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a b s t r a c t

Levocabastine is an antiallergic drug acting as a histamine H1-receptor antagonist. In

allergic conjunctivitis (AC), it may also antagonize up-regulation of the intercellular adhe-

sion molecule-1 (ICAM-1) expressed on epithelial conjunctival cells. However, little is known

about its effects on eosinophils, important effector cells in AC. The adhesion molecule

integrin a4b1 is expressed in eosinophils; it interacts with the vascular cell adhesion

molecule-1 (VCAM-1) and fibronectin (FN) in vascular endothelial cells and contributes to

eosinophil activation and infiltration in AC. This study provides evidence that in a scintilla-

tion proximity assay levocabastine (IC50 406 mM), but not the first-generation antihistamine

chlorpheniramine, displaced 125I-FN binding to human integrin a4b1 and, in flow cytometry

analysis, levocabastine antagonized the binding of a primary antibody to integrin a4

expressed on the Jurkat cell surface. Levocabastine, but not chlorpheniramine, binds the

a4b1 integrin and prevents eosinophil adhesion to VCAM-1, FN or human umbilical vascular

endothelial cells (HUVEC) in vitro. Similarly, levocabastine affects aLb2/ICAM-1-mediated

adhesion of Jurkat cells. In a model of AC levocabastine eye drops reduced the clinical

aspects of the late-phase reaction and the conjunctival expression of a4b1 integrin by

reducing infiltrated eosinophils. We propose that blockade of integrin-mediated cell adhe-

sion might be a target of the antiallergic action of levocabastine and may play a role in

preventing eosinophil adhesion and infiltration in AC.
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1. Introduction

Levocabastine is a potent, selective histamine H1-receptor

antagonist [1,2], employed for the topical treatment of allergic

conjunctivitis (AC). Histamine-stimulated phosphatidylinosi-

tol turnover and cytokine secretion by human conjunctival

epithelial cells are attenuated by levocabastine [3]; however,

antihistamine potency alone does not predict its full anti-

inflammatory potential. It has in fact been reported that

topical levocabastine reduces the expression of the inter-

cellular adhesion molecule-1 (ICAM-1), on epithelial conjunc-

tival cells, in vivo and in vitro [4,5]. Other anti-allergic agents

too, such as fexofenadine [6], cetirizine and olopatadine [7] or

azelastine [8] may also reduce ICAM-1 expression.

Increased levels of cell adhesion molecules on the micro-

vasculature and factors that regulate them are likely to be

responsible for the conjunctival infiltration of circulating cells

and may perpetuate inflammation in AC [9,10]. The central

mechanism in the pathogenesis of this disease is IgE-mediated

mast cell degranulation and infiltration and activation of T

lymphocytes, basophils, eosinophils, and other cells in the

conjunctiva, with the involvement of conjunctival epithelial

cells [11]. Its severity correlates with the degree of eosinophil

infiltration into the conjunctiva, which is mediated by

chemokines that stimulate the production of adhesion

molecules like ICAM-1 and vascular cell adhesion molecule-

1 (VCAM-1) on the endothelial cell surface [9,10].

The mechanisms regulating eosinophil adhesion to the

ocular surface during allergic inflammation are still largely

unknown. The a4b1 integrin, also known as very late antigen-4

(VLA-4), is expressed in eosinophils and contributes to the

eosinophil activation and infiltration in AC [9]. a4b1 Integrin-

expressing cells infiltrate the conjunctiva and the interaction

between a4b1 integrin and VCAM-1 or fibronectin (FN), which

are expressed on vascular endothelial cells [12], contributes to

both eosinophil rolling and firm adhesion [13–16].

Integrins are composed of a and b subunits and function as

both adhesion and signaling molecules [10]. The b1 subunit’s

functional status determines the number of eosinophils firmly

adherent to the endothelium [9]. Moreover, integrins contain-

ing the b2 subunit, e.g. the aLb2 integrin [leukocyte function-

associated antigen-1 (LFA-1)] can bind to ICAM-1 and

contribute to eosinophil adhesion to the target vascular bed

[9,10]. VCAM-1 binding to a4b1 integrin also influences ICAM-

1’s adhesion to aLb2 integrin [17] and both adhesion molecules

are up-regulated in AC [11,14].

Studies with adhesion antagonists and knock-out mice

further confirm their contribution to eosinophil recruitment in

allergic inflammation [18]. These findings suggest that the

blockade of a4b1 might be put to good use in allergic eye

disease and agree with numerous previous observations that

this strategy is in fact useful in treating inflammatory

disorders in animal models and humans [19,20]. Its direct

role in basophil or mast cell recruitment has not been

thoroughly investigated, but it appears that this integrin can

influence their functional responses [18]. Mast cell activation

is responsible for the clinical aspects of the early-phase

reaction (EPR) triggered by a conjunctival allergen challenge,

while the recruitment and activation of inflammatory cells

sustains the late-phase reaction (LPR) [21].
In this study, we provide evidence that levocabastine, but

not the first-generation antihistamine chlorpheniramine, can

bind to the a4b1 integrin and prevent eosinophil adhesion to

VCAM-1, FN and to endothelial cells in vitro. Similarly,

levocabastine prevented aLb2/ICAM-1-mediated adhesion of

Jurkat cells. In a scintillation proximity assay levocabastine,

but not chlorpheniramine, displaced 125I-FN binding to human

a4b1 integrin and, in flow cytometry analysis, levocabastine

antagonized the binding of a primary antibody to integrin a4

expressed on the Jurkat cell surface. In a model of AC

levocabastine eye drops reduced the clinical aspects of the

LPR and the conjunctival expression of a4b1 integrin, by

reducing infiltrated eosinophils. We propose that a4b1 and

aLb2 integrin might be a cellular target of the antiallergic action

of levocabastine, with a role in preventing eosinophil adhesion

and infiltration in AC.
2. Materials and methods

2.1. Materials

Levocabastine hydrochloride and levocabastine 0.05% eye

drops were provided by Bausch & Lomb (Montpellier, France).

