gradient was diminished by adding the
same concentration of IL-3 to both the upper and lower wells, the
basophil TEM was not significantly affected. In contrast, elimina-
tion of the eotaxin gradient mostly inhibited the increase in baso-
phil TEM, indicating that eotaxin-induced TEM was mainly che-
motactic (Fig. 4). Furthermore, IL-3 showed an additive effect on
eotaxin-induced TEM; the number of transmigrated cells induced
by eotaxin was significantly increased in the presence of IL-3
(17.7 � 4.4 and 23.4 � 4.6%, eotaxin-induced TEM for the ab-
sence and the presence of IL-3, respectively; n � 4; p 	 0.05).

Effects of adhesion molecules on basophil TEM

Adhesion molecules and their counter-receptors play a critical role
in the TEM of various cell types. Previous studies by others re-
vealed that basophils express both �1 (CD49d, CD49e, and CD29)
and �2 (CD11a, CD11b, and CD18) integrins on their surface (25).
When the effects of �1 and �2 integrins on basophil TEM across
IL-1-stimulated HUVEC were studied using blocking mAbs, sig-
nificant inhibition of spontaneous TEM was observed in cells
treated with anti-CD18 mAb, but not in those treated with anti-

CD29 mAb, in both Percoll-separated and MACS-separated ba-
sophils (Fig. 5A). No significant inhibition was observed in cells
treated with anti-CD11a or anti-CD11b mAb alone, but treatment

FIGURE 4. Effects of IL-3 on basophil TEM. HUVEC were treated
with IL-1-� (5 ng/ml) at 37°C for 4 h. IL-3 and eotaxin (5 nM) were added
to the upper and/or lower wells as indicated. Basophils were separated by
Percoll, and TEM assay was performed at 37°C for 3 h. Bars represent the
SEM (n � 8). �, p 	 0.05; ��, p 	 0.01 (vs spontaneous migration without
IL-3 or eotaxin).

FIGURE 5. Effects of adhesion molecules on spontaneous basophil
TEM across activated HUVEC. A, HUVEC were pretreated with IL-1-� (5
ng/ml) at 37°C for 4 h. Percoll–separated (�) and MACS-separated (1)
basophils were preincubated with anti-adhesion molecule mAb (10 �g/ml)
or isotype control mAb (mouse IgG1) at 37°C for 30 min. The TEM assay
was performed at 37°C for 3 h. Bars represent the SEM (n � 4). The
purities of Percoll- and MACS-separated basophils were 17.6 � 3.7 and
98.8 � 0.9%, respectively. Control migrations of Percoll-separated and
highly purified basophils pretreated with control mAb were 4.6 � 1.8
and 3.3 � 1.6%, respectively. �, p 	 0.05; ��, p 	 0.01 (vs control mi-
gration). NS, no significant difference between Percoll-separated and
highly purified basophils. B, HUVEC were pretreated with IL-1� (5 ng/ml)
at 37°C for 4 h. Percoll-separated basophils were preincubated with anti-
adhesion molecule mAb (10 �g/ml) or isotype control mAb (mouse IgG1)
at 37°C for 30 min. The TEM assay was performed at 37°C for 3 h. Bars
represent the SEM (n � 8–10). Control migration of basophils pretreated
with control mAb was 7.3 � 1.1%. �, p 	 0.05; ��, p 	 0.01 (vs control
migration). C, IL-1-stimulated HUVEC were pretreated with the F(ab�)2 of
anti-VCAM-1 mAb (3 �g/ml), anti-ICAM-1 mAb (10 �g/ml), or control
Ab (mouse IgG, 10 �g/ml) at 37°C for 30 min. The TEM assay was
performed using Percoll-separated basophils at 37°C for 3 h. Bars represent the
SEM (n � 6). Control migration across HUVEC precultured with the F(ab�)2

of control Ab was 9.5 � 1.8%. �, p 	 0.05; ��, p 	 0.01 (vs control migra-
tion). †, p 	 0.05 (vs migration after pretreatment with anti-ICAM-1 mAb).
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with a combination of both mAbs resulted in significant inhibition
of basophil TEM (Fig. 5B). In contrast, as expected, neither anti-
CD49d nor anti-CD49e mAb inhibited TEM (�14.6 � 24.3 and
�37.5 � 26.8%, inhibitory effects of anti-CD49d and anti-CD49e
mAb, respectively; n � 7). Fig. 5C depicts the effects of counter-
receptors of endothelial cells on spontaneous TEM. When IL-1-
stimulated HUVEC were pretreated with F(ab�)2 of anti-CD106
(VCAM-1) or anti-CD54 (ICAM-1) mAb, we found that TEM of
fresh basophils was significantly inhibited by anti-ICAM-1 mAb
alone. Although anti-VCAM-1 mAb alone failed to exert a significant
inhibitory effect, the combination of anti-VCAM-1 and anti-ICAM-1
mAbs produced enhanced inhibition compared with anti-ICAM-1
alone, indicating an additive inhibitory effect of anti-VCAM-1 mAb.
Taken together, these results indicate that the �2 integrin/ICAM-1
system is mainly responsible for TEM of fresh basophils across
activated HUVEC, in which the �1 integrin/VCAM-1 system may
also play an additive role.

