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Introduction
Many patients with dry eye disease (DED) experi-
ence periodic flares (exacerbations) of symptoms, 
often in response to seasonal and environmental 
triggers. Until recently, there were no approved 
medications specifically designed for the short-
term treatment of signs and symptoms of DED. 
Topical treatment of diseases of the ocular sur-
face, including DED, is hampered by the difficulty 
of delivering drugs through the ocular surface into 
the anterior segment tissues. The tear film, and in 
particular the mucus barrier, efficiently clears 

topical agents from the surface of the eye before 
they can reach the underlying corneal and con-
junctival tissues.1–3 A new technology based on 
mucus-penetrating particles (MPPs)1 has the 
potential to penetrate the mucus barrier and 
deliver therapeutic agents more efficiently to the 
ocular surface tissue. KPI-121 0.25%, an ophthal-
mic suspension of the ocular corticosteroid lotep-
rednol etabonate using the MPP technology, has 
been approved for the short-term treatment of 
signs and symptoms of DED. In this article, we 
discuss the development of the MPP technology 
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and the potential role of KPI-121 0.25% for the 
treatment of flares of DED.

The mucus barrier and challenges for 
topical drug delivery
The tear film, which covers the tissues of the ocular 
surface, is composed of an outer lipid layer and an 
inner aqueous layer.3 This aqueous layer is com-
prised mainly of water and mucins, which are high-
molecular-weight glycoproteins.2 Throughout the 
body, the function of mucins, or the mucus bar-
rier, is to protect cellular surfaces and maintain 
water balance,2 and this is also the function of 
mucins on the ocular surface. In the tear film, the 
mucus barrier is comprised of membrane-associ-
ated mucins, which form a dense layer near the 
corneal epithelium, and secreted mucins, which 
form an outer layer and are less densely arrayed 
(Figure 1(a)).1 Secreted mucins, the first line of 
defense in the mucus barrier, move within the 
tear film and bind to foreign particles, including 
allergens and pathogens.1 The secreted mucins, 
with associated particles, and tear film are moved 
out to the nasolacrimal duct during blinking to 
rapidly clear the ocular surface.3

This efficient system of clearing foreign particles 
from the eye can also pose a challenge for topical 
drug delivery. Traditional eye drops (solutions 
and suspensions) are cleared from the ocular sur-
face within 1 minute, so that ⩽5% of the drug 
reaches anterior eye tissues (Figure 1(b)).1,3,4 In 
an effort to slow the clearance of drugs from the 
ocular surface and enhance delivery to the epithe-
lia, mucoadhesive eye drop formulations have 
been developed, including polymer-based solu-
tions, viscous gels, and mucoadhesive micro- and 
nanoparticles.1 Formulations that encourage drug 
particles to adhere to mucins may increase the 
residence time of drug at the mucosal layer. 
However, because such formulations are likely to 
be largely trapped by secreted mucins and cleared 
from the ocular surface within minutes, these for-
mulations do not solve the problem of delivering 
drugs through the mucus barrier to the cornea.1,3

Another possibility for drug delivery on the eye sur-
face is the development of formulations with very 
small particle size, on the order of microparticles, 
which might pass through the tear film without 
being trapped by mucin pores. However, mucins 
form a mesh that normally has pores of ~500 nm, so 
drugs in the size range of microparticles are not 
small enough to travel easily through the mucus 

barrier.1 Furthermore, even nanoparticles (smaller 
than 500 nm) typically have multiple sites for poly-
valent interactions with mucins, so these submi-
cron particles also become trapped by the mucus 
barrier before reaching the corneal epithelium.

MPPs—a new technology
A new approach to deliver drugs to mucosal sur-
faces, including the ocular surface, has been devel-
oped. Hanes and colleagues hypothesized that 
enhanced mucus penetration would facilitate pro-
longed retention and more uniform distribution of 
drug carriers at mucosal surfaces, leading to 
improved pharmacokinetics and therapeutic effi-
cacy.5–8 As the deeper mucus layers (membrane-
associated mucins) are cleared much more slowly 
than the outer layers, drug carriers that can pass 
through much of the mucus barrier and reach the 
inner layers may remain resident in the mucosal 
surface for a longer time and ultimately enhance 
drug penetration into the underlying tissue.1,5,8

