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PURPOSE. We investigated the effects of GW559090, a novel, competitive, and high-affinity a4
integrin antagonist, in a murine model of dry eye. Through interaction with vascular cell
adhesion molecule 1 (VCAM-1) and fibronectin a4b1 integrin is involved in leukocyte
trafficking and activation.

METHODS. Female C57BL/6 mice, aged 6 to 8 weeks, were subjected to desiccating stress (DS).
Bilateral topical twice daily treatment with GW559090 was compared to vehicle-treated
controls. Treatment was initiated at the time of DS induction. Treatment effects were assessed
on corneal staining with Oregon Green Dextran (OGD) and expression of inflammatory
markers in ocular surface tissues by real time PCR. Dendritic cell activation was measured in
draining cervical lymph nodes (CLN) by flow cytometry. Separate groups of mice received
GW559090 subcutaneously to evaluate the effects of systemic administration on corneal
staining and cells in CLN.

RESULTS. Topical GW559090 significantly reduced corneal uptake of OGD compared to
vehicle-treated disease controls in a dose-dependent manner (1, 3, 10, and 30 mg/mL) with 30
mg/mL showing the greatest reduction in OGD staining. When administered topically, corneal
expression of IL-1a, matrix metalloproteinase (MMP)–9, chemokine ligand 9 (CXCL9), and
TGF-b1 was reduced in GW559090-treated eyes. Topical treatment with GW559090
decreased dendritic cell activation in lymph nodes. The effects on corneal staining and
cellular composition in CLN were not reproduced by systemic administration of GW559090,
suggestive of a local role for integrin antagonism in the treatment of dry eye.

CONCLUSION. The novel a4 integrin antagonist, GW559090, improved outcome measures of
corneal staining and ocular surface inflammation in this murine model of dry eye. These
results indicate the potential of this novel agent for the treatment of dry eye disease.
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Dry eye disease (DED) is one of the most common and
discomforting eye disorders. It has been defined as a

multifactorial ocular surface disease more prevalent in women
and the elderly. Dry eye disease is associated with symptoms of
discomfort, visual disturbance, tear film instability, and inflam-
mation of the ocular surface leading to potential damage to the
ocular surface tissues.1 The proinflammatory milieu is charac-
terized by increased levels of cytokines and chemokines in the
tear film, cornea, and conjunctiva, and increased autoreactive T-
cell infiltration of the conjunctival epithelium and sometimes
lacrimal gland2–4; reviewed by Stern et al.5,6 Alteration of the
tear film composition (mucins, lipids, proteins) and decreased
volume lead to tear film abnormalities that contribute to the
disease cycle.

Subjecting mice to a controlled environment of desiccating
stress results in ocular surface pathology reminiscent of human
DED in patients in many respects.3,7–9 As of today, this model
represents the best characterized animal model to study DED.

Integrins are heterodimeric glycoproteins consisting of one
a- and one b-subunit. Expressed on the cell surface of
leukocytes, integrins have a role in their recruitment to sites

of inflammation. The association of a specific a- and b-subunit
determines the ligand specificity of the integrin. The a4
integrin subunit (CD49d) is a constituent of Very Late
Antigen-4 (VLA-4, integrin a4b1, CD49d/CD29), and a4b7
(CD49d/CD103). In the case of integrin a4b1 the correspond-
ing ligands are the immunoglobulin superfamily adhesion
molecule vascular cell adhesion molecule 1 (VCAM-1) on
vascular endothelial cells and the extracellular matrix glyco-
protein fibronectin, which are responsible for the homing,
trafficking, differentiation, priming, activation, and survival of
integrin a4b1 expressing cells. Integrin a4b1 is expressed on
lymphocytes, monocytes, macrophages, NK cells, and eosino-
phils. Integrin a4b7 and its corresponding ligand Mucosal
Addressin Cell Adhesion Molecule-1 (MAdCAM) selectively
regulate leukocyte trafficking to the gut and consequently are
unlikely to be involved in the effects described herein.

Natalizumab, an antibody directed against the a4 integrin
subunit, has been shown to profoundly inhibit inflammation
and improve clinical outcomes in multiple sclerosis10 and
Crohn’s disease,11 which also are T-cell–mediated diseases.
Lifitegrast, a small molecule antagonist, directed against a
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different adhesion molecule (LFA-1, integrin aLb2), has been
shown to reduce corneal staining and improve symptoms
when delivered topically to dry eye patients.12 Furthermore, a
specific antagonist to integrin a4b1, BIO-8809, had been
shown to decrease corneal fluorescein staining, conjunctival T-
cell infiltrates, and TNFa expression in cornea and conjunctiva
in a murine dry eye model.13 Taken together these consider-
ations provided a rationale for further exploring the blockade
of integrin a4 in an animal model of DED. In the current study,
we tested the hypothesis using GW559090, a potent integrin
a4 antagonist that previously had been clinically investigated in
asthma patients by the oral inhalation route.14

