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Purpose: Dry eye disease (DED) is a multifactorial disorder of the tears and ocular surface
accompanied by ocular discomfort, visual disturbance, tear film instability, and ocular
surface inflammation. In the present study, we evaluated the efficacy of the tyrosine
kinase inhibitor imatinib mesylate for the treatment of DED.

Methods: Experimental models of DED were generated in Sprague Dawley rats using a
combination of benzalkonium chloride (BAC) with atropine sulfate and in New Zealand
White rabbits using BAC. The animals were treated twice daily with eye drops of vehicle,
imatinib (0.01%-0.3%), or a positive control (Restasis). The improvement in DED due to
imatinib was assessed by staining with fluorescein, lissamine green, impression cytol-
ogy, and histological analysis. In addition, immunofluorescence staining was performed
at the end of the study to evaluate the inflammatory response in the ocular surface.

Results: Topical application of imatinib significantly reduced ocular surface damage
compared with vehicle-treated animals. Imatinib restored the morphology and struc-
ture of the conjunctival epithelium and reduced the recruitment of immune cells in the
corneal epithelium. Furthermore, imatinib significantly reduced the impression cytol-
ogy score, thus demonstrating that imatinib prevents the loss of goblet cells in DED
animal models. The therapeutic efficacy of imatinib was similar to or better than that
of cyclosporine treatment.

Conclusions: In this study, we provide an animal in vivo proof of concept of the thera-
peutic potential of imatinib for the treatment of DED.

Translational Relevance: With this study we show the possibility of developing
imatinib as a new ophthalmic drop to treat DED.

by a loss of homeostasis of the tear film and accom-

Introduction

Dry eye disease (DED), also known as kerato-
conjunctivitis sicca, is the most common ophthalmic
condition in the world. According to the official report
of the Tear Film and Ocular Surface Society Dry Eye
Workshop (DEWS 2017), DED is defined as “a multi-
factorial disease of the ocular surface characterized
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panied by ocular symptoms, in which tear film insta-
bility and hyperosmolarity, ocular surface inflamma-
tion and damage, and neurosensory abnormalities play
etiological roles.! The prevalence of DED is continu-
ously growing worldwide, with an incidence ranging
from 9.5% to 90%, and is more prevalent in Asian
countries than in Western countries.”* Epidemiologic
studies have determined that older age and female
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sex (particularly postmenopause) are risk factors for
DED.*> The prevalence of DED has continued to
increase in recent years due to environmental factors
such as extreme weather and reduced relative humid-
ity, use of video display terminals, smoking, refractive
surgery such as LASIK, and contact lens wear. This
disease has become an inevitable public health problem
because it significantly lowers the quality of life of the
affected individuals.®’

Among the commonly used therapies for DED,
the first-line choice is topical application of artifi-
cial tears, which has been proven to relieve symptoms
of irritation in mild to moderate clinical conditions
by dilution of the inflammatory markers present in
the tear fluid and lowering tear osmolality. However,
artificial tears have no antiinflammatory properties
and cannot resolve the underlying pathogenesis of
DED. To date, two prescription drugs currently
approved for the treatment of DED in the United
States are 0.05% cyclosporine ophthalmic emulsion
(Restasis; Allergan, Dublin, Ireland) and 5% lifite-
grast ophthalmic solution (Xiidra; Novartis Pharma-
ceuticals, Basel, Switzerland). Cyclosporine suppresses
inflammation by binding to cyclophilins and inhibit-
ing calcineurin, ultimately preventing dephosphoryla-
tion of nuclear factor of activated T-cells, cytoplas-
mic 1 (NFATc1), which in turn decreases interleukin-2
levels. Because interleukin-2 is essential for T-cell repli-
cation, cyclosporine inhibits T-cell proliferation and
thereby inhibits T-cell-mediated immune responses.®
Lifitegrast is also known to inhibit T-cell-mediated
inflammation by blocking the interaction between the
cell surface protein lymphocyte function-associated
antigen-1 and intercellular adhesion molecule-1.°

Although both drugs have been shown to reduce
DED symptoms in patients, a relatively large percent-
age of patients have been reported to have an incom-
plete response to drugs or have a significant incidence
of adverse effects, mostly instillation irritation, but
also ocular pain, dysgeusia, and decreased visual
acuity.!%!! Thus, despite recent developments in the
management of DED, new therapeutic approaches that
can improve the ocular surface microenvironment are
urgently needed.

