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Abstract

The mechanism by which circulating human basophils adhere
to vascular endothelium and migrate to sites of allergic reac-

tions is unknown. Agents have been identified which stimulate
the adherence of purified basophils to cultured human umbili-
cal vein vascular endothelial cells (HuVEC). Treatment of
HuVECwith interleukin 1, tumor necrosis factor (TNF), bac-
terial endotoxin, and 12-O-tetradecanoylphorbol-13-acetate
(TPA) resulted in time and dose-dependent increases of adhe-
siveness for basophils. Coincubation of basophils and HuVEC
for 10 min with C5a, formyl-methionyl-leucyl-phenylalanine,
the calcium ionophore A23187, platelet-activating factor,
TNF, and TPA also resulted in significant dose-dependent in-
creases in basophil adherence; this effect resulted from activa-
tion of the basophil. Adherence of basophils to HuVECwas

time and temperature dependent, required divalent cations, and
was unaffected by glucocorticoids. Monoclonal antibody 603,
directed against the a-subunit of the leukocyte adherence
complex CD18, inhibited the binding of basophils to HuVEC.
Adherence of basophils to vascular endothelium may be im-
portant in initiating basophil infiltrates in vivo.

Introduction

A variety of inflammatory responses in animals and man are

accompanied by increased numbers of basophils. In guinea
pigs, for example, the delayed local accumulation of large
numbers of basophils after appropriate intracutaneous sensiti-
zation with heterologous proteins is termed cutaneous baso-
phil hypersensitivity (1). In man, basophils have long been
known to be important in atopic diseases, but their specific
role in these reactions remains uncertain. Histamine release
after allergen challenge of peripheral blood basophils has be-
come firmly established as an in vitro model for immediate
hypersensitivity, and correlates with the clinical manifesta-
tions of chronic allergic diseases such as symptom scores and
skin test results (2, 3). Immediate type hypersensitivity reac-

tions in the skin, nose, and lower airways, once thought to be
an isolated monophasic response, are often followed in 3-12 h
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by the gradual reappearance of a more sustained inflammatory
reaction (4). Histological evaluation of these late phase allergic
reactions in the skin and nose demonstrated a characteristic
intense cellular infiltrate composed of neutrophils and eosino-
phils, as well as basophils (5, 6). Increases in the number of
circulating basophils reportedly precede exacerbations of
asthma, and increased numbers of basophils have also been
found in vernal conjunctivitis, atopic and contact dermatitis,
bronchial and nasal secretions, peripheral blood, skin test sites,
and skin windows after allergen stimulation in allergic subjects
(reviewed in reference 7). After intranasal antigen challenge,
the release of histamine, which coincides with symptoms dur-
ing the late phase, is not accompanied by a rise in prostaglan-
din D2, suggesting that histamine released during the nasal late
phase response is from basophils rather than mast cells (8).

The fact that basophils and basophil-derived mediators ap-
pear during inflammatory reactions suggests that mechanisms
exist for the recruitment of basophils to the sites of these re-
sponses. This requires that circulating basophils first adhere to
the vascular endothelium; subsequent diapedesis and chemo-
taxis then results in their appearance in the inflammatory in-
filtrate. This implies the existence of mechanisms for basophil
chemotaxis, diapedesis, and/or adherence to vascular endothe-
lium. While investigators have previously identified stimuli,
including C5a, lymphokines, and serum from allergic donors,
which are chemotactic for human basophils (9-12), there cur-
rently is no information regarding the mechanisms and regula-
tion of basophil adherence to vascular endothelium.

Recently, techniques for the isolation and culture of
human vascular endothelial cells (HuVEC)' from umbilical
veins have enabled investigators to identify agents such as in-
terleukin 1 (IL 1), tumor necrosis factor (TNF), lymphotoxin,
bacterial endotoxin, and tumor promoting phorbol diesters
that promote the adherence of neutrophils, eosinophils, and
mononuclear cells by inducing the transient de novo expres-
sion of specific proteins on the surface of HuVEC(13-19). At
least one such protein, termed E-LAM- 1, has now been iden-
tified using monoclonal antibodies (20). Leukocyte adherence
to endothelium and other substrates appears to be mediated
through a family of adherence molecules normally present on
the leukocyte cell surface; these molecules include the Mo1,
LFA-1, and p50O,95 glycoproteins, collectively referred to as
the CD18 antigens (21, 22). Recent reports have demon-
strated the presence of Mo1 and LFA- 1 antigens on the surface

1. Abbreviations used in this paper: DMSO, dimethylsulfoxide;
HuVEC, human vascular endothelial cells; IFN, interferon-y; LPS, E.
coli lipopolysaccharide; PAF, platelet-activating factor (I-alkyl-2-ace-
tyl-sn-glycero-3-phosphocholine); PAG, Pipes-buffered saline with
0.003% human serum albumin and 0.1% D-glucose; PAGC, PAGcon-
taining 1 mMCaCl2; PAGCM,PAGcontaining 1 mMCaC12 and 1
mMMgCl2; PAGM, PAG containing 1 mMMgCl2; Pipes, piper-
azine-N-N'-bis(2-ethanesulfonic acid); TNF, tumor necrosis factor;
TPA, 12-0-tetradecanoylphorbol- I 3-acetate.
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of human basophils, but p150,95 is apparently absent (23).
Agents such as the bacterial peptide fMLP, the complement
fragment C5a, calcium ionophore A23187, and phorbol dies-
ters also stimulate leukocyte adherence, apparently by rapidly
upregulating the number of preformed CD18 glycoproteins on
the surface of the leukocyte (24-26). It remains uncertain
whether CD18 antigens on leukocytes bind directly to endo-
thelial cell E-LAM- 1 antigens, but it is clear that separate
mechanisms exist for the activation of leukocytes and endothe-
lium to facilitate their adhesive interactions. We therefore
have examined a variety of stimuli for their ability to promote
basophil adherence to HuVEC. Several stimuli have been
identified that act on HuVECto induce adhesiveness for baso-
phils. Additional stimuli have been found that promote baso-
phil adherence by an effect primarily on the basophil. Since
glucocorticoids are known to prevent the accumulation of leu-
kocytes at inflammatory sites by inhibiting their adherence to
the vascular endothelium, the effect of dexamethasone and
hydrocortisone treatment of basophils on their ability to ad-
here to HuVEChas been studied. Finally, several aspects of
basophil-HuVEC adherence have been characterized, includ-
ing the kinetics of adherence, and dependence on temperature,
divalent cations, and CD18 antigens.

