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ry eye disease (DED) is a chronic inflammatory condition that, for many patients, is also characterized by acute episodic exacerbations

of signs and symptoms. Until recently, treatments for DED have focused on relieving chronic symptoms by targeting the compromised

lipid and aqueous layers of the tear film and the inflammation of the corneal and conjunctival epithelia. KPI-121 ophthalmic suspension
0.25% (EYSUVIS®, Kala Pharmaceuticals, Inc., Watertown, MA, USA) is a new formulation of the corticosteroid loteprednol etabonate, approved
for short-term use (up to 2 weeks) in the treatment of DED. This formulation uses mucus-penetrating particles to greatly enhance the delivery
of loteprednol etabonate to the epithelial cells of the cornea and conjunctiva by reducing tear-film clearance of the drug. In patients with
chronic DED, clinical trials have demonstrated that KPI-121 0.25% reduces signs and symptoms of the disease following a 2-week course of
treatment. The most common adverse reaction was pain at the instillation site, and the incidence of elevated intraocular pressure was low.
KPI-121 0.25% has the potential to reduce signs and symptoms of DED in patients who experience episodic exacerbations of the disease. In
this review, we discuss the underlying mechanisms of DED; describe the challenge in delivering topical ocular medications to the cornea and
conjunctiva; and review the efficacy, safety and mechanism of action of KPI-121 0.25%.
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Dry eye disease (DED) is an inflammatory condition of the cornea and
conjunctiva that is characterized by tear-film instability and increased
tear osmolarity.**While DED is traditionally viewed as a chronic condition,
many patients experience episodic exacerbations of the disease, also
referred to as flares or episodic dry eye.” Until recently, the need for
an effective treatment for DED with rapid onset has remained unmet.
In October 2020, KPI-121 ophthalmic suspension 0.25% (EYSUVIS®, Kala
Pharmaceuticals, Inc., Watertown, MA, USA) was approved in the US for
the short-term (up to 2 weeks) treatment of the signs and symptoms
of DED.*s This ophthalmic formulation of loteprednol etabonate uses
mucus-penetrating particles (MPPs) that are able to deliver greater
concentrations of corticosteroid to the anterior ocular tissues compared
with conventional ophthalmic suspensions. In this review, we discuss the
underlying mechanisms of DED, focusing specifically on the inflammatory
nature of the disease and periodic exacerbations of signs and symptoms.
We also describe the challenge in delivering topical ocular medications
to the corneal and conjunctival epithelia. Finally, we review the efficacy,
safety and mechanism of action of KPI-121 0.25%.

Dry eye disease

DED is one of the most common ocular disorders, with diagnosed DED
affecting 6.8% of the US adult population, or ~16.4 million people.’
Intrinsic and extrinsic factors influence the prevalence of DED, which
increases from 3.4% in adults under the age of 40 to 11.3% in those
over the age of 50, and is more common in persons of Asian descent.?’
The prevalence of DED is similar in men and women between the ages
of 18 and 34, but increases more rapidly with age in women than in
men.”? Extrinsic factors that have been shown to exacerbate DED
include environmental conditions (e.g. low humidity, wind, heaters or air
conditioning) and specific activities (e.g. spending time at a computer,
reading or watching television)."

The tear film consists of the lipid layer, the aqueous layer and the
mucous layer, which s in direct contact with the corneal and conjunctival
epithelia (Figure 7). Both the mucous layer and the aqueous layer
contain mucins, which are high-molecular-weight glycoproteins prone
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Figure 1: Structure of the tear film and corneal epithelium
of the eye
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The tear film consists of a lipid layer, which is secreted by the meibomian glands; the
aqueous layer, which is secreted by the lacrimal gland, and the mucous layer, which is
secreted by the cells of the epithelium. The mucous layer is composed of membrane-
bound mucins. In addition to the membrane-bound mucins, the epithelium secretes
mucins found in the aqueous layer, which are referred to as secreted mucins.

Reused with permission from Gupta P, Venkateswaran N. 2021.%

to strong adhesive interactions and the formation of fibrous, gel-like
structures. The mucous layer is composed of membrane-associated
mucins, which form a dense glycocalyx matrix on the apical surfaces
of the cornea and conjunctiva, and primarily serve to protect the
underlying tissues from abrasive stress. Additionally, the membrane-
bound mucins protect the ocular surface epithelia from pathogens and
extraneous molecules by providing a barrier to penetration. The mucins
in the aqueous layer, which are referred to as secreted mucins, are
produced predominantly by conjunctival goblet cells and released into
the tear film. These secreted mucins play a major role in trapping foreign
objects, such as allergens, pathogens and debris, via mucoadhesive
interactions. Once bound, these substances move with the tear film
,and are rapidly cleared from the ocular surface via tear-fluid turnover,
nasolacrimal drainage and blinking.”