Imatinib mesylate (STI5S71, Gleevec; Novartis
Pharmaceuticals) is a tyrosine kinase inhibitor (TKI)
that was originally approved for the treatment of
chronic myeloid leukemia in the first-line setting.
Imatinib mesylate (imatinib) was also repurposed
within the wider disease subtype (for example, acute
lymphoblastic leukemia and myelodysplastic diseases)
than for which it was initially approved. Because
imatinib showed cross-reactivity and ability to inhibit
c-Kit receptor tyrosine, which has been identified as
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a cause of gastrointestinal stromal tumors, it was
subsequently approved by the US Food and Drug
Administration (FDA) for gastrointestinal stromal
tumor treatment. Likewise, as imatinib also cross-
reacts with platelet-derived growth factor receptor
kinase, it has been used for the treatment of dermatofi-
brosarcoma and systemic mastocytosis.!> Because
its safety data already exist, repurposing of imatinib
has a great advantage in the accelerated drug devel-
opment process. There have been numerous studies
on the application of imatinib for other indications,
such as ischemia/reperfusion injury lung diseases, viral
diseases, vascular leak, and rheumatoid arthritis.!3~1

As a kinase inhibitor, imatinib has also been shown
to have potent antiinflammatory effects by modulat-
ing proinflammatory cytokine production, as well as
monocyte/macrophage activation, in numerous animal
models of autoimmune diseases.'” Among the recep-
tor tyrosine kinases involved in inflammatory disor-
ders, discoidin domain receptor 1 (DDR1), a class of
collagen-activated receptor tyrosine kinase, has been
identified as a potential target of imatinib.'®! It has
also been reported that DDRI1 is widely expressed in
epithelial cells, including cornea, lung, kidney, colon,
and brain tissues.'®?° These findings suggest that
imatinib may possess potent antiinflammatory activity
targeting DDRI in the eye; therefore, imatinib could
be suitable for treating DED. A study by Hagan et
al.?! reported that TOP2362, a narrow-spectrum kinase
inhibitor, showed therapeutic efficacy in the treatment
of DED by modulating protein kinases and attenuat-
ing inflammation. This further supports our hypoth-
esis that protein kinase inhibitors may have poten-
tial in the treatment of DED. We hypothesized that
imatinib may reduce the inflammatory response associ-
ated with DED. In this study, we investigated the
effect of imatinib on chemically induced DED animal
models of Sprague Dawley rats and New Zealand
White rabbits.

Reagents

Imatinib mesylate (hereafter imatinib) was
purchased from Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan). Isopto atropine eye drop (1% atropine
sulfate) was obtained from Alcon Laboratories (Ft.
Worth, TX). Benzalkonium chloride (BAC) and other
standard reagents were purchased from Sigma-Aldrich
(St. Louis, MO). Primary antibodies for lymphocyte-
specific protein 1 (LSP1) and F4/80 were purchased
from Abcam (Cambridge, UK), and DDR-1 was
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obtained from Novus Biologicals (Littleton, CO).
The secondary antibody used in this study, goat
anti-rabbit IgG antibody conjugated with tetramethyl-
rhodamine isothiocyanate, was purchased from Santa
Cruz Biotechnology (Dallas, TX).