Methods

Reagents. Dimethylsulfoxide (DMSO), dexamethasone, hydrocorti-
sone, Pipes (piperazine-N-N'-bis[2-ethanesulfonic acid]), human
serum albumin, fMLP, Escherichia coli serotype 0127:B8 bacterial
lipopolysaccharide (LPS), 1 2-O-tetradecanoylphorbol- 13-acetate
(TPA), platelet-activating factor ([PAF], l-alkyl-2-acetyl-sn-glycero-3-
phosphocholine) and lyso-PAF were purchased from Sigma Chemical
Co., St. Louis, MO; M199 culture medium and RPMI 1640 medium
with 25 mMHepes from Gibco Laboratories, Grand Island, NY; pen-
icillin and streptomycin from M. A. Bioproducts, Walkersville, MD;
calcium ionophore A23 187 from Calbiochem-Behring Corp., La Jolla,
CA; and purified human IL 2 and interferon-7y (IFN) from Genzyme
Corp., Boston, MA. The following reagents were generously provided:
purified human monocyte IL 1 by Dr. Charles A. Dinarello, Tufts
University Medical School, Boston, MA; recombinant human tumor
necrosis factor-a ([TNF], 5 X 107 U/mg) by Dr. Michael Shepard,
Genentech, South San Francisco, CA; recombinant human C5a (27)
by Drs. Christopher J. Pazoles and Henry J. Showell, Pfizer Inc., Gro-
ton, CT; and monoclonal antibody 60.3, a mouse IgG2a preparation
recognizing the common ,B subunit of the CD18 complex (28), by Drs.
Patrick Beatty and John Harlan, University of Washington, Seattle,
WA. Monoclonal antibody W6/32, a mouse IgG2a monoclonal
against HLAA, B, C (29) was purchased from Accurate Chemical Co.,
Westbury, NY. Buffers used included PAG (Pipes buffer [25 mM
Pipes, 110 mMNaCl, 5 mMKCl] containing 0.003% human serum
albumin, 0.1% D-glucose), PAGM(PAG with 1 mMMgCl2), PAGC
(PAG with 1 mMCaCI2), and PAGCM(PAG with 1 mMCaCl2 and 1
mMMgCl2).

Isolation and culture of human umbilical vein endothelial cells.
HuVECwere isolated from umbilical cord veins after collagenase di-
gestion and grown in primary culture in Ml 99 media supplemented
with 20% fetal calf serum, antibiotics, heparin, and endothelial cell
growth factor as previously described ( 14). No cell lines were passaged
more than three times. Endothelial cells were allowed to grow to con-
fluence on gelatinized 24-well culture plates (- 250,000 HuVEC/
well) and confluence was verified by phase contrast microscopy before
use in experiments. Endothelial cells were identified by their typical
cobblestone morphology and the presence of Factor VIII antigen as
detected by indirect immunofluorescence.

Purification of basophils. Human basophils were purified from
venous blood of normal volunteers by centrifugation of EDTA-antico-

agulated blood diluted with Pipes-diluted percoll (specific gravity
1.065) layered over cushions of Percoll (specific gravity 1.079 g/ml) as
described elsewhere (30). Viability after purification was determined
by the exclusion of erythrosin B and always exceeded 95%. Counting of
basophils was performed after staining with alcian blue. This purifica-
tion procedure yielded basophils that ranged in purity from 1 to 17%,
with > 95%of contaminating cells being mononuclear leukocytes. For
experiments using basophils of enhanced purity, basophils were further
purified by passive sensitization with benzylpenicilloyl-specific IgE
and elution over a benzylpenicillin-bound Sepharose 6MB affinity
column as previously reported (31). Viability after this purification
step was consistently > 90% and improved cell purity to at least 80%.
Unless otherwise indicated, cells were resuspended in PAGCMbuffer
before use in the HuVECadherence assay.

Culture of basophils. In some experiments, basophils were cultured
(370C, in a humidified atmosphere of 5%C02, 95% air) for 20 h with 1
MMdexamethasone or hydrocortisone in RPMI 1640 medium with 25
mMHepes supplemented with 10% autologous serum, 250 U/ml pen-
icillin and 250 Ag/ml streptomycin as indicated in the text. Glucocor-
ticoids were diluted just prior to use from 0.1 Mstock solutions stored
at -20'C in DMSO;controls contained equivalent dilutions of DMSO
or medium alone. Following culture, cells were washed once with
PAG; viability and cell recovery always exceeded 85%. As a positive
control for glucocorticoid activity, aliquots of glucocorticoid-treated
and control basophil suspensions were incubated for 45 min at 370C
with 0.1 g/ml goat anti-human IgE, and histamine release measured
as previously described (32).