To evade the entrapment of drug particles by 
mucins, Hanes and colleagues coated polymeric 
nanoparticles with a high density of a low-molec-
ular-weight polymer that reduces particle affinity 
to mucins (Figure 1(c)).5 This MPP technology 
has been investigated to improve drug delivery to 
various mucosal surfaces throughout the body.1,9–

11 In animal studies, the MPP technology has 
been shown to increase drug exposure to the ocu-
lar surface of rabbits and mini-pigs.11,12

A new advance in MPP technology was the devel-
opment of drug-core MPPs, which do not require 
encapsulating drugs in a polymeric matrix.1 Drug-
core MPPs are comprised mostly of pure drug, but 
they still have the MPP attributes of nanometer-
scale particle size and a coating that prevents 
adherence to mucins. Drug-core MPPs can also be 
made stable for storage at room temperature as 
ready-to-use aqueous suspensions, and they can be 
formulated with excipients previously approved for 
ophthalmic use.1 With the development of MPP 
technology, it may be possible to create topical 
ophthalmic suspensions that can more efficiently 
and effectively treat diseases of the ocular surface, 
of which one of the most common is DED.

DED—an inflammatory disorder
DED is a disease of the ocular surface character-
ized by instability of the tear film that is accompa-
nied by ocular surface inflammation and damage 
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(TFOS DEWS II [Tear Film & Ocular Surface 
Society Dry Eye Workshop II] Definition and 
Classification Report).13 Patients with DED 
experience symptoms that include discomfort 
(eg, sensations of pain, grittiness, or stinging) and 
visual disturbance.13 DED is a common disorder, 
diagnosed in approximately 7% of the adult US 
population (~16.4 million people).14 Prevalence 
of DED increases with age, and DED is more 
common among women than men.14–16

Historically, cases of DED were classified as either 
aqueous-deficient or evaporative.13 Aqueous- (or 
tear-) deficient DED could be attributed to an 
insufficiency in tear production by the lacrimal 
glands or to other causes such as Sjögren’s syn-
drome. Evaporative DED is related to deficiencies 
in the meibomian (oil-producing) glands, low 
blink rate, contact lens wear, or other factors.13 In 
accordance with this understanding of DED, 
aqueous-deficient DED has been treated with 
approaches that aim to replace tears (eg, artificial 
and biological tear substitutes), conserve tears (eg, 
punctal occlusion), or stimulate tear production 
(eg, secretagogues). Treatments for evaporative 
DED have addressed lid abnormalities and mei-
bomian gland dysfunction.17

As the understanding of DED has evolved, it has 
been recognized that deficiencies in tear quantity 

(aqueous-deficient disease) and tear quality 
(evaporative disease) often coexist in the same 
patient. Furthermore, regardless of the cause, 
instability of the tear film sets off a cascade of 
inflammatory events that becomes self-perpetuat-
ing and leads to many of the symptoms experi-
enced by patients with DED.13,17–19 DED is now 
recognized as a chronic inflammatory disease in 
which an unstable and hyperosmolar tear film sets 
off a sequence of inflammatory events.20 Signaling 
pathways in the ocular surface epithelium and 
immune cells trigger production of inflammatory 
molecules, including proinflammatory cytokines 
and matrix metalloproteinases (MMPs; eg, 
MMP-9). Numerous extrinsic and intrinsic fac-
tors, including a desiccating environment, drying 
medications, exposure, aging, and autoimmune 
conditions, contribute to the vicious inflamma-
tory cycle in DED.20

Unmet need for treatment of  
periodic flares of DED
The inflammatory nature of DED is now well 
established. However, it is less often recognized 
that DED can present as a chronic disease with 
periodic flares (exacerbations). In the context of 
early disease, DEWS II describes an initial pres-
entation of DED that may involve intermittent 
symptoms or “emerging episodic dry eye.”13 

Figure 1. Illustration of (a) the ocular surface and tear film before drug delivery, (b) clearing of traditional drug particles from the 
tear film, and (c) penetration of drug using the mucus-penetrating particle (MPP) technology.
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However, evidence can also be found in a variety 
of settings for the existence of periodic flares of 
DED in the context of ongoing disease.

Amparo and colleagues administered DED symp-
tom scales to patients with DED every 2 weeks for 
3 months.21 A substantial minority of patients 
(26–32%) reported discomfort with environmen-
tal conditions such as windy conditions, low 
humidity, and air conditioning only “some of the 
time,” suggesting short-term flares in these 
patients when they were exposed to specific envi-
ronmental triggers.21 Similarly, Iyer and col-
leagues found positive correlations between use 
of air conditioning or watching television and 
blurring of vision, indicating these activities were 
triggers for a flare of this DED symptom.22 
Additional studies have found worsening of DED 
symptoms after prolonged reading23 and follow-
ing exposure to increased ground-level ozone 
concentrations,24 each of which can be seen as a 
trigger for flares of DED symptoms.