Efficacy Evaluation in Rats

Eight-week-old male Sprague Dawley rats were
purchased from Orient Bio (Seongnam, Korea). Rats
were housed in an animal care facility, provided with
food and water ad libitum, and exposed to a 12/12-
hour light/dark cycle at 23°C + 3°C. All experimental
procedures were approved by the institutional animal
care and use committee of the School of Medicine and
the animal research ethics committee of the Catholic
University of Korea and complied with the Labora-
tory Animals Welfare Act, in accordance with the Guide
for the Care and Use of Laboratory Animals (1IACUC
approval no. CUMC-2014-0194-01).

Keratoconjunctivitis sicca was induced by adminis-
tering eye drops containing 0.5% BAC in 1% atropine
sulfate, twice daily for 2 weeks. Imatinib was firstly
dissolved in balanced salt solution (1 mg/mL), further
diluted prior to administration, and applied dropwise
in the eye twice a day for 1 week after 7 days of
administration of 0.5% BAC in 1% atropine sulfate. To
compare the therapeutic effects, 0.05% cyclosporine A
(CsA; Restasis) was used as the reference drug.

Efficacy Evaluation in Rabbits

Twenty-five male New Zealand White rabbits
(Hallym Laboratory of Experimental Animals,
Hwaseong, Korea), weighing between 2 and 2.5 kg,
were used for this study. The rabbits were quarantined
and acclimatized for a week before the experiments.
They were housed separately in stainless steel cages
(500 mm wide x 800 mm long x 500 mm high)
in an environmentally controlled room (tempera-
ture, 23°C + 3°C; relative humidity, 55% =+ 15%;
12/12-hour light/dark cycle of 150-300 Lux; venti-
lation, 10-20 times per hour). Food and sterilized
water were available ad libitum. The animal study
was approved by the institutional animal care and
use committee at KNOTUS Co. Ltd. (Guri-si, Korea;
approval no. KNOTUS IACUC 17-KE-360).

To induce keratoconjunctivitis sicca, 0.5% BAC
was administered topically, once daily for 14 days, in
both eyes of the rabbits. Rabbits with dry eye condi-
tion were then randomly divided into five groups (five
per group): vehicle (phosphate buffered saline [PBS])-
treated, 0.05% imatinib-treated, 0.1% imatinib-treated,
0.3% imatinib-treated, and 0.05% CsA-treated. The
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positive control was 0.05% CsA eye drops (T-Sporin;
Hanlim Pharm. Co. Ltd., Seoul, Korea). After induc-
tion of dry eye, on the 14th day following initial
BAC topical administration, imatinib and CsA were
prepared according to the dose, and animals were
administered 50 uL of the respective eye drops, two
times daily for 14 days. All animals were closely
monitored, and no clinical symptoms were observed
during the entire experimental period.

Corneal Fluorescein Staining

Corneal surface staining was performed using
fluorescein solution. Briefly, two drops of 1% fluores-
cein (approximately 70 uL) was applied consecutively
to the conjunctival sac of the rat eye, the excess fluores-
cein solution was removed with a cotton swab, and it
was then washed three times with PBS. Fluorescence
imaging of stained corneas was performed using an
OPMI 1 FR pro microscope (Carl Zeiss Microscopy,
Jena, Germany). To analyze fluorescein staining in
rabbit, 50 puL of 2% fluorescein was dropped into
the conjunctival sac of both eyes with a micropipette
and the excess fluorescein solution was removed with
gauze. Ocular surface staining was then evaluated
using a slit lamp under a cobalt blue light. Images
were captured by a TRC-50IX retinal camera (Topcon,
Tokyo, Japan). All of the images were acquired using
the same intensity settings. Images were analyzed using
ImageJ (National Institutes of Health, Bethesda, MD),
and the percentage of fluorescein-stained area was
calculated.

Corneal Dye Staining

To evaluate changes in the corneal epithelial cells,
one eye of each rat was stained with 1% lissamine green
(Sigma-Aldrich). Images of lissamine green staining on
the corneal surface were taken using the Zeiss OPMI
1 FR pro microscope and then analyzed using Imagel.
The values were calculated as the percentage of the total
area and punctuate staining area.