Adherence of basophils to HuVEC. Previous studies using other
leukocyte subpopulations have relied on radiolabelling (e.g., with 5"Cr)
of a readily obtainable, nearly pure population of cells to quantitate
leukocyte adherence ( 14). This was not practical for these studies, since
it is difficult to obtain sufficient quantities of basophils at adequate
purity from most donors. Therefore, basophil adherence was moni-
tored using cell-associated histamine as a basophil marker, allowing
the use of basophil preparations of varying purity.

Two types of adherence assays were performed. First, the ability of
various stimuli to induce adhesiveness in HuVECfor basophils was
tested by preincubating HuVECwith various stimuli at 37°C in a
humidified atmosphere of 5%C02, 95% air for 15 min to 24 h (typi-
cally 4 h, see text). Following stimulation, HuVECwere rinsed once
with 1 ml of warm (37°C) PAGCM,and 0.5 ml of warm PAGCMwas
then added to each well. 100 Ml of cell suspension (2-4 X 104 basophils)
was added to each well, and HuVECand basophils were allowed to
incubate for up to 1 h as indicated in the text (typically 10 min, since
longer incubation times may allow leukocyte diapedesis and migration
underneath the monolayer to occur [33]). After incubation, the super-
natants were harvested, centrifuged to remove cells, and saved for
histamine analysis. The wells were then rinsed once with 1 ml warm
buffer to remove any remaining nonadherent cells. 1 ml of 1.6% per-
chloric acid was then added to each well to lyse adherent basophils and
precipitate proteins. Histamine content of supernatants and adherent
cells was quantitated using an automated fluorometric assay (34). Per-
cent histamine release and percent basophil adherence was then calcu-
lated by comparison to the histamine content of the starting basophil
suspension after perchlorate lysis. All experiments were performed in
duplicate, and replicates were excellent, with a coefficient of variation
< 10%.

To verify histamine recovery and demonstrate that histamine was
neither metabolized nor adsorbed to plastic, gelatin, or endothelial
cells, histamine in concentrations up to 25 ng/ml was added to rinsed
monolayers of HuVECafter a 4-h incubation with IL 1 (4 U/ml), LPS
(100 ng/ml), TNF (1 ng/ml), TPA (30 ng/ml), or medium alone. After
a 10-min incubation (37°C, 5% C02, 95% air), supernatants were
recovered and analyzed for histamine. Recovery of exogenously added
histamine exceeded 95% (n = 3). Similarly, greater than 90% of the
histamine present in an aliquot of basophils added during the adher-
ence assay could be accounted for after combining the amount of
histamine released with the histamine content of adherent and nonad-
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herent cells. Adherence of purified basophils to HuVECwas verified
using phase-contrast microscopy and was not due to leukocyte aggre-
gation or adherence to plastic or gelatin under the assay conditions
used. Alcian blue staining of adherent cells clearly revealed binding of
individual basophils to cultured endothelial cells. Incubations of baso-
phils with HuVECfor 20 min or longer, however, occasionally resulted
in cell aggregation (see Results).

The second type of adherence assay was designed to examine the
ability of agents to stimulate basophil adhesiveness. Because most of
the stimuli that promote leukocyte-dependent adherence are secreta-
gogues, significant histamine release would make measurements of the
histamine content of adherent cells an invalid estimate of basophil
adherence. However, since adherence of basophils to HuVECcan
occur in the absence of calcium as long as magnesium is present (see
Results), PAGMbuffer was used in these experiments to prevent cal-
cium-dependent histamine release that may have occurred with many
of these stimuli. Unfortunately, attempts to separately pretreat small
aliquots of basophils with these stimuli were unsuccessful due to prob-
lems with cell recovery and aggregation. Therefore, the ability of var-
ious stimuli to effect basophil adhesiveness to unstimulated HuVEC
was assessed by coincubating HuVEC(washed once with I ml PAGM)
with stimulus and 2-4 X 104 basophils (final volume 555 Ml) at 370C
for 10 min in a humidified atmosphere of 5%CO2, 95% air. To exam-
ine whether HuVECactivation was occurring in this assay, other ex-
periments were performed in which HuVECalone were preincubated
with these same stimuli for 10 min. The stimuli were then either
removed or allowed to remain to coincubate with basophils during a
subsequent 10-min adherence assay. Supernatants were then har-
vested, nonadherent cells removed by rinsing once with 1 ml PAGM,
adherent cells were lysed, and histamine release and liberated cell-as-
sociated histamine quantitated as above. Under these conditions, his-
tamine release did not occur. In all experiments, appropriate dilutions
of stock solution vehicles for each stimulus were tested and found to
have no effect on basophil histamine release or adherence to HuVEC
in either assay.

Effect of 60.3 antibody on basophil adherence to HuVEC. In these
experiments, HuVECwere pretreated for 4 h, rinsed with 1 ml
PAGCM,and 200 Ml PAGCMwas added to each well. Immediately
before the addition of 25 gl cell suspension (4 X 104 basophils), 25 M1 of
monoclonal antibody 60.3 or a control antibody preparation (W6/32)
was added (final antibody concentration: 44 gg/ml). Cells were allowed
to incubate (370C, 95% air, 5% CO2) for 10 min, nonadherent cells
were rinsed, adherent cells lysed, and liberated cell-associated hista-
mine measured as above. Experiments were performed in a smaller
final incubation volume than other experiments in order to conserve
reagents. In these assays, neither monoclonal antibody caused hista-
mine release.