MATERIALS AND METHODS

Compounds

Compound GW559090 ([S])-3-[4-([4-carbamoylpiperidine-1-
carbonyl]oxy)phenyl]-2-[(S)-4-methyl-2-(2-[otolyloxy]acetami-
do)pentanamido]propanoic acid) was synthesized by GSK.
Compound [3H]-GW559090 was custom synthesized at
Amersham Pharmacia Biotech, Inc. (Piscataway, NJ, USA) to
contain five 3H atoms per molecule giving a specific activity of
76 Ci/mmol.

Animals

All animal studies were conducted according to the GSK Policy
on the Care, Welfare, and Treatment of Laboratory Animals
after review by the GSK and BCM Institutional Animal Care and
Use Committees, and conformed to the standards in the ARVO
Statement for Use of Animals in Ophthalmic and Vision
Research. We purchased C57BL/6 mice, 6 to 8 weeks old,
from Jackson Labs (Bar Harbor, ME, USA).

Binding and Cell Adhesion

Jurkat J6 cells (human lymphoblast cell line) were grown as a
suspension culture in RPMI 1640 supplemented with fetal calf
serum (FCS, 10%) and glutamine (2 mM). RPMI 8866 cells
(human B lymphoid cell line) were grown as a suspension
culture in RPMI 1640 supplemented with FCS (10%) and
glutamine (2 mM). Rat basophilic cell line RBL-2H3 cells were
cultured in Eagle’s minimal essential medium (MEM) plus
Earles salts supplemented with 2 mM L-glutamine, 1 mM
sodium pyruvate, 1 3 nonessential amino acids, 1 mM sodium
pyruvate 10% heat-inactivated fetal calf serum.

J6 Saturation Assay (Filtration Assay)

Binding of GW559090 was characterized in human J6 cells,
which express VLA-4. J6 cells were harvested by centrifugation
for 5 minutes at 500g and resuspended in assay buffer (50 mM
HEPES, pH 7.5, 100 mM NaCl, 2 mM glucose, 1 mM MnCl2).
Each well contained 1 3 106 cells and either 10 lM nontritiated
GW559090, to define the NSB (nonspecific binding), or buffer.
Then, [3H]-GW559090 (0.02–50 nM) was added in a final
volume of 500 lL and incubated for 2 hours at 378C. Bound
[3H]-GW559090 was separated from free by rapid vacuum
filtration through presoaked Whatman GF/B filters, followed by
three washes in ice-cold buffer, scintillant then was added to
filter discs, and disintegrations per minute measured on a
Beckman scintillation counter. The actual amount of [3H]-
GW559090 added for each concentration of the saturation
curve was measured by counting disintegrations from a 50 lL
aliquot of the label dilution range.

Saturation Binding Assay in RBL-2H3 Cells (SPA
Assay)

The assay buffer contained 50 mM HEPES, 100 mM NaCl, 1 mM
MnCl2, pH 7.5 (with NaOH). We used WGA SPA beads at 1 mg/
well. Cells were harvested and resuspended in assay buffer, and
1 million cells were added per well in a white bottomed plate.
Nontritiated GW559090 to give a final assay concentration of
20 lM (to define nonspecific binding) or buffer alone was
added, and then [3H]-GW559090 across a concentration range
across the plate was added (nominal [3H]-GW559090 concen-
tration range was 0.01 to 200 nM). The final assay volume was
250 lL. The plate then was incubated at 378C for 2 hours.
Disintegrations were counted by scintillation (from the WGA
SPA beads) in a Wallac Microbeta plate reader.

The actual amount of [3H]-GW559090 added for each
concentration of the saturation curve was measured by
counting disintegrations per minute from a 50-lL aliquot of
the label dilution range.

VCAM Cell Adhesion Assay

Polystyrene 96-well microtiter plates were coated with IgG at a
concentration of 0.05 mg/mL in bicarbonate buffer for 2 hours
at 378C. The solution was aspirated and the plates washed
twice with PBS. The plates then were incubated overnight at
48C with a 1:4000 dilution of zzVCAM-1 in 3% BSA in PBS; ‘‘zz’’
refers to a protein tag (Protein A) that aids in binding of the
tagged adhesion molecule to IgG on the culture plate. Before
use the zzVCAM-1 was aspirated and the plates washed twice
with PBS.