Trimeton injectable1 (Schering-Plough Italia, Segrate, Milan;

containing chlorpheniramine acetate) was purchased from a

local pharmacy and diluted in saline for in vivo studies.

Levocabastine hydrochloride was dissolved in propylene

glycol/ethanol (1:1, w/w) and diluted at least 1:50 in Hank’s

balanced salt solution (HBSS; Cambrex, Profarmaco Milano,

Milan, Italy) for in vitro studies. Vehicle was HBSS containing

2% of propylene glycol/ethanol (1:1, w/w). Cell culture media,

HBSS and chloromethylfluorescein diacetate (CMFDA) were

from Invitrogen (Carlsbad, CA, USA). Phosphate-buffered

saline (PBS) and fetal bovine serum (FBS) were purchased

from Cambrex. Lectin from Triticus vulgaris, soluble FN from

human plasma, ovalbumin grade V, crystallized and lyophi-

lized fraction, aluminum hydroxide, o-phenylenediamine,

hydrogen peroxide (30%), Triton X-100, G418 and peroxidase

acidic isoenzyme from horseradish were purchased from

Sigma–Aldrich (Steinheim, Germany). Jurkat clone E6.1, HEK-

293, EoL-1 and human umbilical vascular endothelial cells

(HUVEC) were obtained from the European Cell Culture

Collection (ECACC, Wiltshire, UK). Black 96-well clear-bottom

plates were purchased from Corning Costar (Celbio, Milan,

Italy). Soluble human VCAM-1 was purchased from R&D

Systems (Minneapolis, MN, USA). BIO-1211 (N-[[4-[[[(2-methyl-

phenyl)amino]carbonyl]amino]-phenyl]acetyl]-L-leucyl-L-

aspartyl-L-valyl-L-proline) was purchased from Bachem (Weil

am Rhein, Germany). Tissue Protein Extraction Reagent (T-

PER1) and BCA1 protein assay were purchased from Pierce

(Rockford, IL, USA). Mouse anti-human and rabbit anti-human

monoclonal antibodies against the a4 subunit of a4b1 integrin

were purchased, respectively, from Calbiochem (Nottingham,

UK) and Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA).

Mouse anti-human monoclonal antibody against ICAM-1 was

obtained from Chemicon International (Temecula, CA, USA).

Secondary antibody (goat anti-mouse or goat anti-rabbit) and

Cruz marker (sc-2035) were purchased from Santa Cruz

Biotechnology Inc. Polyacrylamide gel, N,N,N0,N0-tetramethy-
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lethylenediamine (TEMED), ammonium persulfate (PSA) and

SDS were purchased from Sigma–Aldrich. Protran BA-85

(cellulose nitrate) was purchased from Schleicher & Schuell

Italia (Legnano, Italy). Na[125I] was obtained from Amersham

Biosciences (GE Healthcare Europe, Milan, Italy). Polyvinylto-

luene (PVT) anti-rabbit binding beads were supplied by Amers-

ham Biosciences as a powder and reconstituted in distilled

water. Plastic disposables were from Sarstedt (Verona, Italy).

All other reagents were of analytical grade or the highest

purity available, purchased from Sigma or Roche-Boehringer

(Mannheim, Germany).

2.2. Animals

Male Dunkin-Hartley guinea pigs (250–300 g) were purchased

from Charles-River (Calco, Italy). Animal procedures followed

the guidelines of the Animal Care and Use Committee of the

University of Bologna and conformed to the Association for

Research in Vision and Ophthalmology (ARVO) resolution on

the use of animals in research.

2.3. Cell culture

The human T cell line Jurkat (clone E6.1) was cultured in RPMI

1640 medium supplemented with L-glutamine, 10% heat-

inactivated FBS, antibiotic-antimycotic solution in a humidi-

fied incubator at 37 8C with 5% CO2. EoL-1 cells [22] were grown

in RPMI-1640 with L-glutamine and 10% FBS in 75-cm2 culture

flasks and kept at 37 8C in a 5% CO2 humidified atmosphere.

HEK-293 cells, stably transfected with the human a4 integrin

cDNA (Origene, Rockville, MD, USA) cloned into pcDNA3.1

(Invitrogen, Milan, Italy), were cultured in minimum essential

medium with L-glutamine, supplemented with 10% (v/v) FBS,

non-essential amino acids and antibiotics, and kept at 37 8C in

a humidified atmosphere (5% CO2). Cells were transfected

using a modified calcium phosphate procedure (Invitrogen)

and positively transfected cells were selected with 400 mg/ml

of G418 for at least 3 weeks.

HUVEC were grown in endothelial cell growth medium

(ECACC) and used within six passages in all experiments.

Human eosinophils, isolated from whole blood by density

centrifugation followed by negative selection using immuno-

magnetic anti-CD16 beads (purity and viability were greater

than 95%), were purchased from 3H Biomedical AB (Uppsala,

Sweden) and cultured in completed cell culture medium (3H

Biomedical) added of interleukin-5 (1 ng/ml; R&D Systems) and

granulocyte macrophage-colony stimulating factor (10 ng/ml;

R&D Systems) (for 24 h before to start adhesion assays).

2.4. Scintillation proximity-binding assay (SPA)

We developed a SPA assay to detect competitive binding of

drugs to soluble 125I-human FN (Mw approximately 440 kDa)

bound to an antibody-captured integrin complex. The assay

uses microspheres coated with an anti-rabbit IgG antibody

capable of binding the complex a4b1 integrin anti-a4 antibody.