Immunofluorescence Microscopy

The tissue sections were first incubated with primary
antibodies against LSP1 (to assess leukocyte migration
in inflammation), F4/80 (for macrophage visualiza-
tion), and DDRI1, followed by secondary fluorescent
antibodies, according to the origin of the primary
antibodies. Rhodamine phalloidin  (Invitrogen,
Carlsbad, CA) was used to visualize filamentous
(F)-actin. Nuclei were stained with 4',6-diamidino-
2-phenylindole. Images were analyzed using an Axio
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Imager M2 microscope (Carl Zeiss Microscopy), and
the number of F4/80-positive and LSP1-positive cells
was counted per microscopic field.

Histopathological Analysis

Eyes were enucleated at the end of the study, fixed
in 4% paraformaldehyde, and then placed in 10%
normal buffered formalin. Tissues were then processed
and embedded in paraffin for sectioning and stained
with hematoxylin and eosin (H&E). The sections were
imaged using an Olympus BX53 microscope (Olympus,
Tokyo, Japan). Inflammatory and fibrosis indices were
evaluated as previously described.”” The criteria for
inflammation and fibrosis scoring based on H&E
staining results were as follows: 0, no symptoms; 1,
mild symptoms; 2, moderate symptoms; and 3, severe
symptoms.

Conjunctival Impression Cytology

At the end of the study, specimens were obtained
for impression cytology from the eyes of the animals
to determine the density and changes in conjuncti-
val goblet cells. Small disks of nitrocellulose filter
paper (Pall Corporation, New York, NY) were cut into
pieces (3.5mm x 3.5mm in size), applied separately
on the nasal and temporal bulbar conjunctiva areas,
and pressed for 10 seconds with constant pressure.
Cells adhering to the membrane were fixed and stained
with periodic acid—Schiff (PAS). The goblet cells were
stained red using PAS under the microscope. The cell
morphology was viewed, and images were obtained
using light microscopy (Olympus). Five images (two
superior, two inferior, and one temporal) per eye
of each rabbit were analyzed. All specimens were
graded according to Tseng’s classification.”® The crite-
ria for scoring were as follows: 0, normal; 1, early
loss of goblet cells; 2, total loss of goblet cells; 3,
early keratinization; 4, moderate keratinization; and 5,
advanced keratinization.

Statistical Analysis

The results obtained in this study are expressed
as mean =+ standard deviation. Statistical analy-
sis was performed with Prism (GraphPad Software,
San Diego, CA) using one-way analysis of variance
(ANOVA) with Tukey’s multiple comparison test. For
corneal fluorescein imaging of rabbits, the test was
performed using one-way ANOVA with Dunnett’s
multiple comparison test. Statistical significance was
defined as P < 0.05.
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Effect of Imatinib on Ocular Surface Damage
in the BAC-Induced DED Rat Model

The aim of this study was to determine whether
imatinib has therapeutic potential against DED
through the use of an in vivo model. Because atropine,
a muscarinic receptor antagonist, is known to decrease
tear volume and alter tear film stability, in order to
ensure establishment of an aqueous tear deficiency
model, we used atropine with BAC, an agent widely
use to induce DED in animals.?*