Effect of temperature and divalent cations on basophil adherence to
HuVEC. To examine the effect of temperature on basophil adherence,
HuVECwere first preincubated as above for 4 h at 370C with optimal
concentrations of several stimuli; HuVECwere then washed with
PAGCMat 4°, 22°, or 370C, and 0.5 ml of buffer at the appropriate
temperature was added. Adherence assays were performed by adding
basophils (100 ul) suspended in PAGCMbuffer (220C); leukocytes
were allowed to adhere to HuVEC for 10 min at the appropriate
temperature (refrigerator, bench-top, or incubator), and basophil ad-
herence quantitated as above.

To examine the effect of divalent cations on basophil adherence,
HuVECwere preincubated as above and washed with warm buffer
(PAG, PAGC, PAGM,or PAGCM); 0.5 ml of appropriate buffer was
then added. Basophils (100 1L) suspended in appropriate buffer at 370C
were then added, allowed to adhere at 370C (5% CO2, 95% air) for 10
min, and adherence quantitated as above.

Results

Endothelial cell stimulation enhances adhesiveness for baso-
phils. Prior experiments have shown that stimuli such IL 1,

LPS, TNF, and TPA induce optimal adhesiveness in HuVEC
for neutrophils within 4 h of incubation (14). We therefore
tested the ability of these stimuli to promote adhesiveness in
HuVECfor basophils by preincubating HuVECfor 4 h; after
washing the HuVEC, basophils were added, and allowed to
adhere to HuVECfor 10 min. Data in Fig. 1 demonstrate that
in the absence of stimulus, basophil adherence was 20.8±3.0%,
while IL 1, LPS, TNF, and TPA produced dose-dependent
increases in adherence of basophils to HuVEC. Optimal bind-
ing of basophils to HuVECwas induced by 4 U/ml IL 1
(38.4±3.8%), 100 ng/ml LPS (44.2±6.9%), 1 ng/ml TNF
(45.1±5.4%), and 30 ng/ml TPA (62.7±3.5%). At no time did
adherence of basophils to HuVECresult in histamine release
above that of background spontaneous release (top, Table I
and data not shown). Stimuli such as PAF (0.1-1-M), IFN
(1-10 ng/ml), and IL 2 (1-100 U/ml) did not induce adhe-
siveness in HuVECfor basophils (combined average for high-
est concentrations tested: 1 16±4% of control, n = 3).

The kinetics of the acquisition of adhesiveness in HuVEC
for basophils is shown in Fig. 2. Adhesiveness in HuVEC in-
duced by IL 1, LPS, and TNF were similar, being half-maxi-
mal by 2 h, and optimal after 4-6 h of incubation. Adherence
induced by exposure of HuVECto TPA was more rapid, with
half-maximal and maximal increases after 15-30 min and 2 h,
respectively. Adhesiveness induced by all four stimuli gradu-
ally declined over 24 h, but did not return to unstimulated
values. To assess the role of protein and RNAsynthesis in the
acquisition of adhesiveness for basophils, two experiments
were performed in which HuVECwere pretreated for 15 min
with a protein synthesis inhibitor (cycloheximide, 1 ug/ml) or
an RNA synthesis inhibitor (actinomycin D, 1 gg/ml) and
then coincubated for 4 h without stimulus or with IL 1 (2
U/ml), TNF (1 ng/ml) or TPA (10 ng/ml). Neither drug af-
fected unstimulated adhesiveness (103±4 and 119±4% of con-
trols, respectively). Cycloheximide inhibited the increase in-
duced by IL 1 and TNF (23±6 and 38±1% inhibition, respec-
tively) while having little activity in preventing TPA-induced
adhesiveness (7±7% inhibition). Actinomycin Dwas more ef-
fective in blocking adhesiveness induced by TNF than by TPA
(94±6 vs. 26±26% inhibition). In the presence of IL 1, actino-
mycin D was toxic for HuVEC, an effect that has been pre-
viously observed (35). In the studies displayed in Figs. 1 and 2,
a 10-min incubation of basophils with HuVECwas used.
However, as seen in Fig. 3, the adherence of basophils to
HuVECwas time dependent, with increased adherence that
was detectable after 5 min, and maximal by 40 min. Cell ag-
gregation was occasionally observed microscopically when in-
cubation periods exceeded 20 min. Since longer incubation
times may also allow leukocyte diapedesis and chemotaxis to
occur, values at these longer time points may not simply reflect
basophil-HuVEC adherence. Therefore, a 1 0-min incubation
was used in all subsequent studies. As shown in Figs. 4 and 5,
adherence of basophils to HuVECwas temperature dependent
(370 > 22° > 4°C), and required either calcium or magne-
sium. Optimal adherence occurred at 37°C in the presence of
both divalent cations. However, magnesium appeared to be
more important for unstimulated and TPA-induced basophil
adherence, while calcium and magnesium were equally effec-
tive cations for adherence stimulated by IL 1, TNF, and LPS.