DED is characterized by an unstable tear film that is associated
with inflammation, damage to the ocular surface and neurosensory
abnormalities.?® Key aetiological features include tear-film instability, tear
hyperosmolarity and inflammation of the ocular surface. Historically, DED
has been categorized as either aqueous deficient, defined as decreased
tear production by the lacrimal gland, or as evaporative, characterized
by a reduction of the tear film through evaporation.® Treatment for DED
has been based on increasing tear production, reducing evaporation and
lid hygiene. In mild cases of DED, these treatment approaches may be
sufficient to reduce the signs and symptoms of DED.

Regardless of whether DED is characterized as aqueous deficient
or evaporative, inflammation plays a key role in its pathogenesis.
Inflammation of the cornea and conjunctiva begins in response to
tear hyperosmolarity.” Pro-inflammatory compounds, such as matrix
metalloproteinases (MMPs) and cytokines, are secreted, and immune cells
present in the tear film initiate an innate immune response, which then
begins the self-perpetuating inflammatory cycle characteristic of chronic
DED."® In this cycle, a prolonged innate immune response can trigger an
adaptive immune response.’ Thus, the ocular immune system of patients
with chronic DED is primed to respond quickly to new DED triggers. The
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presence of a self-promoting inflammatory cycle suggests that treating
ocular surface inflammation may help patients exit this cycle.””

Diagnosis of dry eye disease

A clinical diagnosis of DED is made by assessing quantitative and
qualitative characteristics of the tear film, ocular surface and patient-
reported symptoms. Diagnostic signs of DED include tear-film breakup
time (TBUT, normally >10 seconds in a healthy eye), the pattern of tear-
film breakup, tear volume and levels of pro-inflammatory biomarkers.z»#
Tear osmolarity is one of the best predictors of DED severity, and
variability in osmolarity is often greater in patients with DED.* Ocular
staining techniques, which are widely used to diagnose DED, are able to
detect mucus thinning and damaged or dead epithelial cells.* Patients
with DED also present with symptoms of visual disturbance and ocular
discomfort and/or pain, which are self-reported during office visits.?

Patients may present with signs exclusive of symptoms, symptoms
exclusive of signs, or a combination of both signs and symptoms, which
can complicate diagnosis of DED. In a classic study of patients with DED,
no correlation was found between signs and symptoms of the disease,
and clinical tests were unable to predict the occurrence or severity of
symptoms.z Furthermore, a systematic review of 33 studies that measured
signs and symptoms of DED found low or inconsistent correlations
between clinical measures and reported symptoms.® These studies
emphasize the potential complexity of DED diagnosis for the clinician.

Episodic exacerbations in dry eye disease

Although DED is often a chronic condition, many patients experience
episodic exacerbations (flares) of the disease.? DED exacerbations are rapid-
onset, inflammation-driven increases of DED signs and symptoms that are
not managed adequately with long-term maintenance therapies.* Acute
exacerbations in DED are much like those observed in other inflammatory
disorders, including asthma, systemic lupus erythematosus and rheumatoid
arthritis. The treatment of asthma exacerbations often includes the use of
corticosteroids,” and exacerbations of systemic lupus erythematosus may
be treated with immunosuppressive agents or corticosteroids.? DED has
characteristics similar to other chronic inflammatory conditions, including
periodic clinical exacerbations, that would benefit from short-term
therapies like those used in asthma and lupus.

A growing body of evidence links specific activities and environmental
conditions with exacerbations of DED signs and symptoms. In one study,
patients with DED over the age of 50 years were assessed at baseline
and after 30 minutes of reading.” Ocular Surface Disease Index scores,
epithelial staining and TBUT worsened after reading, and the intensity of
the change in epithelial staining and TBUT correlated with the values of
these measures at baseline.” In two studies, patients with DED reported
their symptoms and recorded environmental conditions or activity type.™®
Low humidity, windy conditions, air conditioning and television viewing
exacerbated DED symptoms.'* Surface-level ozone concentrations also
correlate with worsening DED symptoms.”