Additional evidence for the existence of DED 
flares comes from studies using a controlled 
adverse environment (CAE), a chamber in which 
participants are confronted with low humidity, 
increased airflow, and continuous visual tasks.25 
In separate studies, patients with DED exposed 
to a CAE experienced a worsening of symptoms 
and signs of DED.26,27 In three studies, an 
increase in inflammatory biomarkers was observed 
after exposure to the CAE,26–28 demonstrating a 
potential immune-mediated pathway for exacer-
bation of DED after exposure to this harsh 
environment.

As shown in these studies, DED flares may occur 
episodically in response to specific triggers. 
Rolando and colleagues proposed a classification 
of DED patients based on frequency of symp-
toms, with disease presentation characterized as 
sporadic, intermittent, persistent, or permanent 
(chronic).19 Sporadic DED is defined as “occa-
sional dry eye feeling in specific situations (not 
every time),” and intermittent disease is charac-
terized as “dry eye feeling all/most of the time in 
specific situations.”19 These definitions corre-
spond to the observation that for some patients, 
symptoms of DED are experienced as exacerba-
tions of an underlying process. As currently avail-
able immunomodulatory agents for treatment of 
DED are intended for chronic use, there is an 
unmet need for treatment of periodic flares of 
DED.

Development of KPI-121, an MPP 
formulation of loteprednol etabonate
KPI-121 is an ophthalmic nanosuspension that 
delivers a corticosteroid, loteprednol etabonate, 
to the anterior eye tissues using MPP technology. 
Loteprednol etabonate was retro-metabolically 
engineered 30 years ago to reduce the common 
risks of topical ocular steroids, including intraoc-
ular pressure (IOP) elevation and cataract forma-
tion.29,30 To create the loteprednol etabonate 
molecule, the ketone at the carbon-20 position of 
the corticosteroid prednisolone was replaced by a 
cleavable 17β-chloromethyl ester.29 After exerting 
its therapeutic effect, loteprednol etabonate is 
rapidly de-esterified to an inactive carboxylic 
acid, reducing the risk of unwanted side effects.30 
Loteprednol etabonate has additional desirable 
qualities for an ocular drug, including a high 
degree of lipophilicity, strong corticosteroid-glu-
cocorticoid receptor binding, and a high thera-
peutic index.

In preclinical studies, Schopf and colleagues at 
Kala Pharmaceuticals investigated topical ocular 
delivery of loteprednol etabonate nanoparticles 
formulated as MPPs.11,12 In a study of rabbits 
receiving a single ocular administration of lotep-
rednol etabonate ophthalmic suspension 0.5% 
versus loteprednol etabonate MPP suspension 
0.4%, peak concentrations of loteprednol eta-
bonate in the cornea, recorded 5 minutes after 
administration, were 3.6-fold higher with the 
MPP formulation than with the traditional oph-
thalmic suspension (Figure 2).12 This was true 
even though the concentration of drug was lower 
in the MPP formulation.12 Total drug available in 
the cornea (measured by area under the concen-
tration-time curve [AUC]) was 1.5-fold higher, 
and peak concentrations of loteprednol etabonate 
in the conjunctiva were 2.6-fold higher with the 
MPP suspension.12

Schopf and colleagues also demonstrated that the 
AUC of loteprednol etabonate in the cornea was 
four-fold higher after administration of lotepred-
nol etabonate nanoparticles engineered with MPP 
technology compared with conventional nanopar-
ticles of loteprednol etabonate.11 Taken together, 
these studies demonstrated the potential of MPP 
technology to penetrate the ocular mucus barrier 
and deliver loteprednol etabonate to the corneal 
and conjunctival epithelium more efficiently than 
conventional ophthalmic suspensions and nano-
suspensions lacking the mucus-penetrating attrib-
utes. The MPP formulation of loteprednol 
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etabonate ophthalmic suspension developed for 
clinical use, KPI-121, thus has favorable proper-
ties for treatment of ocular surface disease.