To test whether contaminating nonbasophilic cells in-
fluenced the adherence of basophils to HuVEC, preparations
of enhanced basophil purity (80-89%) were used in 10-min
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Figure 1. Stimulation of adhesiveness in HuVECfor basophils.
HuVECwere incubated with the indicated concentrations of IL 1

(A), LPS (B), TNF (C), and TPA (D) for 4 h, washed, and basophils
(2-6% purity) were allowed to adhere to HuVECfor 10 min. Values
represent the mean±SEMof duplicate determinations in three exper-
iments.

adherence assays following 4 h stimulation of HuVECwith

optimal concentrations of IL 1, TNF, TPA, and LPS. The
results are shown in Table I and are compared to data from

Fig. 1. Each of the stimuli tested induced adhesiveness in
HuVECfor highly pure basophils. Spontaneous histamine re-

lease was slightly greater in two of three experiments using
basophils of enhanced purity. Although both spontaneous and
stimulated adherence were slightly lower using purified baso-
phils, the ability of the stimuli to increase adherence was com-
parable to that seen with basophil preparations of lower purity.
These effects were not due to the removal of contaminating
mononuclear cells, because adherence assays using passively
sensitized basophils in earlier fractions eluted from the affinity
column (purity 5%) showed identical adherence activity as

the highly pure cells (data not shown). Since the relatively
impure preparations often contain as many contaminating red
blood cells as leukocytes and previous reports have suggested
that red blood cells enhance the adherence of neutrophils to
HuVEC, highly pure basophils were mixed with up to a 10-

fold excess of red blood cells; no effect on adherence was seen
(data not shown). An additional possible explanation for these
observed differences is that the adhesiveness of basophils
decays during in vitro purification or culture; this is supported
by experiments in which basophils maintained at 370C or 40C
were serially tested for adherence to stimulated and unstimu-
lated HuVEC. Compared with precultured freshly purified
cells, basophils kept at 4VC had no decay of adhesiveness over
24 h, while the adhesiveness of basophils cultured at 370C
declined during this time (6±10% decay of adhesiveness vs.
58±1 1%, respectively, n = 2).

Effect of glucocorticoids on basophil adherence to HuVEC.
One of the most important antiinflammatory effects of gluco-
corticoids is their ability to prevent leukocyte accumulation at
the site of an inflammatory reaction by inhibiting leukocyte
adherence to the endothelium. Therefore, experiments were

performed to examine whether glucocorticoid pretreatment of
basophils might alter their adhesiveness. Basophils cultured for
20 h with 1 jAM dexamethasone or hydrocortisone adhered to
stimulated or unstimulated HuVECas well as controls (Fig. 6).
Glucocorticoids did have an identifiable effect on the baso-
phils, since inhibition of anti-IgE-mediated histamine release
was observed (Fig. 6, legend).

Stimulation of basophils enhances their adherence to
HuVEC. Previous experiments with other granulocytes have
demonstrated that several stimuli promote leukocyte adher-
ence by an effect on the leukocyte. Similar experiments were

therefore performed with basophils. Table II illustrates that
coincubation of basophils and HuVECfor 10 min (column C)

with several secretagogues, as well as PAF and TNF, induced
rapid dose-dependent increases in basophil adhesiveness. This
occurred without concomitant histamine release, since these
experiments were done in the absence of calcium (36). Under
these conditions, lyso-PAF and anti-IgE did not increase baso-
phil adherence. With the stimuli used, exposure of basophils to
stimulus was necessary to increase adherence, since preincu-
bation of HuVECalone for 10 min, removal of the stimulus,
and subsequent addition of basophils did not result in in-
creased basophil adherence (Table II). Preincubation of
HuVECwith stimuli for 10 min resulted in less basophil ad-
herence than simultaneous addition of stimulus and basophils.

Basophil adherence to HuVECis CD18-dependent. Adher-
ence of other leukocyte subpopulations has been shown to be
due to a CD18-dependent mechanism (16, 22, 37). Experi-
ments were therefore performed in which 60.3, a monoclonal
antibody directed against the common Asubunit of the CD18
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Table I. Effect of Basophil Purity on Histamine Release and Adherence to HuVEC

HuVECpretreatment*

Percent histamine release

Basophil purity Spontaneous$ PAGCM IL I LPS TNF TPA

2 6§ 5 4 5 5 4
5 5 6 6 7 7 8
6 9 9 9 8 8 7

80 14 15 9 14 14 14
85 6 6 6 9 8 9
89 10 10 10 8 9 10

Percent basophil adherence

Basophil purity PAGCM IL I LPS TNF TPA

2"1 20§ 41 (205) 46 (230) 52 (260) 65 (325)
5 24 44 (183) 55 (229) 49 (204) 67 (279)
6 13 31 (238) 32 (246) 35 (269) 56 (431)

80 11 21 (191) 29 (264) 27 (245) 41 (373)
85 6 24 (400) 22 (367) 20 (333) 36 (600)
89 2 8 (400) 13 (650) 8 (400) 24 (1200)

* HuVECwere pretreated for 4 h with IL 1 (4 U/ml), LPS (100 ng/ml), TNF (1 ng/ml), TPA (30 ng/ml), or PAGCMdiluent alone. The stimuli
were then removed, and HuVECwere tested during a 0-min incubation with basophils of different purity. $ Spontaneous histamine release
was measured from separate aliquots of cell suspension incubated under similar conditions for 10 min without HuVEC. § Values represent
means of duplicate determinations. 1 Data for experiments with lower basophil purity are from Fig. 1. ' Percent of PAGCMcontrol.

complex, was present during the basophil adherence assay.
Spontaneous histamine release in the presence or absence of
60.3 was negligible (5.5±0.6% and 4.2±0.6%, respectively). As
seen in Fig. 7, coincubation with 60.3 resulted in 42-78%
inhibition of adherence to HuVECof both low and high purity
basophils. Since these experiments were performed in smaller
final incubation volumes, which tends to facilitate cell settling,
basophil adherence was greater than for all previous experi-
ments.