The radioligand binds to the a4b1 integrin and the close

proximity of the isotope to the scintillant incorporated in the

beads allows the radiation energy to transfer to the scintillant

where it can be detected as counts per min (cpm). FN was
labeled with Na[125I] using the Bolton–Hunter reagent, as

specified by the manufacturer. [125I]-FN was purified from

unincorporated iodine by gel filtration chromatography on PD-

10 columns (GE Healthcare); trichloroacetic acid-precipitable

radioactivity was 6.30 � 1010 mCi/mol. The experiments were

carried out in scintillation vials; in each vial 1 mg/50 ml anti-

rabbit-coated beads, 200 mg of rabbit anti-a4 integrin antibody

and a portion of cell eluate (containing approximately 100 mg

of a4b1 integrin) were added. The a4b1 integrin was extracted

from HEK-293 cells stably expressing the a4 integrin subunit

(these cells endogenously express the b1 integrin subunit: data

not shown). The cells were collected with a cell scraper then

cytoplasmic proteins were extracted with the T-PER1 extrac-

tion buffer and a4b1 integrin was purified by affinity

chromatography, as described [23]. For Western blot experi-

ments on extracts we used antibodies against a4 and b1

integrin subunits to confirm that both integrins partitioned to

the cell lysate collected from the affinity column. The binding

buffer contained Tris–HCl 25 mM pH 7,5; CaCl2 1 mM; MgCl2
1 mM; MnCl2 1 mM; BSA 2% (w/v); phenylmethanesulfonyl

fluoride (PMSF) 1 mM; aprotinin 1 mg/ml; leupeptin 50 mM.

First, we allowed for the slow interaction between the a4

integrin protein and the rabbit anti-human a4 integrin anti-

body by incubating them together for 1 h at 4 8C. Then the anti-

rabbit antibody binding beads were added, and the solution

containing the three components was incubated for 2 h at 4 8C

in the dark. From this point on, all incubations were conducted

at room temperature. [125I]-FN was added to the vials, which

were then incubated overnight on a shaker in the dark. Non-

specific binding was determined in the presence of the specific

a4b1 integrin antagonist BIO-1211 (100 mM). The samples were

read using a LS 6500 multipurpose scintillation counter

(Beckham Coulter, Fullerton, CA, USA). The SPA procedure

was optimized in preliminary experiments, as described [24].

2.5. Adhesion assays

Cell adhesion assays were done was as described [25]. Briefly,

96-well plates were coated at 4 8C overnight with 5 mg/ml of

VCAM-1 or ICAM-1 and a saturation curve for the ligand was

plotted to establish the best signal-to-noise ratio. Non-specific

hydrophobic binding sites were blocked by incubation with a

BSA (1%)/HBSS (w/v) solution for 30 min at 37 8C. The day of the

assay, the cells were counted and stained with 12.5 mM CMFDA

(30 min at 37 8C). After three rinses with BSA/HBSS to wash

away the excess dye, aliquots of 50,000 (EoL-1) or 500,000

(Jurkat) cells were divided among a number of tubes

corresponding to the number of treatments. For inhibition

experiments, cells were mixed with the drug and pre-

incubated at 37 8C for 30 min to reach equilibrium before

being plated. After 30 min incubation at 37 8C in the coated

wells, the non-specifically bound cells were washed away with

BSA/HBSS solution. Adherent cells were lysed by the addition

of 0.5% Triton X-100 in PBS (30 min at 4 8C). Released CMFDA

was quantified by fluorescence imaging at Ex485 nm/

Em535 nm (Wallac ARVO 1420 multilabel counter) and

adherent cells were counted by interpolation on a standard

curve. The fluorescence intensity with and without VCAM-1 or

ICAM-1 was taken as, respectively, 100% and 0%. Alternatively,

the number of adherent cells was calculated by comparison
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with a standard curve prepared in the same plate using known

concentrations of labeled cells. The efficacy of putative

antagonists (at least eight different concentrations were used)

was determined by the reduction in adherent cells compared

to the untreated control.

Human eosinophil adherence was assessed as eosinophil

peroxidase activity of adherent cells as described [26]. Briefly,

50 ml of eosinophils (4 � 105 cells/ml in BSA/HBSS) were placed

in VCAM-1-coated wells and incubated for 30 min at 37 8C.

After three washes with BSA/HBSS (37 8C) to remove non-

adherent cells, 50 ml of BSA/HBSS was added to the reaction

wells, while 50 ml of the original cell suspension was added to

empty wells as a measure of total peroxidase. Eosinophil

peroxidase substrate (1 mM hydrogen peroxide, 1 mM o-

phenylenediamine HCl, and 0.1% Triton X-100 on Tris buffer,

pH 8.0) was added to each well. After a 30-min incubation at

room temperature, 25 ml of 4 M H2SO4 were added to each well

to stop the reaction. Absorbance was measured at 490 nm in a

microplate reader (Wallac ARVO 1420 multilabel counter). The

detection of eosinophil peroxidase by this assay was linear

between the concentrations of 102 and 3 � 104 eosinophil/well

as determined by a standard curve. Adherence was calculated

by comparing absorbance of unknowns to that of the standard

curve.

Adhesion assays were also done in the presence of the

mouse anti-human a4 integrin antibody (5 mg/ml). Each

experiment was conducted in quadruplicate and the data

are presented as the mean � S.E.M. of at least three indepen-

dent assays.

HUVEC (2 � 104 cells/well) were grown to confluence in a 96-

well plate and stimulated for 12 h with 25 ng/ml of TNF-a (R&D

Systems) adopting a procedure already described [27], then co-

cultured with CMFDA-labeled EoL-1 cells (1 � 105 cells/well) for

30 min at 37 8C in 5% CO2. Levocabastine (100 or 400 mM) or the

anti-a4 integrin antibody (5 mg/ml) was added for 30 min to EoL-

1 cells, 60 min before addition to HUVEC. After incubation, non-

adhering EoL-1 cells were removed by gentle aspiration, and

wells washed with PBS. Attached cells were lysed and the

fluorescence intensity was determined as reported above.

2.6. Flow cytometry analysis (FACS)

FACS analysis was done to characterize levocabastine’s

specificity of action on the integrin receptors. Jurkat cells

(106 per sample) were incubated with levocabastine (100 and

400 mM) at 37 8C for 30 min in BSA/HBSS; then all samples

except the negative controls were incubated with a saturating

concentration of the primary mouse anti-human a4 integrin

antibody for 30 min at 4 8C; subsequently, a fluorescein

isothiocyanate (FITC)-conjugated secondary antibody was

added for 45 min at 4 8C in the dark. After each incubation

step, the cells were washed with BSA/HBSS. Finally, the cells

were resuspended in HBSS/1% BSA and analyzed in an EPICS1

ELITE (Beckman Coulter1, Milan, Italy) flow cytometer [28].