KPI-121 clinical development
Development of the technology underlying the com-
mercially available MPP formulation of loteprednol 
etabonate ophthalmic suspension, KPI-121, has 
been described in detail by Popov.1 KPI-121 was 
approved in 2018 by the U.S. Food and Drug 
Administration (FDA) in a 1% concentration 
(INVELTYS®, Kala Pharmaceuticals, Inc., 
Watertown, MA) for treatment of postoperative 
inflammation and pain following ocular surgery.31 
Two phase-3, randomized, double-masked, vehicle-
controlled, parallel-group trials (ClinicalTrials.gov 
identifiers, NCT02163824 and NCT02793817) 
compared 14 days of twice-daily administration of 
KPI-121 1% or vehicle for treatment of patients with 
postsurgical inflammation and pain following cata-
ract surgery.32 Each study achieved the primary effi-
cacy endpoints of complete resolution of ocular 
inflammation by slit-lamp biomicroscopy and com-
plete resolution of subject-rated ocular pain.32

KPI-121 0.25% was approved by the FDA in 2020 
for short-term treatment (up to 2 weeks) of the 
signs and symptoms of DED (EYSUVIS®, Kala 
Pharmaceuticals, Inc.).33 The 0.25% concentra-
tion was selected for treatment of DED because it 
had an improved pharmacokinetic profile in the 
reduced dose strength compared with that in con-
ventional loteprednol etabonate suspension 0.5% 

without the MPP drug delivery technology. KPI-
121 0.25% was investigated for treatment of DED 
in one phase-2 trial (NCT02188160) and three 
phase-3 trials: STRIDE 1 (Safety and Efficacy of 
KPI-121 in Subjects with DED; NCT02813265), 
STRIDE 2 (NCT02819284), and STRIDE 3 
(NCT03616899). Each of the four trials was a 
multicenter, double-masked, randomized, vehicle-
controlled, parallel-group study in patients with 
DED. Across the four trials, total enrollment 
included more than 2,800 patients, making this 
the largest clinical development program for DED. 
Each phase-3 study assessed KPI-121 0.25% ver-
sus vehicle control (placebo) administered four 
times daily for 14 days. In STRIDE 1 and STRIDE 
2, the primary outcome measures were the changes 
from baseline to day 15 in bulbar conjunctival 
hyperemia (a sign of DED) and patient-reported 
ocular discomfort (a symptom of DED) at week 2. 
In STRIDE 3, the primary outcome measure was 
the change from baseline to day 15 in ocular dis-
comfort at week 2; conjunctival hyperemia was a 
secondary endpoint. Conjunctival hyperemia was 
chosen as an endpoint in these trials based on its 
role in DED and use in past clinical studies.34,35

In STRIDE 1, STRIDE 2, and STRIDE 3, treat-
ment with KPI-121 0.25% resulted in significantly 
greater reduction in conjunctival hyperemia com-
pared with vehicle (p < 0.0001 for between-group 
comparison in each trial).36 Ocular discomfort 
was reduced more with KPI-121 0.25% than with 
vehicle in STRIDE 1 (p < 0.0001), and STRIDE 
3 (p = 0.0002). Significant improvement in total 

Figure 2. Pharmacokinetic parameters of loteprednol etabonate in New Zealand white rabbit cornea and conjunctiva.12 The 
mean ± SEM loteprednol etabonate (a) Cmax and (b) AUC0–12h for rabbits receiving a single ocular dose of loteprednol etabonate 
ophthalmic suspension 0.5% or loteprednol etabonate MPP suspension 0.4% is depicted. AUC0–12h, area under the concentration–
time curve from time 0 to 12 hours; Cmax, maximum concentration; MPP, mucus-penetrating particle; SEM, standard error of the 
mean.

http://journals.sagepub.com/home/oed


Therapeutic Advances in Ophthalmology 13

6 journals.sagepub.com/home/oed

corneal fluorescein staining was also observed 
with KPI-121 0.25% versus vehicle in STRIDE 2 
(p = 0.0134) and STRIDE 3 (p = 0.0042). The 
most frequently reported adverse event was instil-
lation site pain.36

Potential role of KPI-121 0.25% in  
treatment of DED
A large proportion of patients with DED gener-
ally present with mild signs and symptoms that 
are adequately controlled with conservative 
approaches, including environmental modifica-
tions, lubricant eye drops, and lid hygiene.17 
These patients often do not require chronic ther-
apy with immunomodulatory agents such as 
cyclosporine A or lifitegrast, which are more 
appropriate for treatment of patients with chronic 
symptoms and more advanced disease.