40 -

30 -

20-

10'

Discussion

The fact that basophils and basophil-derived mediators appear
during a variety of inflammatory reactions suggest that mecha-
nisms exist for the recruitment of basophils to the sites of these
inflammatory responses. Several hypotheses for this have been

I
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LIPS
IL 1
TPA

1PAGCM

0

0 2 4 20 24

lime (hour)

Figure 2. Kinetics of induction of adhesiveness in HuVECfor baso-
phils. HuVECwere incubated with TPA (n, 30 ng/ml), IL 1 (Ei, 4
U/ml), TNF (*, 1 ng/ml), LPS (o, 100 ng/ml), or PAGCM(o) dilu-
ent for the amount of time indicated, and then tested for adherence
of basophils (2 and 4%purity) as in Fig. 1. Values represent the
mean±SEMof duplicate determinations in two experiments.

lime (min)

Figure 3. Kinetics of adherence of basophils to HuVEC. HuVEC
were pretreated as in Fig. 2. The stimuli were removed, and baso-
phils (3-8% purity) were allowed to adhere to HuVECfor the
amount of time indicated. Histamine release above spontaneous did
not occur throughout the 60-min incubation. Incubations for 20 min
or longer occasionally resulted in microscopically visible cell aggrega-
tion. Values represent the mean±SEMof duplicate determinations
in three experiments.

HumanBasophils Adhere to Vascular Endothelium In Vitro 1359

I

I A

IIA 113



a8

c
4)-

cr

4 0

3 0

2 0

1 0

PAGCM IL 1

n
TPA TNF LPS

Stimulus

Figure 4. Temperature dependence of basophil adherence to
HuVEC. HuVECwere pretreated as in Fig. 2. Basophils (1 and 2%
purity) were allowed to adhere to HuVECfor 10 min at the indi-
cated temperatures. Values represent the mean±SEMof duplicate
determinations in two experiments. u, 40C; u, 220C; *, 370C.

proposed, including recruitment of basophils by chemotactic
agents, and recruitment of circulating basophil progenitors
(9-12, 38). A critical initial step in the emigration of cells from
the circulation, however, involves the localized adherence of
these circulating cells to the vascular endothelium adjacent to
the inflammatory site. Our studies provide two possible mech-
anisms by which basophils could be recruited during inflam-
mation. Stimuli such as fMLP, C5a, TNF, and PAF can di-
rectly activate the basophil to bind to endothelium, presum-
ably by increasing expression of CD18 antigens if the basophil
response to these agents is analogous to that of the neutrophil.
Alternatively, we have demonstrated that stimuli such as IL 1,
LPS, and TNF can activate HuVECto acquire adhesiveness
for basophils. Those stimuli that induce adhesiveness in
HuVECfor basophils also induce adhesiveness in HuVECfor
other granulocyte subpopulations including neutrophils and
eosinophils (13-16). The kinetics of basophil adherence and
the induction of adhesiveness in HuVECfor basophils resem-
bles that for other granulocytes and appears to require RNA
and protein synthesis, suggesting that basophils may be bind-
ing to the same inducible surface receptor previously described

4 0

* 3 0

2 0

10

None IL 1 TPA TNF LPS

Stmulus
Figure 5. Basophil adherence to HuVECrequires divalent cations.
HuVECwere pretreated as in Fig. 2. Basophils (2 and 6%purity)
were allowed to adhere to HuVECfor 10 min in the indicated
buffers in the presence or absence of 1 mMcalcium and magnesium.
Values represent the mean±SEMof duplicate determinations in two
experiments. c, PAG; o, PAGC; z, PAGM;m, PAGCM.
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Figure 6. Effect of glucocorticoids on basophil adherence to HuVEC.
Basophils (2-13% purity) were cultured for 20 h with 1 AMhydro-
cortisone (0), dexamethasone (m), or medium alone (o, control),
washed, and then allowed to adhere for 10 min to HuVECpretreated
as in Fig. 2. Values represent the mean±SEMof duplicate determi-
nations in five experiments. Control cultured basophils from two
donors released histamine to anti-IgE (see Methods); release was in-
hibited by culture with hydrocortisone and dexamethasone (43±5
and 69±6% inhibition, respectively). For the remaining three experi-
ments, basophils from two donors did not release to anti-IgE, and in
one experiment, histamine release was not determined.

for neutrophil adherence (13-16, 20). Interestingly, endothe-
lial cells at sites of various human dermatologic conditions
display surface antigens (such as E-LAM- 1) which can be
stained by monoclonal antibodies H4/ 18 and H18/7 directed
against this induced surface protein; this antigen is not ex-
pressed on normal human endothelium (39, 40). Furthermore,
recent studies have shown that H18/7 is capable of inhibiting
the adherence of neutrophils to activated HuVEC(40). While
this suggests that endothelial cell activation occurs in vivo in
association with certain pathologic skin conditions, it is not
known whether endothelial cell activation occurs during late
phase allergic reactions in man.