To assess the epithelial integrity of the ocular
surface, staining of the cornea using fluorescein and
lissamine green was performed. The fluorescein stain-
ing test is a useful and common tool to evaluate corneal
epithelial damage in patients with DED because it can
provide important information regarding the level of
tissue damage.”> As shown in Figure 1A, after 7 days
of treatment with BAC containing atropine, the area
of the cornea stained with fluorescein was observed in
the DED model group. The corneal fluorescein-stained
area was significantly reduced in rats treated with
the different doses of imatinib, in a dose-dependent
manner (Fig. 1A). The reduction in fluorescein staining
area was almost maximum for 0.1% imatinib. Based on
this result, we used 0.1% imatinib in subsequent exper-
iments in rats. In addition, lissamine green staining of
the ocular surface was performed to detect keratinized
and devitalized epithelial cells on the ocular surface.?
Representative images of lissamine green staining are
shown in Figure 1B. In this study, 0.05% CsA, a widely
used drug for the treatment of dry eye, was used as a
positive reference compound. The normal group did
not exhibit any detectable lissamine green staining.
After 7 days of treatment with 0.1% imatinib, the area
stained with lissamine green was reduced compared
with that in the DED (vehicle) group (2.56% =+ 0.39%
vs. 10.90% + 1.26%; P < 0.001; n = 3 per group)
(Fig. 1B).

Effect of Imatinib on Corneal Inflammation in
the BAC-Induced DED Rat Model

Treatment with BAC, which induces DED through
corneal damage, has been reported to cause ocular
discomfort, loss of goblet cells, inflammation, conjunc-
tival squamous metaplasia, epithelial cell apoptosis,
and subconjunctival fibrosis.”” To evaluate the effect
of imatinib on BAC-induced epithelial integrity in
the cornea, we performed immunofluorescence stain-
ing using rhodamine—phalloidin, which recognizes
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group.

F-actin. In the BAC-induced DED model group, F-
actin—positive cells were apparently present on the
ocular surface, whereas F-actin—positive cells were
sparse in the eyes of the imatinib-treated group,
as was the case in the 0.05% CsA-treated group
(Fig. 2A).

Inflammation is critical in DED pathogenesis
and progression and is involved in the recruit-
ment of inflammatory immune cells to the ocular
surface, where they secrete proinflammatory media-
tors.”®-?° To elucidate whether imatinib improves DED-
associated inflammation by suppressing the recruit-
ment of inflammatory cells, immunofluorescence stain-
ing was performed. We detected LSP1, which is

K

P < 0.001 versus DED

a specific marker for leukocytes and F4/80, which
is considered one of the key markers of activated
macrophages in rat corneal tissue. The number of
F4/80-positive and LSP1-positive cells increased in
the DED group compared with that in the normal
group. In contrast, treatment with 0.1% imatinib
significantly reduced the accumulation of F4/80-
positive cells and LSP1-positive cells in the cornea
(Figs. 2B, 20).

DDRI1 is a family of two non-integrin colla-
gen receptors that display tyrosine kinase activ-
ity and promote inflammation.'®!° Because previ-
ous studies have reported that DDRI1 is expressed in
the cornea and imatinib targets DDR1,'3:3% we next
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DED group.

evaluated whether imatinib exerts antiinflammatory
effects through DDRI1 regulation in a BAC-induced
DED model. As shown in Figure 3, the expression of
DDRI1 (pinkish-red color) in the cornea was higher
in the DED group than in the normal control group.
However, the intensity of DDRI1 expression in the
imatinib-treated group was weaker than that in the
DED group (Fig. 3). These results demonstrate the
beneficial effect of topical application of imatinib in
ameliorating ocular damage and reversing inflamma-
tory changes in DED.

K

P < 0.001 versus

Effect of Imatinib on Corneal Damage in the
DED Rabbit Model

The murine model allows evaluation of the efficacy
and mechanisms of drug candidates at a relatively low
cost. However, it has some limitations in its use in drug
development, especially with regard to the treatment
of ophthalmologic diseases, in terms of physiology and
anatomy. On the other hand, the DED rabbit model has
several advantages, including globe size, well-defined
eye anatomy, histology, and that the expression levels
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Normal

Figure 3.
but was significantly suppressed by imatinib (n = 3).

of enzymes involved in drug metabolism in rabbits are
much closer to those of human tissue than in murine
models. Therefore, we assessed the therapeutic efficacy
of imatinib in a BAC-induced rabbit DED model.