In contrast to spontaneous TEM, eotaxin-induced TEM was sig-
nificantly inhibited not only by anti-CD18 mAb, but also by anti-
CD29 mAb (Fig. 6A). The inhibition by anti-CD29 mAb was sig-
nificantly less prominent than that by anti-CD18 mAb. TEM of
IL-3-primed basophils was also inhibited by anti-CD29 mAb, al-
though again less potently than with anti-CD18 mAb. These results
indicate that �1 integrins are more actively involved in eotaxin- or
IL-3-induced basophil TEM, in contrast to spontaneous TEM.

Discussion
Participation of basophils in allergic inflammation has been
strongly inferred from both the increase in the number of these

cells and the presence of basophil-derived mediators at inflamma-
tory sites during allergic reactions (2–6, 9). TEM represents an
essential step for movement of leukocytes from the circulation to
inflamed tissue sites, and numerous reports have extensively stud-
ied TEM of various types of leukocytes (26). In contrast, to our
knowledge no studies have dealt with basophil TEM to date. In the
present study, using well-established assay systems, for the first
time we have investigated basophil migration across vascular en-
dothelial cell monolayers.

The chemokine family has been highly implicated in the patho-
genesis of inflammation of various etiologies (27). In addition,
several lines of evidence have demonstrated that chemokines play
an important role in TEM of various leukocytes (28–31). The same
situation was observed in TEM of basophils. We previously stud-
ied the expression profile and functions of chemokine receptors in
human basophils (13). CCR3 is constitutively expressed on the
basophil surface, and CCR3 ligands such as eotaxin induced the
most potent migratory responses in freshly isolated basophils. In
contrast, although surface expression of CXCR4 is hardly detect-
able in freshly isolated basophils, it becomes gradually apparent
during culture, and SDF-1 induces a strong migratory response,
comparable to that induced by eotaxin (13). In parallel to these
previous findings, our present results show the involvement of both
CCR3 and CXCR4 in basophil TEM; strong TEM was induced by
CCR3 ligands in freshly isolated cells and by SDF-1 in 24-h cul-
tured basophils (Fig. 2B). The physiological role of CXCR4 on
basophils is uncertain at present. However, as discussed in our
previous paper (13), constitutive and ubiquitous expression of
SDF-1 in many tissues suggests that CXCR4 is involved, rather, in
baseline trafficking of basophils. In the present study we found that
CCR2, which is strongly expressed on basophils (13, 16), is also
actively involved in basophil TEM. Our earlier report showed that
whereas CCR2 causes the most potent degranulation of basophils
(13), its migration-inducing ability is only marginal. Based on the
numbers of migrated basophils, MCP-1 is �5-fold less potent than
eotaxin (13). In contrast to those findings, the present study dem-
onstrated that MCP-1 elicited strong basophil TEM, comparable to
that induced by eotaxin. This observation is of potential impor-
tance, because CCR2 is virtually undetectable on human eosino-
phils (32), and MCP-1 fails to induce eosinophil TEM at all (29).
As discussed below, many of the regulatory mechanisms of TEM
of basophils are shared with eosinophils. Therefore, MCP-1-me-
diated basophil TEM may represent a unique mechanism for se-
lective migration of human basophils. In contrast, we failed to
observe any significant direct effects of CCR1, CCR2, CCR5,
CXCR1, and CXCR2 on basophil TEM. Thus, although we cannot
exclude possible additional effects of these receptors, it is reason-
ably concluded that basophil TEM is regulated mainly by both
CCR2 and CCR3, and by CXCR4 under certain circumstances.

HUVEC are capable of liberating various chemokines in re-
sponse to diverse stimuli (33–35). Therefore, it should be noted
that HUVEC-derived chemokines might disturb the chemotactic
gradient and thereby affect the TEM results. Furthermore, more
complicated mechanisms may exist regarding the CXCR4/SDF-1
system; Murdoch et al. (36) reported that HUVEC expressed
CXCR4 and induced a rapid calcium influx in response to SDF-1.
Inasmuch as CXCR4 on vascular endothelial cells is up-regulated
by activating stimuli, the presence of SDF-1 may induce and/or
modulate cytokine/chemokine production by activated HUVEC.
Even though we stimulated HUVEC for only a short time (4 h) and
eliminated possible soluble factors from HUVEC by washing be-
fore performing TEM assays, there remains the possibility that
HUVEC-derived mediators might affect the TEM results, as re-
ported for eosinophil TEM (34).