As with other leukocytes, basophil adherence to HuVECis
dependent on temperature and divalent cations (41, 42). The
reason for the observed difference in cation requirements be-
tween calcium and magnesium seen only with unstimulated
and TPA-induced adherence is unclear. Both unstimulated
and maximally stimulated basophil adherence to HuVECwas
greater than that previously reported for other granulocytes
( 14). The concentrations of the stimuli used that induce maxi-
mal adherence are similar for basophils, neutrophils, and eo-
sinophils, except that approximately one-tenth the concentra-
tion of LPS is required for optimal adherence of basophils (14,
16). It is unclear whether the relative differences between the
adherence of basophils and other granulocytes to HuVECrep-
resents a true difference, or whether this simply reflects subtle
differences in the adherence assays (e.g., leukocyte density) or
methods used for leukocyte purification (e.g., isolation of ba-
sophils in the absence of serum), experimental conditions that
result in activation of other basophil functions such as releas-
ability (43). Wealso noted some donor-dependent variability
in unstimulated adherence, suggesting the possibility of as yet
undefined factors influencing endogenous basophil adhesive-
ness.

In these studies, culture with glucocorticoids was shown to
have no effect on the ability of basophils to adhere to HuVEC.
This is in agreement with studies on neutrophils, which further
demonstrated that glucocorticoid treatment failed to inhibit
the acquisition of adhesiveness in HuVECstimulated by simi-
lar agents (44). Therefore, since glucocorticoids are known to
inhibit cell accumulation during inflammatory reactions (such

1360 Bochner, Peachell, Brown, and Schleimer

I 1\



Table II. Basophil Adherence to HuVECafter Stimulation
of Leukocytes and HuVEC

Experimental condition*

Preincubation Preincubation and Coincubation
Stimulus Concentration only coincubation only

fMLP 1,000 nM 101±8 174±15§ 237±41§
100 - 156±17§
10 107±29

A23187 1,000 ng/ml 115±10 163±6"1 203±1911
200 - 169±20§
40 135±35

TPA 30 ng/ml 106±2 413±98* 442±92§
3 289±76*
0.3 136±49

C5a 100 nM** 97±11 168±8"1 161±17§
10** - 98±9
1 86±6

TNF 1,000 ng/ml 97±6 114±12 189±40*
100 179±37
10 - 151±31

PAF 1,000 nM 123±13 143±8"1 224±54*
100 209±48S
10 172±31

lyso-PAF 1,000 nM - - 97±14
100 - 90±12

anti-IgE 0.5 ,g/ml 90±8

* Values are averages±SEM of duplicate determinations in three to
six experiments of percent of control basophil adherence in the ab-
sence of calcium (see Methods) following (a) preincubation of
HuVECwith stimulus for 10 min and removal of the stimulus be-
fore a 10-min incubation with basophils (1-11% purity), (b) preincu-
bation as in (a) without subsequent removal of the stimuli, or (c) 10
min coincubation of basophils with HuVECand stimulus. Under
these experimental conditions, none of the above stimuli caused his-
tamine release. Unstimulated basophil adherence was 9±2%.
* Using the paired Student's t test, P < 0.05.
P < 0.025.
P < 0.01.

not determined.
** Incubation of basophils with these concentrations of COa, at 37°C
in PAGCMbuffer for 45 min, resulted in 55±10% and 19±5% hista-
mine release, respectively (n = 2).

as late phase allergic reactions) but do not inhibit the ability of
basophils (and neutrophils) to adhere to HuVEC, the ability of
antiinflammatory steroids to inhibit infiltrate formation may
in part be due to their potent inhibition of the production of
adherence-promoting factors such as IL 1. Interestingly, mac-
rophages have recently been shown to bear low affinity recep-
tors for IgE, and apparently are stimulated to produce IL 1
following antigen challenge (45). Therefore, antigen-induced
IgE-dependent IL 1 production by macrophages or other cells
may be responsible, at least in part, for the recruitment of
leukocytes during late phase allergic reactions.

Studies using other leukocyte subpopulations have shown
that a variety of agents, including several chemoattractants

A

B

I a

Ii
I

Figure 7. Effect of
so monoclonal antibody
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40 ITp retreated as in Figure
201 2. 10-min adherence

o
iii IL.Jf I ..L assays were performed

0 ......L ~ n with lower purity baso-
PAGCM IL 1 LIPS TNF TPA phils (I and 5%, A) and

higher purity basophils

to (83 and 86%, B) in the
presence of 44 ug/ml of

10 60.3. Values represent
f[ the mean±SEMof du-

10 ^ plicate determinations
in two experiments.Note different scales for

PAGCM ILI1 LPS TNF TPA A and B. Basophil ad-
herence in the presence
of 44 ug/ml of the con-
trol monoclonal anti-

body W6/32 did not differ from buffer (PAGCM, o) controls,
whether or not endothelial cells had been stimulated. For all data
combined (both presence and absence of stimuli), adherence in the
presence of W6/32 was 11 1±5 and 112±5% of PAGCMcontrols for
impure and highly pure preparations, respectively.

and secretagogues (fMLP, CSa, TPA, and the calcium iono-
phore A23 187) increase adherence as a result of increasing the
expression of CD18 glycoproteins oil the surface of these
cells (24-26). More recently, other stimuli lacking secreta-
gogue activity have also been shown to promote leukocyte-de-
pendent increases in adhesiveness, such as TNFand PAF (15,
16, 46). To examine this aspect of basophil adherence, experi-
ments were performed in the absence of calcium, since inclu-
sion of this cation would have resulted in basophil degranula-
tion and histamine release (36), making it impossible to accu-
rately measure basophil adherence by the methods used in our
studies. Due to technical constraints, the protocol used for
these studies required the coincubation of leukocytes with
HuVECin the presence of stimuli; it is therefore possible that
these stimuli could also have an acute effect on HuVEC. As
shown in Table II, pretreatment of HuVECwith stimuli for 10
min and removal of the stimulus before the addition of baso-
phils led to minimal changes in adherence, suggesting that
stable activation of adhesiveness in HuVECdoes not occur
with these stimuli. While the most direct interpretation of
these results is that the basophils are being activated to increase
adherence, it is also possible that nonbasophilic leukocytes in
the preparation are stimulated to release other factors which
then influence basophil-HuVEC adhesiveness. Furthermore,
the observation that preincubation of HuVECwith stimuli is
less effective than coincubation alone suggests the possibility
of degradation or uptake of stimuli by HuVECor plastic, or
the production by HuVECof an inhibitor of adherence, an
idea that is not without precedence (47).