To investigate the effect of imatinib on corneal
damage in experimental dry eye, imatinib was deliv-
ered in the form of eye drops to rabbits, and
corneal fluorescein staining was conducted. As shown
in Figure 4A, topical application of imatinib for 14
days remarkably reduced the fluorescein-stained area
in a dose-dependent manner compared with that in
the untreated DED group. Corneal staining scores
were also evaluated. Although the staining scores of
imatinib decreased in a dose-dependent manner, the
differences were not statistically significant.

There is a growing body of evidence suggesting that
dry eye is accompanied by inflammation, and inflam-
matory conditions are closely associated with fibrosis.’!
We next determined whether imatinib has an effect
on the histopathological changes induced by BAC. As
shown in Figure 4B, representative images of H&E-
stained corneas showed that BAC induced histolog-
ical inflammation, including immune cell infiltration,
whereas the topical application of imatinib mitigated
inflammation on the ocular surface. In comparison
with the untreated DED group, imatinib also elicited
dose-dependent decreases in fibrosis scores, concomi-
tant with reductions in inflammation scores (Fig. 4B).

Effect of Imatinib on Conjunctival Goblet Cell
Protection

The main role of goblet cells is to produce and
secrete mucins that lubricate the ocular surface, and
a decrease in the number of goblet cells is one of the
major etiologies of DED. Therefore, the presence and

DED

Imatinib eye drops reduced the expression of DDR1 in the dry eye rat model. The expression of DDR1 increased in the DED group
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number of goblet cells play a crucial role in the under-
standing and diagnosis of ocular diseases.*> To inves-
tigate whether topical application of imatinib exhibits
protective effects on goblet cells after BAC treatment,
PAS staining was performed to analyze the number
and morphology of goblet cells in the conjunctiva. PAS
stains neutral mucin; therefore, the cytoplasm of goblet
cells, whose primary function is to secrete mucin, is
strongly positive for PAS. As shown in Figure 5A, the
morphology of goblet cells in the BAC-induced DED
group was small and shriveled. On the other hand,
we observed that the intensity of the PAS-positive
cells (pinkish-red color) increased in a dose-dependent
manner in the imatinib-treated groups compared with
the vehicle group. Further, the changes were evalu-
ated by scoring. The mean scores for the 0.1% topical
imatinib group (2.60 £+ 0.23) and for the 0.3% topical
imatinib group (2.45 +0.57) were significantly lower
than those of the DED group (3.63 + 0.26) (Fig. 5B).
Moreover, it should be noted that the score of the
0.3% imatinib-treated group (2.45 & 0.57; """ P < 0.001
versus DED group) was lower than that of the CsA-
treated group (2.70 £ 0.20; “*P < 0.01 versus DED
group), suggesting that imatinib protected goblet cells
to reduce loss and the effect was even better than that
of 0.05% CsA.

In the present study, we evaluated the efficacy of
imatinib, an FDA-approved TKI, in murine and rabbit
experimental models of DED. We also aimed to deter-
mine whether the beneficial effect against DED is
observed at imatinib doses that are substantially lower
than the levels used for cancer treatment. In addition,
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Figure 4. Protective effects of imatinib on the corneas of rabbit with BAC-induced DED. (A) Representative photographs of corneal fluores-
cein staining and corneal fluorescein staining area. (B) Representative images of H&E staining and inflammation and fibrosis scores. The data
are expressed as mean =+ standard deviation (n = 5). "P < 0.05, P < 0.01, ™ P < 0.001 versus DED group.

we compared the efficacy of imatinib with 0.05% CsA,
a commercially available drug for treating dry eye. Our
results show that twice-daily ocular administration of
imatinib provided therapeutic benefit against ocular
surface damage associated with DED, an efficacy that
was equivalent to or better than that of CsA. In
addition to reducing corneal surface damage, imatinib
also alleviated inflammation and reversed the loss of
goblet cells in a BAC-induced DED animal model.
Taking into consideration these data, it was concluded
that imatinib is a promising clinical therapeutic agent
for the treatment of DED.