Non-specific fluorescence was evaluated by measuring the

binding of FITC-conjugated secondary antibody in the absence

of the primary antibody. The control binding of rabbit IgG

(Calbiochem) was included.

Surfaceexpression of a4 integrin was examined inEoL-1 cells

treated with levocabastine (100 and 400 mM) for 30 min, then
incubated for 12 h in FN- (10 mg/ml) or BSA- (100 mg/ml) coated

wells. Cells were washed with PBS and firmly adhering cells

were incubated for 45 min at 4 8C with an anti-human a4

integrin antibody, then for another 45 min with fluos-con-

jugated Annexin-V for the detection of phosphatidylserine (BD

Biosciences, Erembodegem, Belgium) and propidium iodide to

exclude apoptotic and necrotic cells [29]. After washing

with PBS, cells were examined by FACS analysis. The mean

fluorescence intensity was determined from at least 15,000

viable cells.

2.7. Active anaphylaxis in the guinea pig

Male Dunkin-Hartley guinea pigs were actively immunized by

i.p. injection of 200 mg ovalbumin in 2 ml saline with 40 mg

aluminum hydroxide (positive control), or saline alone

(negative control), as described by Khosravi et al. [30]. Three

weeks later, ovalbumin-treated guinea pigs were challenged

with 30 ml per eye of saline solution, containing 100 mg/ml

ovalbumin, instilled into the conjunctival sac. Levocabastine

(0.05%) or chlorpheniramine (0.1%) solutions were instilled

into the conjunctival sac (30 ml per eye, 60 and 30 min before

ovalbumin); negative controls received saline alone.

Pictures of both eyes were taken for the clinical score before

and then 1 and 6 h after the ovalbumin challenge. Conjuncti-

val clinical symptoms were evaluated on both eyes according

to the following scale: 0, no symptoms; 1, slight conjunctival

redness with or without tears and minimal chemosis; 2, mild

conjunctival redness with tears and moderate chemosis; 3,

severe conjunctival redness with tears and partial lid eversion;

4, severe conjunctival redness with tears and lids more than

half closed. Scoring was on a blind basis. The animals were

euthanized 24 h after ovalbumin challenge by i.p. injection of

Tanax1 (3 ml/kg; Hoechst AG, Frankfurt-am-Main, Germany)

and the conjunctivas were collected for the subsequent

investigations.

2.8. Eosinophil peroxidase assay

Eosinophil peroxidase assay was done as previously described

[31]: 24 h after induction of conjunctivitis by conjunctival

challenge with the antigen, the guinea pigs were euthanized

and the upper and lower parts of the conjunctiva were excised,

cleaned, weighed and washed twice with ice-cold PBS. The

tissues were homogenized with 50 mM Tris–HCl buffer (pH 8.0)

using a Potter-Elvejehm glass/Teflon homogenizer (Wheaton,

Millville, NJ, USA) on ice. After addition of 350 ml of 50 mM Tris–

HCl buffer and 150 ml of 0.1% Triton X-100. The homogenates

were placed in an ice bath for 1 h. Then the substrate solution

(400 ml of 50 mM Tris–HCl buffer containing 0.1% Triton X-100,

1 mM o-phenylenediamine, and 0.5 mM hydrogen peroxide)

was added to 200 ml of the sample and incubated at 37 8C for

10 min. The reaction was stopped with 200 ml of 4 M H2SO4.

Absorbance was measured using a spectrophotometer (JASCO

V-530, Jasco, UK) at 490 nm.

A standard curve was plotted with different concentrations

of peroxidase diluted in 50 mM Tris–HCl buffer (pH 6.0)

containing 1 mM o-phenylenediamine, and 0.5 mM hydrogen

peroxide. Eosinophil peroxidase activity was measured accord-

ing to the method of Strath et al. [32], which is based on the



Fig. 1 – Levocabastine binds to the antibody-captured a4b1

integrin in the SPA. Panel A, Representative

autoradiogram of Western blot experiments, described

under Section 2, to evaluate the a4 and b1 integrin

subunits in cell lysates of HEK-293 cells stably expressing

a4 integrin. The lysates were purified by affinity

chromatography and fractions of approximately 1 ml were

collected; the presence of the a4 or b1 integrin subunit was

evaluated on aliquots of 50 ml by Western blotting. Six

fractions were collected and the presence of a4 integrin

was confirmed in all except the first (void elution volume)

and the last. The fractions with the a4 integrin subunit

were then assayed to confirm the presence of the b1

integrin subunit (fractions 2–5). Approximate molecular

masses of the a4 and b1 integrin subunits [see ref. [51]]

were determined by comparison with molecular mass

standards. Fractions 2–5 were used for SPA. Panel B,

Saturation SPA binding of [125I]-FN to the purified a4b1

integrin extracted from HEK-293 cells stably expressing a4

integrin and incubated with increasing concentrations of

the radioligand (cpm) as described under Section 2. Non-

specific binding was determined in the presence of 100 mM

unlabeled BIO-1211. (&) Non-specific binding; (~) specific

binding obtained by subtraction of the non-specific

binding from total binding counts. Mean W S.E.M. of three

experiments done in triplicate.
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oxidation of o-phenylenediamine by eosinophil peroxidase in

the presence of hydrogen peroxide. One unit corresponds to

1 mmol of hydrogen peroxide decomposed in 10 min, and the

results were expressed as eosinophil peroxidase levels (mU of

enzyme/mg wet tissue).

2.9. Western blotting

Conjunctivas from immunized and non-immunized animals

were homogenized in T-PER1 reagent (Pierce) and proteins

were extracted following the manufacturer’s protocol. The

protein content was quantified using a BCA protein assay.