The J6 or RPMI cells (as required) were labeled with the
fluorescent dye BCECF-AM (10 lM and 6 3 106 cells/mL) for 10
minutes at 378C before the excess was removed by centrifu-
gation at 500g for 5 minutes and the cells resuspended at a cell
concentration of 1.2 3 107 cells/mL in Hank’s balanced salt
solution (HBSS). Equal volumes HBSS containing GW559090
(over concentration range 38.1 pM to 10 lM) and cells were
added to the VCAM-1 coated plates. After a 30-minute
incubation at 378C, non- or loosely adhering cells were
removed by inverting the plate and blotting on tissue paper.
Two washes with PBS and blotting were followed by addition
of Triton X-100 (2% vol/vol). The plates were counted in a
Wallac Viktor. Compounds that inhibited adhesion resulted in a
lower fluorescence reading.

MAdCAM Cell Adhesion Assay

Polystyrene 96-well microtiter plates were coated with IgG at a
concentration of 0.05 mg/mL in bicarbonate buffer for 2.5
hours at 378C. The solution was aspirated and the plates
washed twice with PBS. The plates then were incubated
overnight at 48C with zzMAdCAM at a concentration of 204.0
ng/mL in 3% BSA in PBS. Before use the zzMAdCAM was
aspirated and the plates washed twice with PBS. Then, J6 or
RPMI cells (as required) were labeled with the fluorescent dye
BCECF-AM (10 lM and 63106 cells/mL) for 10 minutes at 378C
before the excess was removed by centrifugation at 500g for 5
minutes and the cells resuspended at a cell concentration of
1.2 3 107 cells/mL in HBSS. Equal volumes of HBSS containing
GW559090 (over concentration range 38.1 pM to 10 lM) and
cells were added to the MAdCAM-coated plates. Adhesion took
place over a 30-minute incubation at 378C. Non- or loosely
adhering cells were removed by inverting the plate and
blotting on tissue paper. Two washes with PBS and blotting
were followed by addition of Triton X-100 (2% vol/vol). The
plates were counted in a Wallac Viktor.
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CS-1 Cell Adhesion Assay

Polystyrene 96-well microtiter plates were coated with
Connecting-Segment 1 (CS-1), binding domain on fibronectin
for integrin a4b1,15 at a concentration of 0.01 mg/mL in
bicarbonate buffer overnight at 48C. The solution was aspirated
and the plates washed twice with PBS. The plates then were
incubated at room temperature in the presence of 3% BSA for
60 minutes, inverted, and tapped to expel the BSA and washed
twice in bicarbonate buffer. We labeled J6 or RPMI cells (as
required) with the fluorescent dye BCECF-AM (10 lM and 6 3
106 cells/mL) for 10 minutes at 378C before the excess was
removed by centrifugation at 500g for 5 minutes and the cells
were resuspended at a cell concentration of 1.2 3 107 cells/mL
in HBSS. Equal volumes of HBSS containing GW559090 (over
concentration range 19.0 pM to 5 lM) and cells were added to
the CS-1 coated plates. Adhesion took place over a 30-minute
incubation at 378C. Non or loosely adhering cells were
removed by inverting the plate and blotting on tissue paper.
Two washes with PBS and blotting were followed by addition
of Triton X-100 (2% vol/vol). The plates were counted in a
Wallac Viktor.

Induction of Desiccating Stress, Treatment
Regimen

Female C57BL/6 mice, aged 6 to 8 weeks, were subjected to
desiccating stress (DS) for 5 days (DS5) as described
previously.8,9 Topical bilateral treatment with 1 eye drop
per eye (2 lL volume) or subcutaneous (SC) injection (4 lL
volume), 2 times per day, was initiated on day 1 concurrently
with DS and continued through day 4. Treatment with
GW559090 or dexamethasone phosphate 0.1% was com-
pared to correspondingly treated vehicle controls. Unless
otherwise noted, vehicle formulations were PBS (pH 7.0;
osmolality approximately 300 mMol/kg) for GW559090 and
Alcon BSS Sterile Irrigating Solution (BSS) for dexametha-
sone. Mice were randomized to receive one of the test
articles. Control mice were kept in a nonstressed (NS)
environment maintained at 50% to 75% relative humidity
without exposure to airflow or scopolamine, and were not
treated with test or control article. Treatment effects were
assessed on corneal staining with Oregon Green Dextran
(OGD); expression of inflammatory markers in ocular
surface tissues by real time PCR; cell population analysis in
draining cervical lymph nodes by fluorescence-activated cell
sorting (FACS) analysis.