FIGURE 6. Effects of adhesion molecules on eotaxin-mediated (A) and
IL-3-mediated (B) basophil TEM across activated HUVEC. HUVEC were
pretreated with IL-1-� (5 ng/ml) at 37°C for 4 h. A, Percoll-separated
basophils were treated with anti-CD18 mAb (10 �g/ml), anti-CD29 mAb
(10 �g/ml), or isotype control mAb (10 �g/ml) at 37°C for 30 min. TEM
assay was performed at 37°C for 3 h in the presence of eotaxin (5 nM) in
the lower wells. B, Percoll-separated basophils were preincubated with
IL-3 (300 pM) at 37°C for 30 min plus anti-CD18 mAb (10 �g/ml), anti-
CD29 mAb (10 �g/ml), or isotype control mAb (10 �g/ml) at 37°C for 30
min. Basophil TEM was performed at 37°C for 3 h. Bars represent the
SEM (n � 6–8). Control migrations induced by eotaxin and IL-3 in the
case of basophils pretreated with isotype control mAb were 22.7 � 7.6 and
22.4 � 3.4%, respectively. Spontaneous TEM without eotaxin or IL-3 was
8.6 � 1.7%. �, p 	 0.05; ��, p 	 0.01 (vs control migration).
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We and others have demonstrated that IL-3 represents the most
potent basophil-activating cytokine and stimulates various aspects
of basophil functions, including mediator release (21, 22), survival
(23, 24), motility (11), adhesiveness to the endothelium (14), and
expression of activation markers (14). Our present finding that
IL-3 potentiated basophil TEM broadens the current concept of the
capacity of IL-3 to modulate allergic inflammatory responses by
up-regulating basophil functions. However, it seems unlikely that
IL-3 is directly involved in basophil accumulation at allergic in-
flammatory sites, because checkerboard analyses clearly showed
that IL-3-mediated TEM was chemokinetic rather than chemotac-
tic. Nevertheless, the additive effect of IL-3 seen in eotaxin-in-
duced TEM strongly suggested that IL-3, and potentially IL-5 and
GM-CSF as well, plays a cooperative role in basophil TEM with
these basophil-directed chemokines by modulating locomotive
movement.

In addition to basophil-directed cytokines and chemokines, ad-
hesion molecules play a critical role in basophil TEM. Although
basophils express both �1 and �2 integrins (12), we found that �2

integrins represent the first line of adhesion molecules that account
for basophil TEM. TEM of fresh basophils across activated
HUVEC was significantly attenuated by treatment with anti-CD18
mAb. Cotreatment with anti-CD11a and anti-CD11b mAbs
showed additive inhibitory effects, indicating the involvement of
both the �L and �M chains in basophil TEM. In line with these
observations, pretreatment of activated HUVEC with mAb against
ICAM-1, a counter-receptor for both CD11a and CD11b, signifi-
cantly inhibited basophil TEM. Furthermore, basophil TEM in-
duced by IL-3 or eotaxin was also suppressed by anti-CD18 mAb.
An in vitro study by others showed up-regulation of the expression
of a �2 integrin (CD11b) by IL-3 (14). We found that CD11b and
CD18 were also up-regulated by IL-3, and that eotaxin exerted the
same effect to a lesser extent (M. Iikura and K. Hirai, unpublished
observation). Thus, the enhanced TEM observed in IL-3- and
eotaxin-treated cells can be attributed at least in part to strength-
ened interaction with �2 integrin caused by up-regulated expres-
sion of these molecules.

Our results indicated an additional role of �1 integrins in baso-
phil TEM. Spontaneous TEM across activated HUVEC was not
inhibited by anti-CD49d, anti-49e, or anti-CD29 mAb (Fig. 5A),
but anti-CD29 mAb significantly inhibited TEM of eotaxin- and
IL-3-stimulated basophils (Fig. 6). The increase in the involvement
of �1 integrin in these cells is potentially mediated by functional
up-regulation of �1 integrin. Sung et al. (37) reported that short
term incubation of eosinophils with eotaxin or GM-CSF (30 min)
up-regulates the binding of cells to VCAM-1 without affecting the
expression level of VLA-4 protein. Although not proven, a con-
formational change in the VLA-4 receptor is likely to be respon-
sible for the increased involvement of �1 integrin in basophils
stimulated with either eotaxin or IL-3. Because �1 integrin is spe-
cifically expressed on basophils and eosinophils, but not neutro-
phils (38), this molecule is strongly implicated in the selective
accumulation of basophils as well as eosinophils at allergic in-
flammatory sites.