In studies using a controlled environment, participants also experienced
an increase in the signs associated with DED. Standardized dry, breezy
conditions resulted in a decrease in TBUT and an increase in corneal staining
and proinflammatory biomarkers, but little or no change in symptoms.
Regardless of disease severity, episodic exacerbations are common
among patients with DED, and require targeted management.? In mild
DED cases, ongoing symptoms can often be controlled with more
conservative methods, including environmental modifications and the
use of artificial tears, but intermittent exacerbations may still require
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Figure 2: Comparison of conventional (A) and mucus-penetrating (B) topical drug delivery to the ocular surface
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A. Conventional delivery results in the rapid clearing of topical medications via movement of the tear film across the ocular surface. A small fraction of the drug reaches and
penetrates the cornea. B. Mucus-penetrating particle delivery allows topical medication to reach and move through the mucous layer, increasing the amount of medication that
reaches and is absorbed by the cornea. Reused with permission from Gupta P, Venkateswaran N. 2021.7

effective short-term treatment. Symptoms in patients with moderate-to-
severe DED are typically controlled with chronic medication, but these
patients may, nonetheless, experience acute exacerbations that require
additional treatment. Thus, there is a need for effective treatment of
clinical exacerbations brought on by DED triggers.

Topical ocular drug delivery and the

mucus barrier

While the tear film and mucus barrier provide excellent protection
from extraneous substances that may damage the eye, this defensive
mechanism also makes it challenging to deliver topical medications to
the cornea and conjunctiva (Figure 2A). The tear film is able to clear
traditional eye drops within minutes, which provides little time for a
drug to penetrate the mucus barrier and reach the epithelial tissues.?
Less than 5% of a therapeutic agent administered topically reaches the
anterior eye tissues.#"?

To penetrate the mucus barrier effectively, drug molecules in solution
formulations or drug particles in suspension formulations should not
bind to secreted or membrane-bound mucins or be too large to pass
through the mucus barrier (Figure 2B)."** Various eye-drop formulations
have attempted to slow drug clearing using mucoadhesive micro-
and nanoparticles, polymer-based solutions and viscous gels.c While
mucoadhesive formulations slow clearance and increase residence time
of the therapeutic agent, they do not overcome entrapment by secreted
or membrane-associated mucins.¢” Furthermore, microparticles are
too large (>500 nm) to effectively penetrate the mucin layer covering
the anterior tissues of the eye, and even nanoparticles small enough to
pass through the pores of the mucus barrier may interact with mucins
adhesively and not reach the epithelium.¢

Mucus-penetrating particles

MPPs have been designed specifically to overcome delivery challenges
associated with the mucus barrier. The first-generation MPPs were
polymeric nanoparticles ranging in size from 100 to 500 nm and were
coated with a dense layer of low-molecular-weight polyethylene
glycol.#2 These nanoparticles presented a nearly neutral surface charge
and had diffusion rates in ex vivo mucus up to three orders of magnitude
greater than those of uncoated particles.” In addition, only a small
percentage of the coated particles became completely immobilized in
the ex vivo mucus matrix: <0.5% versus 32-45% for uncoated particles.?”
Preclinical studies have shown that the enhanced ability of MPPs to
penetrate mucus results in significantly improved distribution and
prolonged retention in mucosal surfaces in various organs, including the
gastrointestinal, respiratory and cervicovaginal tracts.®

Recently, drug-core MPPs (AMPPLIFY® Drug Delivery Technology, Kala
Pharmaceuticals, Inc.), which consist largely of a therapeutic agent
coated with a mucus-penetrating surface layer, have been developed
(Figure 3).¢ In addition to their ability to rapidly penetrate mucus, drug-
core MPPs can be formulated as shelf-stable, ready-to-use agueous
suspensions using inactive ingredients generally recognized as safe or,
specifically for ophthalmic applications, ingredients with a history of
clinical use in eye drops. In preclinical studies, drug-core MPP technology
greatly increased the penetration and availability of drugs to the ocular
surface of rabbits and mini pigs.¥=

Preclinical studies, conducted by Schopf and colleagues, demonstrate
the advantage of delivering loteprednol etabonate via MPPs to the ocular
surface.¥* A single ocular administration of either loteprednol etabonate
conventional ophthalmic suspension 0.5% or loteprednol etabonate

TOUCHREVIEWS IN OPHTHALMOLOGY
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Figure 3: Mucus-penetrating particle technology
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Mucus-penetrating particles are engineered to move through the aqueous and mucous layers, avoiding entrapment by secreted and membrane-bound mucins. Reused with

permission from Popov 2020.¢

ophthalmic suspension 0.4% formulated with MPP technology was given
to rabbits. The peak concentrations of loteprednol etabonate produced
by the suspension with MPP technology were 3.6 times higher in the
cornea and 2.6 times higher in the conjunctiva compared with those
produced by the conventional suspension.” In another study, drug levels
in the cornea of rabbits following a single instillation of 0.5% loteprednol
etabonate formulated as MPPs or similarly sized nanoparticles without
the MPP surface layer were compared.* The MPP formulation resulted in
a peak corneal concentration approximately three-fold higher than that
produced by the nanoparticles without the MPP surface layer. In addition,
the area under the concentration-time curve was four-fold higher in the
cornea in the case of the MPP formulation.®