Corneal OGD Staining

On the morning of the fifth day, mice received one SC dose
of scopolamine. Two hours later corneal staining was
assessed using Oregon Green Dextran (OGD-488), which is
a conjugated fluorescent dye of a 70 kDa molecular size
(Invitrogen-Molecular Probes, Eugene, OR, USA) as de-
scribed previously.8 The procedure consisted of instillation
of 0.5 lL of OGD on the cornea using a glass capillary
pipette, 1 minute before euthanasia. Mice were euthanized
by inhalation of isoflurane gas followed by cervical
dislocation. Eyes then were rinsed with 2 mL of BSS. Excess
liquid was blotted carefully from the ocular surface with
filter papers without touching the cornea. Digital pictures of
both eyes were taken under 470 nm excitation and 488 nm
emission wave lengths using a Nikon (Tokyo, Japan) SMZ-
1500 stereo microscope, with an exposure time of 2
seconds. Both eyes from each animal were evaluated; the
right eye always first followed by the left eye. The mean
intensity in the central cornea was evaluated from digital

images using NIS Elements (version 3.0) by placing a fixed
region of interest (a 2-mm diameter circle) on the central
cornea. The mean intensity of the fluorescence was read by
the software and stored in a database (Excel; Microsoft,
Redmond, WA, USA). This fluorescence measurement in the
central ring was done independently by 2 masked observers,
for each mouse eye. By the conclusion of the experiment,
results were averaged from both observers using all data
collected during all study weeks (Excel; Microsoft). Results
are presented as geometric mean and upper and lower 95%
confidence limit (CL) of gray levels.

RNA Isolation and Reverse Transcription

Total RNA was isolated from corneal and conjunctival epithelia
that was collected and pooled from 2 eyes (right and left) at
each time point from untreated control mice, DS5 mice
topically treated with GW559090 (30 mg/mL), and vehicle
treated animals (n ¼ 7/group) using a PicoPure RNA Isolation
Kit (Acturus Bioscience, Inc., Mountain View, CA, USA)
following the manufacturer’s protocol. Briefly, corneal epithe-
lial cells were scraped, and whole conjunctiva was cut and
placed in 100 lL of extraction buffer and incubated at 428C for
30 minutes. The cell extract was loaded onto a preconditioned
purified column, which was centrifuged, treated with DNase
(Qiagen, Valencia, CA, USA), and washed twice with two
different wash buffers. The RNA was eluted in 12 lL of low
ionic strength buffer. The RNA concentration was measured by
absorption at 260 nm using a spectrophotometer (NanoDrop
2000; Thermo Scientific, Wilmington, DE, USA) and samples
were stored at �808C until use. First-strand cDNA was
synthesized from 1 lg of total RNA with random hexamers
using M-MuLV reverse transcriptase (Ready-To-Go You-Prime
First-Strand Beads; Amersham Pharmacia Biotech, Inc.) as
described previously.16

Absolute Real Time PCR

A cDNA aliquot (1–4 lL) from samples was used for real time
PCR in a total volume of 10 lL containing the following per
reaction: 0.3 lL of gene specific Taqman probes used and 5 lL
of 2X Taqman Fast PCR Master Mix (Applied Biosystems,
Carlsbad, CA, USA). Real time PCR was performed on a
StepOnePlus Real-Time PCR System (Applied Biosystems) and
the parameters consisted of predenaturation at 958C for 22
seconds, followed by 40 cycles of denaturation at 958C for 1
second, annealing, and extension at 608C for 20 seconds.
Samples and standards were assayed in duplicate. A non-
template control and total RNA without retrotranscription
were included in all the experiments to evaluate PCR and DNA
contamination of the reagents used. The following mouse
Taqman probes were used: IL-1a (Mm00439620); matrix
metalloprotein–9 (MMP-9) (Mm00442991); chemokine ligand
9 (CXCL9; Mm004434946); TGF-b1 (Mm00441724), and
hypoxanthine-guanine phosphoribosyltransferase 1 (HPRT-1;
Mm00446968). The HPRT-1 gene was used as an endogenous
reference for each reaction. The results of quantitative PCR
were analyzed by the comparative CT method where target
change ¼ 2–DD CT. The results were normalized by the CT

value of HPRT-1 of the untreated control group.8

Dissection of Draining Lymph Nodes

Cervical draining lymph nodes (CLN) were surgically excised,
placed in a round culture plate with approximately 8 mL of
complete RPMI media, and crushed between two frosted
slides.
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Flow Cytometry

Single-cell suspensions of CLN from C57BL/6 mice, treated
under DS conditions for 1 day, were prepared, centrifuged, and
sequentially filtered, as described previously.3 Subsequently,
1.0 mL of ACT solution was added for 30 seconds followed by
2.0 mL of complete RPMI. The cells were centrifuged once
again and the supernatant aspirated. Cells were then resus-
pended in 2.0 mL of complete RPMI and prepared for
counting. Ten lL of Trypan Blue were used for counting and
the cells were divided in tubes at 1 3 106 cells/mL.
Subsequently, the cells were incubated on ice in 20 lL
unconjugated anti-mouse CD16/CD32 (BD Pharmingen, San
Diego, CA, USA) followed by 80 lL of directly conjugated
primary antibody or isotype. Finally the samples were washed
with 1 mL PBS/1% FBS, centrifuged, and resuspended in 0.3 mL
PBS/1% FBS containing 1:1000 of propidium iodide (PI). The
samples were stored at 48C until the analysis was performed
with an A BD LSRII Benchtop cytometer. The data was analyzed
using BD Diva Software (BD Pharmingen) and FlowJo (TreeStar,
Inc., Ashland, OR, USA).