It is of note that calcium was not necessary for basophil-
dependent stimulation of adherence, and increased basophil
adhesiveness can occur without degranulation. The mecha-
nism by which the calcium ionophore A23187 stimulates ba-
sophil adhesiveness in these experiments is unclear, but could
be due to an effect on intracellular calcium stores. Prior studies
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with neutrophils have demonstrated a rapid increase (i.e.,
within minutes) in the number of CD18 surface antigens after
treatment with similar stimuli which is not prevented by inhib-
itors of messenger RNAor protein synthesis (25, 48). This has
led to the hypothesis that there is a preformed intracellular
pool of CD18 receptors (perhaps located in the secondary or
"6tertiary granules in the neutrophil) which can be rapidly
translocated to the cell surface (25, 48-50). Additional experi-
ments are currently in progress to determine whether basophil
expression of CD18 antigens and adhesiveness increases dur-
ing degranulation; it will also be interesting to examine
whether IgE-dependent stimulation of basophils (in the pres-
ence of calcium) can alter their adhesiveness.

Of particular interest was our findings that PAF, but not
lyso-PAF, was capable of stimulating basophil adherence to
HuVEC. To our knowledge, this is the first reported evidence
that basophils respond to PAF, and suggests that this mediator
may potentially be important in modulating other basophil
functions. Extensive studies on the effects of PAFon basophil
histamine release have consistently revealed no effect (data not
shown). In addition, HuVECare known to produce PAF in
response to a variety of stimuli including IL 1 (51). While this
may have contributed to the adhesive changes seen with baso-
phils, whether the stimuli and experimental conditions used in
our studies caused significant production of endothelial cell
PAFwas not determined.

Wehave also demonstrated that coincubation of basophils
with an antibody directed against the commonP subunit ofthe
CD18 complex leads to a marked inhibition of adherence of
basophils to HuVEC. This is consistent with recent reports
suggesting the presence of CD18-like molecules on the sur-
face of basophils (23), and supports a functional role of these
molecules in the adhesive interaction between basophils and
HuVEC. The finding that blockage of the P subunit with spe-
cific antibody does not completely inhibit basophil adherence
to stimulated HuVECis consistent with studies on neutrophils
(22, 37). Thus, it is possible that additional cell surface struc-
tures not recognized by 60.3 are important for basophil adhe-
sive interactions. The observation that 60.3 most strongly in-
hibited unstimulated adherence is intriguing; the significance
of this finding is unclear, but perhaps suggests that the j8 sub-
unit may play a role in normal margination of basophils in
vivo. It should also be noted that the smaller incubation vol-
umes used in these blocking experiments, by facilitating cell
settling and increasing cell density, may explain the higher
values for basophil adherence seen in Fig. 7.

While the mechanisms for late phase allergic responses re-
main unclear, stimulation of adhesiveness in vascular endo-
thelium may be an important initiating factor in the develop-
ment of the characteristic influx of granulocytes. Since granu-
locytes appear to share similar molecular mechanisms for
adherence, it seems likely that it is the combined actions of
both adherence-promoting factors and specific chemotactic
factors which are required for the development of a specific
cellular infiltrate. The delayed nature of late phase allergic
reactions in vivo might therefore be due to the time necessary
for both the production of endothelial cell activating factors
and their subsequent action on vascular endothelium. Interac-
tions with chemotactic factors, many of which are secreta-
gogues, may also directly promote basophil adhesiveness and
recruitment. The recent demonstration of a rare syndrome

characterized by recurrent bacterial infections, impaired
wound healing, gingivitis, and diminished pus formation has
led to the discovery of a genetic deficiency in CD18 expression
(24-26, 28). A recent review in the literature of a limited num-
ber of these patients have not reported any clinical signs of
chronic allergic diseases such as rhinitis and asthma (26). If
infiltrate formation and CD18 expression is important for late
phase reactions and the clinical manifestations of chronic al-
lergic diseases, this group of patients would be expected to
have a decreased incidence of clinically apparent allergic dis-
ease, but should have the normal complement of subjects who
manifest positive immediate type intradermal skin tests and
have elevated serum levels of antigen-specific IgE. Such find-
ings would strongly support the importance of CD18 antigens
in chronic allergic diseases.

Recruitment of circulating leukocytes to tissue sites is an
integral part of the inflammatory response. Mechanisms for
leukocyte activation and chemotaxis have previously received
much attention, but the importance of the vascular endothe-
lium in modulating inflammatory infiltrate formation has
only recently been appreciated. While basophils can directly
respond to a variety of proinflammatory stimuli, the studies
presented here delineate mechanisms by which agents, acting
instead on endothelial cells, can lead to an egress of basophils
from the circulation. Additional information regarding the rel-
ative roles of vascular endothelium and basophils in inflam-
matory conditions such as chronic allergic disease awaits fur-
ther studies.
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