Proteins from the cytoplasmic fraction (150 mg) were dena-

tured at 99 8C for 4 min before being loaded and separated by

7.5% sodium dodecyl sulfate-polyacrylamide gel electrophor-

esis (SDS-PAGE). We used the Cruz marker sc-2035 as

molecular weight standard. Proteins were transferred to

Protran membranes which were blocked with 5% non-fat milk

in TBS (10 mm Tris–HCl, pH 8, containing 150 mm NaCl) plus

0.1% Tween 20 for 1.5 h at 25 8C. The blots were then probed

for 1.5 h at 25 8C in TBS containing 0.1% Tween 20, 5% non-fat

milk and antibodies with a dilution of 1:800 for a4 integrin

monoclonal antibody, and 1:5000 for b-actin antibody (used

as loading control for cytoplasmic lysates). The membranes

were incubated with peroxidase-conjugated secondary anti-

bodies at a 1:10,000 dilution. Blots were developed with

SuperSignal West Pico chemiluminescent substrate accord-

ing to the manufacturer’s protocol (Pierce). Chemilumines-

cence was acquired using a luminescent image analyzer LAS-

3000 (Fuji-Film). An image AIDA (Advanced Image Data

Analyzer) software (Raytest) was used to quantify the

intensity of the bands.

2.10. Data analysis

All data are expressed as mean � S.E.M., for the number of

experiments indicated. Statistical comparisons were made by

ANOVA and post hoc Newman-Keuls test with differences of

P < 0.05 considered significant.

For the clinical score, each group comprised five animals.

Non-parametric analysis of the scores assigned to the

conjunctival symptoms was conducted using the Friedman

test followed by Dunn’s post hoc comparison test. IC50

indicates the molar drug concentration required to inhibit

the response by 50%. Data were analyzed using GraphPad

software (GraphPad Software Inc., San Diego, CA, USA).
3. Results

3.1. Binding affinity of levocabastine to human a4b1
integrin by SPA

HEK-293 cells stably expressing human a4 integrin were used

to measure levocabastine binding to a4b1 integrin by SPA.

Western blot analysis of the a4b1 integrin, extracted from cell

lysates and purified by a chromatographic technique already

reported [23], confirmed that both a4 and b1 integrin subunits

were present in the eluate employed for the SPA (Fig. 1, panel

A). Specific binding of 125I-FN to an antibody-captured a4b1
integrin was time-dependent; the signal increasing during the

first 10 h, then reaching a plateau and remaining constant for

the remainder of the 24 h incubation (data not shown). The

relatively slow kinetics of the SPA may require the establish-

ment of equilibrium between the different components [33].
125I-FN specific binding, measured after overnight incubation,

was concentration-dependent (Fig. 1, panel B) and was blocked

in the presence of 100 mM BIO-1211 (a potent a4b1 and alb2

integrin antagonist) or an anti-human a4 integrin antibody

(5 mg/tube) to capture the integrin complex (data not shown).

Levocabastine caused concentration-dependent inhibition of
125I-FN binding to the SPA bead-associated a4b1 integrin (Fig. 2)

with an IC50 of 406.2 mM.



Fig. 2 – Inhibition of [125I]-FN binding by levocabastine in

the SPA. Binding to HEK-293 cell lysates was measured in

the presence of increasing concentrations of levocabastine

(0.003–10 mM) and of a fixed amount of [125I]-FN

(100,000 cpm) as described under Section 2. Mean W S.E.M.

of three experiments done in triplicate.
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3.2. Levocabastine competes with a specific antibody for
binding to a4 integrin in Jurkat cells

FACS analysis confirmed that levocabastine binds to a4

integrin (Fig. 3): at 100 and 400 mM caused concentration-

related inhibition of the binding of the primary antibody to a4

integrin expressed on the Jurkat cell surface.

3.3. Levocabastine inhibits a4b1 integrin/VCAM-1-
mediated cell adhesion in vitro

The human Jurkat and EoL-1 cell lines express a4b1 integrin

on their surface [22,34]. In a first series of experiments, we

ascertained that adhesion of these cells to 96-well plates
Fig. 3 – Levocabastine competes with a specific antibody for bin

an anti-human a4 integrin antibody (5 mg/tube) in the absence

400 mM levocabastine (D) or in the presence of the vehicle alone

rabbit IgG was added and the samples were incubated for 45 m

washing out the excess of unbound secondary antibody, the flu

binding of rabbit IgG is shown in the unfilled trace.
coated with human recombinant VCAM-1 or FN was con-

centration-dependent and was not observed in BSA-coated

wells. The adhesion of Jurkat cells (5 � 105 cells were added to

each well) to VCAM-1 (2–25 mg/ml) ranged from 1.9 to 3.2 � 104

cells and the adhesion to FN (2–25 mg/ml) ranged from 1.6 to

4.3 � 104 cells. The adhesion of EoL-1 cells (5 � 104 cells were

added to each well) ranged from 1.3 to 2.5 � 104 cells and the

adhesion to FN (2–25 mg/ml) ranged from 1.1 to 2.1 � 104 cells.

Finally, we ascertained that the adhesion of human eosino-

phils (2 � 104 cells were added to each well) to VCAM-1 (2–

25 mg/ml) ranged from 0.9 to 2.2 � 104 cells. The adhesion of

Jurkat, EoL-1 and human eosinophil cells to VCAM-1 (10 mg/ml)

was inhibited by more than 92% after pretreatment with 5 mg/

ml anti-a4 integrin antibody and adhesion of Jurkat or EoL-1

cells to FN (10 mg/ml) was inhibited by 92% in the presence of

this antibody. Neither drug (upto 2 mM) influenced cell

viability, evaluated by Trypan blue exclusion (data not shown).

In the light of these results, for adhesion assays we coated the

well plates with 10 mg/ml of VCAM-1 or FN.

As shown in Table 1, levocabastine inhibited a4b1 integrin-

dependent adhesion of Jurkat cells to VCAM-1 with an IC50 of

395.6 mM, and the adhesion of EoL-1 cells with an IC50 of

403.6 mM. Moreover, levocabastine inhibited adhesion of

human eosinophils to VCAM-1-coated wells (IC50 = 443.7 mM).