Statistical Analysis

Due to skewed distribution of OGD data, the analysis was done
on the log10 scale to make the data more normally distributed.
Log10 OGD data were averaged across two observers and the
left and right eyes. The mixed effects ANOVA model included
treatment group as a fixed effect and week as a random effect.
The 95% and 99% CLs were constructed for the disease (5-day
desiccating stress versus untreated group kept in separate
vivarium) and compound treatment effects (treatment versus
vehicle). As these comparisons were all preplanned (compar-
ing each treatment to its vehicle group), no adjustment was
made for multiplicity. Log10 scale treatment effect estimates
and CLs were converted back to the original OGD scale; thus,
representing the estimate for the ratio of group geometric
means and their CLs. For gene expression analysis, an unpaired
t-test was performed to compare drug and vehicle treatment.
For flow cytometry analysis, a 2-way ANOVA with fixed
treatment and random experiment effects was used to test
the treatment differences. The analysis was followed by
Dunnett’s multiple comparison procedure to compare each
of the treatment groups with the vehicle group.

RESULTS

Pharmacology of GW559090

Binding of [3H]-GW559090 to human J6 cells was saturable
and was described in these experiments by a single binding site
with a mean Kd of 0.19 nM (0.08–0.43; geometric mean and
95% CL) derived from 4 separate experiments. A single high
affinity binding site for [3H]-GW559090 also was shown in rat
RBL-2H3 cells, which express rat a4b1, mean Kd 1.04 nM
(0.58–1.89, Table 1).

Inhibition of cell adhesion was determined for a4b1 (Jurkat
J6 cells) to VCAM-1 and CS-1 (fibronectin domain); for a4b7
(RPMI 8866 cells) to MAdCAM in coated microtiter plates.
GW559090 inhibited J6 cell adhesion to VCAM-1 in a
monophasic fashion with a mean IC50 of 7.72 nM (2.39
�24.9). Also, GW559090 inhibited J6 cell adhesion to CS-1 with
a mean IC50 of 8.04 nM (3.05-21.2) and to MAdCAM in a
biphasic manner, supporting the presence of a high and low
affinity site for MAdCAM – GW559090 binding in J6 cells (Table
1). The RPMI 8866 MAdCAM binding predominantly measures
a4b7-mediated cell adhesion. Also, GW559090 inhibited RPMI
8866 cell adhesion to MAdCAM with an IC50 of 23.0 nM (20.0–
26.4, Table 1), and GW559090 inhibited RPMI 8866 binding to
VCAM-1, and CS-1 in a simple monophasic manner with
respective IC50s of 4.81 nM (2.82–8.20) and 24.5 nM (identical
duplicate values).

Additionally, GW559090 had been reported as highly
selective versus non-a4 integrins, including LFA-1.14 No
significant inhibition was observed by GW559090 (at 10 lM)
in radioligand binding assays on 53 receptors and 4 transport-
ers in an MDS Pharma screen (report on file at GSK).

Topical Treatment With GW559090 Prevents
Desiccation-Induced Corneal Barrier Disruption

We found a significant increase in corneal permeability
measured by OGD staining between the untreated NS and
dry eye control groups (DS5, Fig. 1 and Table 2). Because
corticosteroid therapy has been reported to improve corneal
epithelial disease of dry eye in humans and mice,8,16,17 we used
topical treatment with dexamethasone (Dex) as positive
control. Treatment with 0.1% Dex significantly improved
OGD intensity scores compared to vehicle. A range of doses
of GW559090, as low as 1 mg/mL and as high as 30 mg/mL,
was investigated. A significant decrease in OGD intensity
scores was noted with increasing concentrations of GW559090
versus its vehicle. The most efficacious concentration was 30
mg/mL (Fig. 1, Table 2) which, therefore, was used in
subsequent studies. Figure 1B shows representative examples
of OGD-stained mouse corneas at the conclusion of the study
period.

GW559090 Acts Topically on the Ocular Surface

To explore the effect of systemic GW559090 on corneal
staining, two routes of administration, topical and SC, were
compared. An identical dose was given SC (120 lg as one 4 lL
bolus) and topically (60 lg as a 2-lL drop to each eye). Mice
receiving GW559090 systemically also were given vehicle eye
drops as SHAM topical treatment. As shown in Figure 2 and
Table 3, and similar to Figure 1, Dex decreased OGD uptake.
Topical treatment with GW559090 again significantly de-
creased DS-induced corneal barrier disruption compared to
its vehicle. This effect was neither as pronounced nor
significant when GW559090 was administered systemically.