However, as described, many patients with gener-
ally mild DED have periodic flares on a seasonal or 
episodic basis, often in response to environmental 
triggers. These patients may benefit from addi-
tional short-term therapy when their DED symp-
toms flare up. In patients with episodic disease, 
appropriate therapy at the time of a flare could 
potentially break the vicious circle of inflammation 
early in its process and help prevent further dam-
age to the ocular surface.19 Flares of DED can be 
viewed as similar to exacerbations that occur in the 
context of other chronic inflammatory and auto-
immune disorders, including asthma, systemic 
lupus erythematosus, rheumatoid arthritis, and 
inflammatory bowel disease. As one example, 
patients with allergic conjunctivitis typically expe-
rience relief of symptoms with daily use of a com-
bined antihistamine/mast cell stabilizer. However, 
patients often have breakthrough symptoms caused 
by allergens that acutely increase inflammation, 
and these flares are typically treated with a short 
course of topical corticosteroids. Similarly, flares 
of otherwise mild DED may benefit from short-
term steroid therapy.

KPI-121 0.25% has a favorable pharmacological 
profile for the short-term treatment of signs and 
symptoms of DED, especially during flares. KPI-
121 delivers the ocular corticosteroid loteprednol 
etabonate, which breaks down quickly, poten-
tially decreasing harmful side effects such as ele-
vated IOP and cataract formation.30 In animal 
studies, MPP technology allowed KPI-121 to 
achieve high penetration of loteprednol etabonate 

into the target cornea and conjunctival tissue.12 In 
the STRIDE trials, KPI-121 0.25% successfully 
resolved both signs and symptoms of DED after 
2 weeks of treatment.36

When a patient presents in clinical practice with 
an episode of ocular surface discomfort and a 
flare of DED is diagnosed, a short course of KPI-
121 0.25% may relieve the patient’s symptoms 
and potentially calm the vicious cycle of inflam-
mation. Patients should be counseled to discon-
tinue the use of contact lenses while being treated 
with steroids. Currently, it is likely that the popu-
lation of patients with milder DED that becomes 
symptomatic two or three times per year are 
undertreated, either because they decline long-
term therapy or because clinicians fail to identify 
these patients. With a proven treatment for short-
term treatment of signs and symptoms of DED 
that has a favorable risk–benefit profile, eye care 
practitioners are now able to appropriately treat 
mild DED that manifests as periodic flares. Many 
ophthalmologists will be comfortable prescribing 
a short course of ocular corticosteroids, which 
may have a low risk of adverse effects, a few times 
per year.

KPI-121 0.25% may also be helpful for patients 
receiving chronic immunomodulatory treatment 
for DED, especially those with underlying auto-
immune or inflammatory conditions. When a 
patient starts topical immunomodulatory ther-
apy, KPI-121 0.25% has the potential to be used 
as induction therapy to quell ocular surface 
inflammation and DED symptoms until the new 
therapeutic agent takes effect. Similarly, in 
patients using chronic immunomodulatory ther-
apy for DED who nonetheless experience peri-
odic episodes of breakthrough symptoms, 
KPI-121 0.25% could be effective in pulsed 
doses to treat episodic DED signs and symp-
toms. With its capacity to deliver drugs efficiently 
to the corneal epithelium, KPI-121 0.25% might 
also be used in place of traditional topical oph-
thalmic corticosteroids to optimize the ocular 
surface before cataract, or refractive surgery as a 
stable ocular surface is of utmost importance 
when obtaining biometric measurements for 
intraocular lens power calculations to ensure 
patients obtain superior postoperative visual out-
comes. Similarly, KPI-121 0.25% has the poten-
tial to treat flares of DED after surgery. 
Ultimately, additional uses of KPI-121 0.25% 
may be explored in future studies.
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Conclusion
MPP technology offers the possibility to deliver 
therapeutics efficiently to the ocular surface tis-
sues. KPI-121 0.25%, recently approved for 
short-term treatment of signs and symptoms of 
DED, uses MPP to deliver a custom-engineered 
ocular corticosteroid, loteprednol etabonate, to 
the corneal and conjunctival epithelium. In clini-
cal trials, KPI-121 0.25% reduced signs and 
symptoms of DED compared with vehicle when 
administered for 2 weeks. KPI-121 0.25% has the 
potential to effectively treat periodic flares of 
DED with a low risk of side effects.
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