KPI-121 0.25%: Development and clinical trials
KPI-121 0.25% is a topical ophthalmic suspension formulation developed
by Kala Pharmaceuticals, Inc. that uses MPP technology to efficiently
deliver the corticosteroid loteprednol etabonate to the ocular surface.
Loteprednol etabonate in KPI-121 0.25% is a retrometabolically
engineered steroid that, in human tissues, breaks down rapidly into
inactive metabolites, and thus may reduce the adverse events often
associated with ocular corticosteroid use, which include an increased
risk of developing high intraocular pressure (IOP), cataracts and
glaucoma.*" In addition, loteprednol etabonate in KPI-121 0.25% exhibits
excellent affinity for corticosteroid-glucocorticoid receptors, has a high
therapeutic index, and is lipophilic, which allows loteprednol etabonate
to interact with and reduce the inflammatory response of epithelial cells
in the cornea and conjunctiva.” In a recent study, a 1-month course of
treatment with loteprednol etabonate in KPI-121 0.25% in combination
with 0.15% sodium hyaluronate reduced signs and symptoms of DED.?'
Moreover, patients with elevated MMP-9, a pro-inflammatory compound
associated with epithelial damage and an increased immune response,
exhibited greater reduction in signs and symptoms of DED than those
with normal MMP-9 levels.”
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In October 2020, the US Food and Drug Administration (FDA) approved
KPI-121 0.25% (EYSUVIS) for the short-term (up to 2 weeks) treatment of
signs and symptoms of DED.** The short-term relief in dry eye (STRIDE)
1 (NCT02813265), STRIDE 2 (NCT02819284) and STRIDE 3 (NCT03616899)
phase Il clinical trials measured the effect of KPI-121 0.25% over a
2-week course of treatment in approximately 2,700 patients with a
clinical diagnosis of DED. Collectively, these vehicle-controlled, double-
blind, multicentre trials measured ocular discomfort and change from
baseline in bulbar conjunctival hyperaemia as primary endpoints.
Conjunctival hyperaemia was significantly reduced compared with
vehicle at the end of the 2-week trial period in all three STRIDE trials,
whereas ocular discomfort was significantly reduced in the STRIDE 1 and
STRIDE 3 trials, with a trend toward improvement in the STRIDE 2 trial.*
In the STRIDE trials and an additional phase Il trial (NCT02188160), the
most common adverse reaction was pain at the instillation site, reported
by 5.2% of patients in the KPI-121 0.25% group compared with 4.4% of
patients in the vehicle group.* While elevated IOP is associated with use
of ophthalmic corticosteroids, the incidence of elevated IOP was low
(0.6%) in patients receiving KPI-121 0.25% compared with those receiving
vehicle only (0.3%). Across the studies, no severe adverse events were
considered to be related to KPI-121 0.25% treatment, although 10 (0.7%)
and 5 (0.3%) patients receiving KPI-121 0.25% and vehicle, respectively,
withdrew from the studies.* Treatment-related adverse events that led to
withdrawal consisted of one incident each of conjunctival hyperaemia,
conjunctival oedema, eye pruritus, ocular hyperaemia, headache, drug
hypersensitivity and dyspnoea.*

KPI-121 0.25% in the treatment of dry eye
disease

KPI-121 0.25% is indicated for the short-term (up to 2 weeks) treatment
of the signs and symptoms of DED. This topical therapy is applied at a
dosage of 1 to 2 drops per eye, four times per day for up to 2 weeks.®
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Results from the STRIDE trials suggest that KPI-121 0.25% may help reduce
signs and symptoms of DED in patients with mild to severe disease who
experience episodic exacerbations. In patients with mild DED who do not
require long-term treatment, KPI-121 0.25% may reduce exacerbations
of DED that occur on a seasonal or episodic basis. Moreover, in patients
with moderate-to-severe DED who are receiving long-term therapy,
KPI-121 0.25% would likely reduce the signs and symptoms of periodic

breakthrough exacerbations.

conclusion

Patients with DED commonly experience episodic exacerbations in
symptoms that may improve with short-term therapy. KPI-121 0.25%
ophthalmic suspension, which is formulated using MPP drug-delivery
technology, is approved for short-term use in DED. This new, topical
ophthalmic agent significantly and rapidly reduces signs and symptoms
of DED with minimal adverse effects. Q
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