These results indicated that the local therapeutic effect of
GW559090 is achieved by topical administration as traditional
eye drops.

Topical Treatment With GW559090 Decreases
Inflammatory Markers on the Ocular Surface

Dry eye disease often is accompanied by increased T-cell
related cytokines, MMPs, and inflammatory cytokines in
cornea and conjunctiva.3,18,19 We investigated the expression
of IL-1a, TGF-b1, MMP-9, and CXCL9 in cornea and conjunctiva
using mice that were treated topically with GW559090 at 30
mg/mL during 5 days of DS and compared to vehicle-dosed

TABLE 1. Binding of [3H]-GW559090 to a4 Integrins and Inhibition of
Cell Adhesion

Binding (Kd) Human a4b1 0.19 nM

Rat a4b1 1.04 nM

Inhibition of cell a4b1 – VCAM-1 7.72 nM

Adhesion (IC50) a4b1 – CS-1 8.04 nM

a4b7 – MAdCAM 23.0 nM

Geometric mean of Kd and IC50 of GW559090 binding to human
and rat a4b1 integrin and inhibition of cell adhesion, respectively.
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mice. These genes were chosen since they are highly inducible
by DS.3,8,16,18,20 Both experimental groups and the untreated,
nonstressed control group had similar expression levels of the
housekeeping gene, HPRT-1. Experimental groups were
calibrated to nonstressed control. The results are presented
in Figure 3.

There was a significant decrease in IL-1a, MMP-9, TGF-b1,
and CXCL9 transcripts in corneal epithelium of mice treated
with GW559090 compared to vehicle control (Fig. 3A). In
conjunctiva, there was a significant reduction in TGF-b1,
expression but no change regarding IL-1a, MMP-9, and CXCL9
(Fig. 3B). These results indicated that GW559090 can decrease
some inflammatory biomarkers on the ocular surface.

Topical Treatment With GW559090 Decreases

Dendritic Cell Activation

The draining CLN are an integral part of the immune cycle in
DED.21,22 To determine the impact of GW559090, if any, on the
CLN, mice were subjected to DS for 1 day and treated either
topically or systemically (SC; identical 120 lg dose as topical)
twice-daily with GW559090. Mice receiving subcutaneous
drug were concomitantly administered vehicle topically to
both eyes to mimic the wetting of the ocular surface that
occurs with a topical eye drop. The 1-day time point was
selected since the number of DCs migrating to the draining

CLN had been shown to peak after 1 day of DS in a previous
investigation.22 Draining CLN were excised and prepared for
flow cytometry analysis of T cells (CD4, CD8), monocytes
(CD11b), dendritic cells (CD11c), and MHC II.

One day of DS led to a significant increase in CD11bþ

monocytes in CLN compared to normal mice. None of the
other cell populations studied was significantly altered by DS in
draining CLN. None of the treatments had an impact on either
of the T-cell populations or CD11bþmonocytes. While CD11cþ

and CD11cþ/MHC IIþ cells tended to be increased by DS, albeit
not significantly, topical treatment with GW559090 reduced
both, activated and nonactivated, forms of DCs compared to
the vehicle control group. Systemic treatment with GW559090
did not produce the same effect.

DISCUSSION

Dry eye is an inflammatory disease of the ocular surface
mediated by autoreactive T cells and is associated with corneal
barrier dysfunction, increased expression, and levels of
inflammatory cytokines and chemokines, tear film instability,
and discomfort. This study demonstrated that an integrin a4
antagonist, when administered locally to the eye, improves the
corneal epithelial barrier function, decreases inflammatory

TABLE 2. Corneal OGD Staining, Dose-Response Study

Treatment

Groups

Intensity

Score

Treatment

Groups

Intensity

Score

NS 305.4 (352.8,

264.4)

GW 1 mg/mL 515.9 (627.1,

424.5)

DS5 459.8 (625.7,

338.0)

GW 3 mg/mL 459.4 (537.4,

392.6)

GW 10 mg/mL 423.8 (535.0,

335.7)

Dex 464.2 (576.5,

373.7)

GW 30 mg/mL 392.1 (465.7,

330.2)

Vehicle 582.8 (678.6,

500.5)

Vehicle 593.5 (702.6,

501.3)

Geometric mean (upper, lower 95% CL) of intensity score of OGD
uptake after 5 days of DS. N¼ 26–30.