Levocabastine displayed a similar activity to inhibit a4b1

integrin-dependent adhesion of Jurkat and EoL-1 cells to FN

and also prevented aLb2 integrin-dependent adhesion of Jurkat

cells to ICAM-1 (IC50 = 33.3 mM). In contrast, chlorpheniramine,

a potent blocker of H1 receptors [35], did not affect Jurkat cell

adhesion to VCAM-1, FN and ICAM-1 (Table 1).

Finally, we ascertained that, in these experimental condi-

tions, the small peptide BIO-1211 behaves as a potent a4b1 and

aLb2 integrin antagonist and inhibited Jurkat cell adhesion to

VCAM-1-, FN- or ICAM-1-coated wells (Table 1).

Exposure of endothelial cells to the inflammatory cyto-

kine TNF-a increases the surface expression of cell adhesion
ding to a4 integrin in Jurkat cells. Cells were incubated with

(Ctrl; panel A) or presence of 100 mM levocabastine (C) or

(B). After washing, 10 mg/ml FITC-conjugated goat anti-

in at 4 8C in the dark as described under Section 2. After

orescence was measured by flow cytometry. The control



Table 1 – Effects of levocabastine, BIO-1211 and chlor-
pheniramine on different integrin-mediated human cell
adhesion systems

Integrin-mediated cell adhesion IC50 (mM)

Levocabastine

a4b1-mediated cell adhesion

Jurkat/VCAM-1 395.6 (300.8–520.1)a

EoL-1/VCAM-1 403.9 (349.0–543.5)

Human eosinophils/VCAM-1 443.7 (366.0–568.9)

Jurkat/FN 350.7 (315.2–532.3)

EoL-1/FN 360.6 (325.7–477.6)

aLb2-mediated cell adhesion

Jurkat/ICAM-1 33.3 (14.7–75.5)

BIO-1211

a4b1-mediated cell adhesion

Jurkat/VCAM-1 8.6 � 10�3 (4.5–10.1 � 10�3)

EoL-1/VCAM-1 7.2 � 10�3 (3.9–9.7 � 10�3)

Jurkat/FN 7.5 � 10�3 (4.2–10.4 � 10�3)

EoL-1/FN 6.6 � 10�3 (5.2–9.2 � 10�3)

aLb2-mediated cell adhesion

Jurkat/ICAM-1 8.4 � 10�5 (4.7–14.8 � 10�5)

Clorpheniramine

a4b1-mediated cell adhesion

Jurkat/VCAM-1 N.E.b

Jurkat/FN N.E.

aLb2-mediated cell adhesion

Jurkat/ICAM-1 N.E.

Three independent experiments were run in quadruplicate and

IC50 were calculated as described under Section 2.
a 95% Confidence limits.
b N.E., No effect upto 2 mM.

Fig. 4 – Levocabastine and an anti-a4 integrin antibody

reduce TNF-a-induced EoL-1 binding to HUVEC. HUVEC

were treated for 12 h with TNF-a (25 ng/ml) dissolved in

HBSS or with HBSS alone (CTRL). EoL-1 cells exposed for

1 h to the vehicle (HBSS containing 2% of propylene glycol/

ethanol), levocabastine (100 and 400 mM) or an anti-a4

integrin antibody (5 mg/ml) and treated with CMFDA were

co-cultured with HUVEC for 30 min. In CTRL cells,

levocabastine or an anti-a4 integrin antibody did not

influence EoL-1-cell adhesion. Firmly adhering EoL-1 cells

were counted as described under Section 2. Mean W S.E.M.

from four separate experiments carried out in triplicate.
#P < 0.001 compared to CTRL. **P < 0.01; *P < 0.001

compared to vehicle/TNF-a-stimulated HUVEC (Newman-

Keuls test after ANOVA).

Fig. 5 – Effects of levocabastine and chlorpheniramine on

conjunctival symptoms induced by ovalbumin in guinea

pigs actively immunized by i.p. injection of ovalbumin and,

2 weeks later, challenged with ovalbumin (30 ml of 2.5%

solution) instilled into both eyes. Levocabastine (0.05%), and

chlorpheniramine (0.1%) were instilled into both eyes (30 ml

per eye) 60 and 30 min before ovalbumin challenge; controls

received the vehicle alone and were not treated with

ovalbumin. Each group comprised five guinea pigs and the

score was based on changes before and then 1 and 6 h after

challenge for the eye symptoms of itching, swelling,

redness, and lid eversion, as described under Section 2.

Mean W S.E.M. (n = 5). *P < 0.01 vs. vehicle-treated group

(Friedman test followed by Dunn’s post hoc comparison).
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molecules [9]. Kwon et al. [27] reported that HUVEC do not

express VCAM-1 in the resting state, but the expression of this

cell adhesion molecule is increased after exposure to TNF-a.

Previously, it has been reported that eosinophils adhere

spontaneously to HUVEC [36,37]. In agreement with these

observations, EoL-1 cells adhered spontaneously to untreated

HUVEC (Fig. 4). Basal adhesion of EoL-1 to HUVEC (approxi-

mately 18% of the added cells) was not significantly affected by

levocabastine (400 mM) or an anti-a4 integrin antibody (Fig. 4).

Therefore, we investigated whether levocabastine influenced

EoL-1 adhesion to TNF-a-stimulated HUVEC. As shown in

Fig. 4, the number of EoL-1 cells adherent to HUVEC signi-

ficantly increased after 12 h exposure to TNF-a (25 ng/ml).

Levocabastine (100 and 400 mM) reduced this increment, in a

concentration-dependent manner, as did an anti-a4 integrin

antibody.