It is well recognized that inflammation plays an
etiological role in DED, disrupts homeostasis, and

causes injury to the ocular surface. Thus, hyperos-
motic stress, a common pathogenic mechanism of
DED, can trigger a vicious cycle of inflammation,
leading to further ocular surface injury. As a result,
the levels of proinflammatory mediators such as tumor
necrosis factor-a, I1L-1, IL-6, and nuclear factor-«B
increase, resulting in the recruitment of inflamma-
tory cells.® Because the end point of decreased tear
secretion and tear osmolality changes is inflamma-
tion in the ocular surface, the present study focused
primarily on the antiinflammatory effect of imatinib
in DED. The topical application of 0.1% imatinib was
found to exhibit effective antiinflammatory activity, as
evidenced by the significant decrease in the recruitment



translational vision science & technology

Imatinib Improves Dry Eye in Preclinical Models

TVST | September 2021 | Vol. 10 | No. 11 | Article 14 | 9

Imatinib (%)

DED .05

» . 4 ”
Impression Cytology Score | ,» " b
© =2 N W ST
1 1 1 P g o~ 4 A
:I_‘ ; o : :
. N [
’ ; .
24 a8 .
'-' ‘. o
L o 2 '.
; g

o *okk *
T T T
0.0 0.1 03 Cs

A

Imatinib (%)

Figure 5.

score. The data are expressed as mean =+ standard deviation (n = 3). “P < 0.01,

of macrophages and leukocytes, which are the major
source of inflammatory mediators in a rat model of
DED. Several reports have shown that imatinib exhibits
therapeutic effects via the suppression of inflammatory
cytokines and chemokines in acute hepatitis, liver fibro-
sis arthritis, and chronic myocarditis.** 3" Our findings
are consistent with those of the previous studies and
suggest that the antiinflammatory effect of imatinib
results in an improvement in dry eye symptoms.

In the present study, we also found that the level
of DDRI1 in the ocular surface of BAC-induced
rats was elevated, and topical application of imatinib
suppressed DDR1 expression. The discoidin domain
receptors, DDR1 and DDR2, are non-integrin colla-
gen receptors that contain a discoidin homology
domain in their extracellular regions and are members
of the receptor tyrosine kinase family. Both DDRs
bind to a number of different collagen types and
play important roles in embryo development. Upon
collagen binding, DDRs transduce cellular signaling
involved in various cellular functions, such as cell
adhesion, proliferation, differentiation, migration, and
matrix homeostasis. Dysregulation of DDR is associ-
ated with the progression of a variety of diseases,
including fibrosis, arthritis, atherosclerosis, inflamma-
tion, and cancer.>” Mohan et al.'® reported the expres-
sion of DDRs in human corneal tissue. The precise
roles of DDR 1 and DDR2 in the cornea remain poorly
understood; however, it seems possible that collagen
within epithelial or endothelial basement membranes
or the stoma of connective tissues of the cornea
may mediate trophic effects in the associated cells via

(A) Alterations of goblet cells in conjunctiva observed by PAS staining. (B) Representative image of impression cytology and

*ax

P < 0.001 versus DED group.