FIGURE 1. Topical treatment with GW559090 dose-dependently prevents DS-induced corneal barrier disruption. (A) Geometric mean and upper
95% CL of intensity score of OGD uptake after 5 days of DS. (B) Representative images of OGD stained mouse corneas. NS indicates nonstressed,
untreated control. DS5 indicates DS for 5 days without topical treatment; all other groups are DS5 with topical treatment. N¼ 26–30. *P < 0.05; **P
< 0.01 compared to control (DS5 versus NS; Dex versus Dex vehicle; GW versus GW vehicle; mixed effects ANOVA of Log10 OGD data). V Dex,
vehicle for dexamethasone (BSS); V GW, vehicle for GW559090; GW_1 mg/mL, GW559090 (1 mg/mL); GW_3 mg/mL, GW559090 (3 mg/mL);
GW_10 mg/mL, GW559090 (10 mg/mL); GW_30 mg/mL, GW559090 (30 mg/mL).

FIGURE 2. GW559090 acts primarily locally, not systemically, to
improve DS-induced corneal barrier disruption. Geometric mean and
upper 95% CL of intensity score of OGD uptake after 5 days of DS. N¼
26–30. *P < 0.05; **P < 0.01 compared to control (DS5 versus NS; GW
versus GW vehicle; mixed effects ANOVA of Log10 OGD data).
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markers in the cornea, and inhibits the migration and
activation of antigen-presenting cells in a murine model of
DED.

Primed and activated T lymphocytes traffic from the
bloodstream to sites of inflammation with the help of adhesion
receptors expressed at their cell surface that interact with
corresponding adhesion molecules on the vascular endotheli-
um. Lymphocytic integrins a4b1 (VLA-4) and aLb2 (LFA-1) bind
to endothelial VCAM-1 and ICAM-1, respectively. At sites of
inflammation, lymphocytic integrin receptors can interact with
certain tissue components, fibronectin in the case of a4b1,
which further aids in homing and lymphocyte activation.
GW559090 has high-affinity for a4b1. In cell adhesion assays, it
potently blocked cell adhesion of a4b1 to VCAM-1 and
fibronectin (CS-1 domain), as well as a4b7 to MAdCAM. The
latter interaction is of relevance in the gut environment, but
not known to have a role in the eye. In Sjögren’s patients, who
have xerostomia and DED, integrin a4b1 has been detected in
T lymphocytic infiltrates in labial tissue and VCAM-1 on
vascular and dendritic cells.23

Increased uptake of fluorescent dyes by the corneal
epithelium is a hallmark of DED. We have reported previously
that corneal staining intensity with OGD in mice positively
correlates with a reduction in corneal barrier function after
experimental DS.3,8 This mimics what is observed clinically in
dry eye patients in whom it is demonstrated by fluorescein
staining of the cornea. Low staining scores are indicative of dye
exclusion, that is corneal barrier integrity. In contrast, high
staining scores are reflective of barrier dysfunction. Corneal
fluorescein staining scores have been used as important

endpoints for diagnosis of DED and as an efficacy parameter
in clinical trials. Over 5 days in a controlled DS environment
mice developed corneal barrier dysfunction, evident as
punctate corneal OGD staining, as had been reported
previously.3,8 In this murine model, topical GW559090 dose-
dependently reduced corneal OGD staining similar to a topical
corticosteroid, dexamethasone phosphate. Topical steroids are
effective medications for DED if lubricants and nonsteroidal
immunomodulators are not effective, but they are typically
used short-term because of the potential to develop steroid-
related ocular adverse events. A similar improvement of
corneal staining in this animal model with a different integrin
a4b1 antagonist, BIO-8809, had been reported previously.13

Relative to body weight, topical application of a drug to the
mouse eye far exceeds the dose given to a human by 2 to 3
orders of magnitude. It is conceivable that topical treatment in
the mouse achieves relevant systemic exposure. Since integrins
have a role in leukocyte trafficking it could be argued that
systemic exposure may be the prerequisite for an integrin
antagonist to treat ocular disease. Thus, it was important to
determine whether systemic treatment was more effective.
Interestingly, when comparing systemic with topical treatment
of the same dose side-by-side GW559090 improved corneal
staining significantly only when administered topically. This
suggested that there is a local component to GW559090
therapy in this disease.

It has been suggested that DED is the consequence of an
immune cycle that involves the migration of antigen-presenting
dendritic cells (DC) from the ocular surface to the draining
cervical lymph nodes (CLN) where the priming of autoreactive
T cells takes place.21 These autoreactive CD4þ T cells then
migrate back to the ocular surface propagating the dis-
ease.9,24,25 With integrin receptors present on CD4þ T cells
the question arose whether treatment with an integrin a4
antagonist affected T cells in the draining lymph nodes. One
day of DS neither increased CD4þ or CD8þ T cells in CLN, nor
did treatment with GW559090 or dexamethasone decrease the
number of T cells. As previously reported, 1 day of DS
significantly elevated CD11bþmonocytes in CLN.22,26 Howev-
er, neither of the drug treatments was able to reduce the
number of monocytes.