3.4. Levocabastine did not influence FN-induced a4
integrin expression in EoL-1 cells

Adhesion molecules play an important role in eosinophilic

activation and in adhesion to extracellular matrix and accu-

mulation at inflamed sites since cell recruitment is dependent

on both expression and functional activity of these molecules

[9]. In eosinophils, the interaction of a4b1 integrin with FN up-

regulated the expression of ICAM-1 [38]. As regards a4b1

integrin, employing FACS analysis, we found that after 12 h



Fig. 6 – Panel A, Photomicrographs of the conjunctiva 24 h after topical challenge with ovalbumin. Substantial eosinophil

infiltration is observed in ovalbumin-treated guinea pigs (OVA) in comparison to negative controls (animals not immunized

with ovalbumin) who received saline alone and were not challenged with ovalbumin (CTRL). In levocabastine-treated

guinea pigs (Levocab.) there was much less eosinophil infiltration than in the ovalbumin-treated group and in

chlorpheniramine-treated animals (Chlorph.). Panel B, Effects of levocabastine and chlorpheniramine on eosinophil

infiltration in the guinea pig conjunctiva 24 h after topical challenge with ovalbumin. The eosinophils in each field
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adhesion of EoL-1 cells to FN-coated plates the expression of

this integrin was not modified in comparison to that observed

in cells added to BSA-coated plates, as ascertained by

evaluating mean fluorescence intensity (MFI) from 15,000

cells. Pretreatment with levocabastine (100 and 400 mM) did

not down-regulate the profile of a4b1 integrin in EoL-cells

added to FN- or BSA-coated plates (data not shown).

3.5. Effect of levocabastine on conjunctival symptoms and
conjunctival eosinophil recruitment in ovalbumin-sensitized
guinea pigs

Guinea pigs were actively immunized by i.p. injection of

ovalbumin and 2 weeks later challenged with ovalbumin

instilled into the conjunctival sac. One hour after challenge,

during the ocular EPR to ovalbumin, swelling of the eyelids and

chemosis were more marked in treated animals than controls,

but was significantly reduced by 0.05% levocabastine and 0.1%

chlorpheniramine eye-drops before treatment (30 ml per eye 60

and 30 min before ovalbumin) (Fig. 5). However, only levoca-

bastine-pretreated guinea pigs showed a significant reduction

in the severity of conjunctival symptoms during the LPR of AC

6 h after ovalbumin challenge.

The guinea pigs were euthanized 24 h later and histological

analysis showed numerous eosinophils infiltrating the con-

junctiva of ovalbumin-treated animals. The eosinophil infil-

tration was much less marked in levocabastine-treated guinea

pigs than controls, and chlorpheniramine was ineffective

(Fig. 6, panels A and B). Similarly, eosinophil peroxidase

activity, taken as an index of eosinophil infiltration, increased

24 h after antigen challenge in control guinea pigs, whereas

there was a noteworthy reduction in levocabastine-treated

guinea pigs, but not in chlorpheniramine-treated animals

(Fig. 6, panel C).

3.6. Effect of levocabastine on integrin a4 expressed in the
conjunctiva of actively immunized guinea pigs

Exposure of actively immunized guinea-pigs to the topical

challenge of ovalbumin instilled into the conjunctival sac

induced a significant increase, 24 h later, in a4 integrin

levels evaluated in conjunctival homogenates by Western

blot analysis (Fig. 6, panels D and E). This increase was

related to eosinophils and possibly other leukocytes

infiltrating the conjunctiva and was significantly reduced

by pretreatment with levocabastine eye-drops but not by

chlorpheniramine.
(T500 magnification) were counted 24 h after antigen exposure

with ovalbumin (CTRL). Panel C, Effects of levocabastine and ch

levels in the conjunctiva 24 h after topical challenge with ovalb

challenged with ovalbumin (CTRL). Panels D and E, Effects of lev

a4 integrin subunit 24 h after topical challenge with ovalbumin. G

and protein extracted and used for Western blot analysis. A repr

results, and the densitometric analysis of the bands is shown.

determined by comparison with molecular mass standards. OD

by normalization of the a4 integrin band to the b-actin band (arb

and separated in polyacrylamide gel, as described under Section

test after ANOVA).
4. Discussion

In in vitro experiments, we obtained evidence that levocabas-

tine, but not the first-generation antihistamine chlorphenir-

amine, binds to the a4b1 integrin and prevents eosinophil

adhesion to VCAM-1, FN or to HUVEC cells. These latter express

VCAM-1 on their surface after TNF-a exposure [39]. SPA

indicated that only levocabastine displaced 125I-FN binding to

human a4b1 integrin and, in flow cytometry analysis, it

antagonized the binding of a primary antibody to a4 integrin

expressed on the Jurkat cell surface. Similarly, levocabastine

prevented aLb2/ICAM-1-mediated adhesion of Jurkat cells [40].

Finally, in a model of AC levocabastine eye-drops reduced the

clinical aspects of the LPR and the conjunctival expression of

a4b1 integrin by reducing infiltrated eosinophils.

The a4b1 integrin/VCAM-1 pathway is crucial for the firm

adhesion and transmigration of eosinophils into the con-

junctiva through vascular endothelial cells. The inhibition of

conjunctival eosinophil infiltration by an integrin a4 mono-

clonal antibody has been reported in a guinea pig model of AC

[15]. Treatment with anti-a4 integrin and anti-VCAM-1

antibodies significantly suppressed the conjunctival eosino-

phil infiltration induced in mice by active immunization with

ragweed, or adoptive transfer of ragweed-primed splenocytes

[16]. Whitcup et al. [41] showed that antibodies against aLb2

integrin and its counter-receptor ICAM-1 relieve both the

clinical signs of immediate hypersensitivity and cellular

infiltration into the conjunctiva, 24 h after antigen challenge

in mice. Several antiallergic drugs, including levocabastine,

down-regulate ICAM-1 expression [4–8]; Pesce et al. [42]

reported that in patients with AC, conjunctival epithelial cells

expressed aLb2. Therefore, blocking a4b1 and aLb2 integrin-

mediated cell adhesion may offer another strategy for the

treatment of AC, as it prevents the development of the EPR

and LPR.