DDR1 and DDR2.'"® Thus, DDRI1 is considered an
attractive target for drug discovery. A study using
a chemical proteomics approach reported that the
clinically approved BCR-ABL kinase inhibitors, such
as imatinib, nilotinib, and dasatinib, are also potent
inhibitors of DDR1 and DDR2.3® There are reports
that the overexpression of receptor tyrosine kinases
results in elevated receptor tyrosine kinase signaling,
and dimerization and/or activation of DDR is ligand
independent.® 4! These reports, in part, support our
hypothesis that imatinib improves DED by regulating
inflammatory response through inhibition of DDRI1
expression. Indeed, until recently, little information
existed on the transcriptional regulation of DDRI.
The Ras/Raf/ERK pathway has been reported to be
involved in the regulation of DDR1 transcription.*-%3
Ruiz and Jarai* reported that DDR1 expression in
primary lung fibroblasts can be increased by colla-
gen I, a ligand for both DDR1 and DDR2, through
DDR?2 activation, in an ERK1/2-dependent manner.
Moreover, DDRI1 itself can positively regulate its own
expression through the activation of the Ras/Raf/ERK
pathway in DDRI upregulation.** However, the
detailed molecular mechanisms that regulate DDR1
transcription have not yet been defined. Future studies
on the molecular mechanisms of imatinib on DDR1
modulation, including activation and expression levels
in corneal disorders, remain to be investigated.

Our results showed a decreased overall conjunctival
impression cytology score in the DED-induced group
receiving imatinib compared with that in the DED
group, with a dose-response relationship. Goblet cells
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within the conjunctival epithelium are highly special-
ized cells that synthesize, store, and secrete mucins on
the surface of the eye. It is known that inflammation
in dry eye conditions can lower the number of these
cells,?> which was also observed in the present study.
The number of goblet cells is believed to be directly
related to mucin secretion, which is attributed to lubri-
cation of the ocular surface and prevention of ocular
surface damage leading to an inflammatory response.
Hence, the reduction in inflammatory cell infiltration
and histological signs of inflammation may be the
result of goblet cell protection by imatinib. Whether
or not imatinib promotes mucin production and the
underlying mechanisms by which it might have an effect
were not explored in the present study, and further
investigation is needed to clarify these points.

Previous studies have reported that systemic
anticancer therapies with TKIs cause ocular compli-
cations, including acute and chronic damage to the
eye.* Interestingly, however, several TKIs, including
human epidermal growth factor receptor 2 inhibitors
and epidermal growth factor receptor inhibitors, have
been reported to cause ophthalmic side effects, such
as dry eye syndrome, whereas the two common ocular
side-effects related to imatinib are periorbital edema
and epiphora.* In this regard, it should be noted that
the beneficial effect on DED in animal models can be
obtained with a low dose of imatinib compared with
the human equivalent dose that is currently used for
anti-cancer treatment. The standard dose of imatinib
for the treatment of chronic-phase chronic myeloid
leukemia is 400 mg/day; therefore, the highest doses
administered to rats (0.1%) and rabbits (0.3%) in our
study were equivalent to 2.9 to ~6.5 pg/day in a human
adult, based on guidelines of the FDA. These doses
are substantially lower than those used for treating
chronic myeloid leukemia and other cancers (typically
400-800 mg/day).*® Based on the results obtained
for 0.3% imatinib topical application in our ongoing
phase I clinical trial in Korea, the plasma level for
imatinib was 0.035% that of the plasma concentration
for oral administration in cancer patients (manuscript
in preparation). In the present study, no significant
adverse effects or signs of toxicity were observed
during the experimental period with imatinib in either
rats or rabbits.

Conclusions

We found that imatinib administration showed clini-
cal improvements by maintaining the integrity of the
corneal surface and ameliorating ocular surface inflam-
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mation in an animal model of DED. To our knowledge,
this is the first study to report that the topical appli-
cation of imatinib has great therapeutic potential for
the treatment of DED. The efficacy of imatinib for the
treatment of ocular inflammation and corneal damage
was similar to that of the available prescription drug
Restasis, which is a CsA emulsion; however, protec-
tion of goblet cells was even better than that of CsA.
Currently, the safety and pharmacokinetics of imatinib
eye drops in human have been successfully evaluated
in a phase I placebo-controlled, randomized, double-
blind trial in Korea. Our findings provide new insights
into the therapeutic potential of imatinib in dry eye
disease.
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