It has been shown previously that DC are important for the
immune-mediated pathology induced by DS, as DC-depleted
mice do not develop dry eye disease.22 Cells CD11cþ DC
appeared elevated, albeit not significantly, by short-term DS.
In contrast to topical dexamethasone or systemic GW559090,
which had no significant effect on these cells, activated
(MHC-IIþ) and nonactivated CD11cþ cells were decreased by

TABLE 3. Corneal OGD Staining, Comparison of Topical and Systemic
Treatment

Treatment

Groups

Intensity

Score

Treatment

Groups

Intensity

Score

NS 241.8 (274.5,

213.0)

GW topical 180.2 (217.0,

149.6)

DS5 338.7 (442.4,

259.3)

Vehicle topical 326.4 (431.6,

246.9)

Dex 215.4 (279.4,

166.0)

GW SC 239.9 (295.6,

194.7)

Vehicle 278.0 (336.9,

229.5)

Vehicle SC 319.5 (385.1,

265.0)

Geometric mean (upper, lower 95% CL) of intensity score of OGD
uptake after 5 days of DS. N¼ 26–30.

FIGURE 3. Topical treatment with GW559090 decreases inflammatory markers. (A) Relative fold of expression 6 SD of IL-1a, MMP-9, CXCL9, TGF-

b1 genes in cornea. (B) Relative fold of expression 6 SD of TGF-b1 gene in conjunctiva. Line indicates nonstressed, untreated control. N¼7–8. *P <
0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 (Unpaired t-test). V, vehicle.
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topical GW559090. This interesting finding suggested that
GW559090 prevents the migration of antigen-presenting cells
to the draining lymph nodes and that this effect requires drug
present at the ocular surface. Similarly, as discussed earlier
only topical GW559090 improved corneal staining. Taken
together, these results implicated that GW559090 acts locally
at the level of the ocular surface to treat ocular inflammation
related to DED by preventing the migration of antigen-
presenting DC to the draining CLN, thus interrupting the
immune cycle.

The proinflammatory milieu at the ocular surface in DED
and this murine model is well described in the litera-
ture.3,16,18,27–29 The expression of many cytokines and
chemokines is increased in the cornea and conjunctiva,
resulting in elevated levels in the tear film. In this study,
topical GW559090 inhibited the expression of IL-1a, MMP-9,
CXCL9, and TGFb1 in the corneal epithelium, and of TGFb1
in the conjunctiva. Interleukin-1a is a proinflammatory
cytokine that is released by epithelium and inflammatory
cells. Its potential relevance for the disease is highlighted by
the clinical development of an IL-1 receptor antagonist for
ocular surface inflammation, EBI-005.30,31 Matrix metallopro-
teinase-9 is a protease that has been implicated in the
breakage of tight junctions of corneal epithelium and in the
corneal barrier disruption in desiccating stress.8,32,33 Tear
levels of MMP-9 have been shown to correlate with corneal
staining intensity and other clinical parameters in dry eye
patients.34 Together with CXCL10,�11, CXCL9 attracts IFN-c
producing Th1 cells, while other chemokines, such as CCL5,
attract innate immune cells. Transforming growth factor-b1 is

involved in Th-17 priming together with IL-6 and IL-23, and it
is found elevated in tears of dry eye patients.35–37 Thus,
GW559090 reduces some inflammatory markers in this
animal model that are associated with ocular surface
inflammation in DED.

In conclusion, this study demonstrated an improvement in
objective signs of dry eye by GW559090 in the murine DS
model. The potent integrin a4 antagonist acted locally at the
level of the ocular surface, presumably by preventing the
migration of antigen-presenting cells to the draining lymph
nodes with a resulting interruption of the immune cycle of dry
eye. Integrin a4 potentially represents a novel target for the
treatment of dry eye disease.
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FIGURE 4. Topical treatment with GW559090 decreases CD11cþ and CD11cþ/MHC IIþ dendritic cells in draining cervical lymph nodes. Percent
gated cells (FACS) isolated from draining CLN, which were pooled from each mouse, were stained for CD11c, CD11b, and MHC II. N¼ 16 mice per
group. *P < 0.05; compared to control (DS5 versus NS; GW versus GW vehicle; 2-way ANOVA with fixed treatment and random experiment effects
followed by Dunnett’s multiple comparison procedure). DS1, desiccating stress for 1 day without treatment; all other groups are DS1 with
treatment; GW topical, topical bilateral GW559090 (30 mg/mL; 60 lg per eye); GW SC, GW559090 SC twice daily (30 mg/mL; 120 lg).
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