The results of blocking experiments showed a discrepancy in the
efficacy between inhibition of � and � subunits as well as counter-
receptors and leukocyte integrins. This discrepancy strongly sug-
gests additional involvement of untested adhesion molecules in
basophil TEM. Although our present results indicated essential
roles for �L and �M in basophil TEM, the blockade of the � sub-
unit (CD18) was more effective than that of a combination of
CD11a plus CD11b (Fig. 5, A and B). The lower efficacy of block-
ade of � subunits indicates possible roles for other members of �
subunits of �2 integrin, i.e., CD11c (�X) and �d, which have been

shown to be constitutively expressed on basophils (39, 40). A sim-
ilar situation was postulated for counter-receptors of Ig superfam-
ily members. We found that anti-VCAM-1 mAb showed an addi-
tive inhibitory effect in combination with anti-ICAM-1 mAb on
TEM of fresh basophils regardless of the inefficacy of anti-CD29
treatment (Fig. 5, A and C). Because �d�2 integrins use VCAM-1
as one of their counter-receptors (41), an additive role for
VCAM-1 may also support the involvement of �d�2 integrins in
spontaneous basophil TEM. Furthermore, our finding that block-
ade of counter-receptors is markedly less effective than that of
leukocyte integrins (Fig. 5, A and C) may reflect the involvement
of other untested Ig superfamily members, such as ICAM-2. Ad-
ditional study is required to elucidate the possible roles of these
molecules in basophil TEM.

The increased TEM observed in IL-1-stimulated HUVEC indi-
cated the importance of endothelial cell activation in basophil
TEM. Throughout our experiments we used HUVEC stimulated
with IL-1� for 4 h, which up-regulates mainly ICAM-1 expression
(42). However, the expression profile of counter-receptors on en-
dothelial cells varies in a stimulus- and time-dependent fashion.
Furthermore, phenotypic and functional heterogeneity of vascular
endothelial cells is observed among different tissues. For example,
IL-4 selectively induces VCAM-1 expression in HUVEC (43) or
nasal polyp-derived microvascular endothelium (44), but not in
microvascular endothelial cells from skin (45), intestine (46), or
lung (47). In contrast, VCAM-1 expression of pulmonary micro-
vascular endothelial cells was selectively up-regulated by long
term (24-h) stimulation with TNF-� (47). Thus, it is highly likely
that basophil TEM across endothelial cells obtained from other
organs and/or stimulated with other cytokines would show a
different profile from our present results derived using IL-1-
activated HUVEC. To elucidate the precise mechanisms of
basophil TEM in various allergic diseases, basophil TEM across
these endothelial cells is an important issue meriting additional
investigation.

Substantial evidence to date has clearly indicated a close rela-
tionship between basophils and eosinophils (48). Both cell types
share a majority of their cell surface structures, including cytokine/
chemokine receptors and adhesion molecules. The activating he-
mopoietins for both cells, i.e., IL-3, GM-CSF, and IL-5, com-
pletely overlap, and CCR3 induces strong migratory responses of
basophils as well as eosinophils. Furthermore, in contrast to neu-
trophils, �1 integrins in addition to �2 integrins are specifically
expressed on the surface of both cells. The results of the present
study clearly show that the regulatory profile of basophil TEM is
very similar to that reported for eosinophils (19, 29, 31, 49, 50). In
addition to regulatory cytokines and chemokines, adhesion mole-
cules are also involved in TEM of basophils in a quite similar
fashion as in TEM of eosinophils. These common aspects of TEM
determined in vitro strongly suggest similarity of the in vivo ki-
netics of these two cell types.

In summary, for the first time we have studied the profile and
regulation of basophil TEM using IL-1-activated HUVEC. Baso-
phil-activating hemopoietin IL-3 and basophil-directed chemo-
kines, such as CCR2 and CCR3 ligands, are critically involved in
TEM of basophils. Although �2 integrin/ICAM-1 plays a major
role in basophil TEM, �1 integrin/VCAM-1 clearly plays an ad-
ditional role. These profiles of the regulation of basophil TEM are
very similar to those of eosinophil TEM, except for that by CCR2
ligand MCP-1. Our results thus support the previous argument for
a close relationship between basophils and eosinophils, and sug-
gest similar in vivo kinetics for these two cell types.
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