a4b1 and aLb2 integrins may act in concert to mediate

eosinophil adhesion and signaling functions to meet the

peculiar challenges these cells face as they contact the

vascular epithelium. ‘‘Cross-talk’’ between these integrins

was proposed by Chan et al. [17] who suggested that a4b1

integrin binding to VCAM-1 might also strengthen aLb2-

mediated adhesion of T lymphocytes to ICAM-1. As regards

eosinophils, Higashimoto et al. [38] reported that adherence of

EoL-1 to FN was mediated by a4b1 integrin and enhanced

ICAM-1 expression, and this might contribute to increasing

cell adhesion to the extracellular matrix and conjunctival

eosinophil accumulation.
. Controls received saline alone and were not challenged

lorpheniramine on conjunctival eosinophil peroxidase

umin. Controls received saline alone and were not

ocabastine and chlorpheniramine on conjunctival levels of

uinea pigs were euthanized, the conjunctiva was collected

esentative Western blot, repeated three times with similar

The approximate molecular mass of a4 integrin was

refers to the relative optical density of each band, defined

itrary units). A total of 150 mg of protein extract was loaded

2. Mean W S.E.M. (n = 5). *P < 0.01 vs. CTRL (Newman-Keuls
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Our data support this latter idea, as the blockade of

eosinophil adhesion by levocabastine may prevent further

eosinophil functional changes, including expression of adhe-

sion molecules, such as ICAM-1 whereas levocabastine does

not influence a4 integrin expression. In fact, we observed that

in the eosinophilic EoL-1 cell line levocabastine did not affect

a4 integrin expression in cells maintained for 12 h in FN- or

BSA-coated wells. In agreement with our data, Fukuishi et al.

[43] reported that the antiallergic drug olopatadine inhibited

antigen-induced eosinophil infiltration and repressed inter-

leukin-5-induced expression of aLb2 integrin but not of a4b1

integrin. These in vitro data may help explain the reduction of

the expression of a4b1 integrin that we observed in the

conjunctiva of ovalbumin-sensitized guinea pigs treated with

levocabastine. In fact, this effect might be a consequence of

the reduction in recruitment and migration of eosinophils to

the site of allergic inflammation by levocabastine rather than

of levocabastine-induced a4b1 down-regulation. Thus,

hypothetically, levocabastine might exert its inhibitory effect

on eosinophil adhesion binding to a4b1 integrin, affecting its

avidity as well as affinity for VCAM-1 and FN. In fact, integrins

increase their affinity or avidity to endothelial ligands upon

exposure to chemokines and can undergo to conformational

changes upon ligand binding apart from expression changes

on the leukocyte surfaces [9].

We confirmed the positive effect of levocabastine eye-

drops on EPR and LPR inflammatory changes induced by

allergen-specific conjunctival challenge. Histamine and

eicosanoids are responsible for the typical EPR [44]. However,

mast cells also contribute to the synthesis and release of

cytokines, chemokines and growth factors, triggering a

cascade of inflammatory events on the surface of epithelial

and endothelial cells that leads to the LPR, with recruitment of

eosinophils and neutrophils [45]. Inflammatory cytokines

may enhance the expression of E-selectin, ICAM-1 and

VCAM-1 on the vascular endothelial cells and initiate the

rolling of immune cells [9,13,14].

According to previous studies, levocabastine’s effect on EPR

seems to be mediated by the blockade of histamine H1

receptors and mast cell stabilization [1,2]. It reduces con-

junctival eosinophil infiltration in the LPR and, as proved in

this study, affects a4b1 integrin functions. However, it cannot

be ruled out that levocabastine reduces inflammatory cell

infiltration in the LPR by affecting the release of cytokines and

chemokines [3,46].

Conjunctival epithelial cells do not express a4b1 integrin

[47] and its occurrence in the conjunctiva could be a

consequence of eosinophil infiltration promoted by different

mechanisms, independent of histamine binding to H1

receptors. This idea is further supported by experiments

with the classical H1 antagonist chlorpheniramine. In fact, a

0.1% chlorpheniramine eye-drops blocked only the EPR of AC

and did not reduce eosinophil infiltration or expression of

the adhesion molecule a4b1 in the conjunctiva of guinea pigs

treated with ovalbumin. This drug also did not modify Jurkat

or EoL-1 cell adhesion to VCAM-1 or FN. First-generation

antihistamines like chlorpheniramine are weak inhibitors of

histamine-stimulated cytokine synthesis [3] while levoca-

bastine is more potent [1,2]. Furthermore, chlorphenira-

mine, in an experimental model of allergic cutaneous
antigen-induced inflammatory cell infiltration, did not

significantly inhibit inflammatory cell infiltration in the

LPR [48].

Levocabastine caused concentration-related blockade of

adhesion of the EoL-1 cells to VCAM-1 and FN. The drug’s

potency in vitro (IC50 around 400 mM) is important when this

molar concentration is converted to a percentage weight/

volume (400 mM equals about 200 mg/ml and is equivalent to a

0.02% solution). Because the conjunctiva is the target tissue for

this compound, penetration and transport into the eye do not

significantly affect drug delivery. For these reasons, and in

view of the clinical efficacy of 0.05% levocabastine in AC

models [1], the effect on a4b1 and aLb2 integrin blockade

appears acceptable. Levocabastine shows potent and sus-

tained antiallergic activity after conjunctival administration.

In ovalbumin-sensitized guinea pigs, the drug reduced or

completely prevented conjunctival symptoms and this effect

lasted upto 24 h [49]. Complete inhibition of histamine-

induced conjunctivitis persisted 24 h after topical levocabas-

tine [50]. Therefore, topical levocabastine may persist at an

adequate conjunctival concentration for upto 6–8 h, long

enough to interfere with eosinophil migration to the ocular

surface.

We propose that levocabastine acts through different

mechanisms as an antiallergic agent and some of the drug’s

cellular targets may play a role in eosinophil adhesion. Topical

levocabastine, by blocking integrin-mediated cell adhesion,

may inhibit the development of the late-phase of AC. This

compound easily reaches conjunctival cells and vessels when

administered topically, and can prevent the recruitment and

activation of eosinophils as well as other immune cells (e.g.

neutrophils and other leukocytes).
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