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Purposk. To evaluate the efficacy of topical rapamycin in treating autoimmune dacryoadenitis
in a mouse model of Sjogren’s syndrome.

MerHODS. We developed rapamycin in a poly(ethylene glycol)-distearoyl phosphatidyletha-
nolamine (PEG-DSPE) micelle formulation to maintain solubility. Rapamycin or PEG-DSPE eye
drops (vehicle) were administered in a well-established Sjogren’s syndrome disease model, the
male nonobese diabetic (NOD) mice, twice daily for 12 weeks starting at 8 weeks of age.
Mouse tear fluid was collected and tear Cathepsin S, a putative tear biomarker for Sjogren’s
syndrome, was measured. Lacrimal glands were retrieved for histological evaluation, and
quantitative real-time PCR of genes associated with Sjogren’s syndrome pathogenesis. Tear
secretion was measured using phenol red threads, and corneal fluorescein staining was used
to assess corneal integrity.

Resurts. Lymphocytic infiltration of lacrimal glands from rapamycin-treated mice was
significantly (P = 0.0001) reduced by 3.8-fold relative to vehicle-treated mice after 12 weeks
of treatment. Rapamycin, but not vehicle, treatment increased tear secretion and decreased
corneal fluorescein staining after 12 weeks. In rapamycin-treated mice, Cathepsin S activity
was significantly reduced by 3.75-fold in tears (P < 0.0001) and 1.68-fold in lacrimal gland
lysates (P = 0.003) relative to vehicle-treated mice. Rapamycin significantly altered the
expression of several genes linked to Sjogren’s syndrome pathogenesis, including major
histocompatibility complex II, TNF-o, IFN-y, and IL-12a, as well as Akt3, an effector of
autophagy.

Concrusions. Our findings suggest that topical rapamycin reduces autoimmune-mediated
lacrimal gland inflammation while improving ocular surface integrity and tear secretion, and
thus has potential for treating Sjogren’s syndrome-associated dry eye.

Keywords: Sjogren’s syndrome, rapamycin, autoimmune dacryoadenitis, Cathepsin S,
nonobese diabetic mouse, dry eye, eye drops

ry eye is a common ophthalmic pathology caused by either

deficiencies in the production of the aqueous tear film or
by imbalances in tear lipids that promote increased evapora-
tion.! Aqueous-deficient dry eye originates with decreased
production and secretion of tears from the lacrimal gland (LG).
This gland is the primary source of aqueous tears containing
diverse proteins that protect and sustain the ocular surface.?
For aqueous-deficient dry eye, some of the most severe cases
are associated with Sjogren’s syndrome (SS), a chronic and
systemic autoimmune disease that is characterized by lympho-
cytic infiltration and inflammation of the LG and salivary
glands.!®> Dry eye often presents as a gritty, itching, and
burning sensation on the ocular surface, and in its severe form,
including SS-associated dry eye, can lead to compromised visual
function.®> The relationship between the decreased produc-
tion of aqueous tears in SS-associated dry eye and the
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autoimmune inflammation is not yet clearly understood, as
changes in the secretory machinery can occur before the
presence of infiltrates as shown in the male nonobese diabetic
(NOD) mouse model of SS.° However, treatments reducing LG
inflammation are linked to increased tear secretion.”® There
are currently limited options for management of severe
aqueous-deficient dry eye, including that due to SS.° Most
current therapies have their primary goal as alleviation of
symptoms, without addressing the underlying cause of the
aqueous tear deficiency.!? Restasis, an ophthalmic emulsion of
0.05% cyclosporine A (CsA), is one of the two prescription eye
drops approved by the Food and Drug Administration (FDA) for
the treatment of chronic dry eye caused by inflammation.!!-12
Although it is commonly used in SS patients, most published
clinical studies have been conducted in mixed SS and non-SS
dry eye populations, making its actual efficacy in SS patients

372

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License. @. BY _NC_ND


https://creativecommons.org/licenses/by-nc-nd/4.0/

Investigative Ophthalmology & Visual Science

Rapamycin Eye Drops Treat Lacrimal Inflammation

unclear.!>15 Studies indicate that only limited success has
been achieved in the treatment of SS-associated dry eye,'® with
the frequency of administration and the burning and itching
sensation linked with its use!” associated with poor patient
compliance. Efficacy of the recently FDA-approved dry eye
drops Xiidra (5% Lifitegrast ophthalmic solution) for specific
treatment of SS-associated dry eye has not yet been extensively
evaluated.'®2° Other treatment options for dry eye include
artificial tears for symptomatic relief and topical steroids for
reduction of ocular surface inflammation. Steroids are associ-
ated with unwanted side effects, such as glaucoma and
cataracts, thereby limiting their long-term use.?!

The pathogenesis of SS remains unknown, although new
advances have been enabled partly through studies in
numerous mouse models of the disease. One well-established
model is the NOD mouse, which spontaneously develops
characteristics that resemble human SS, including autoimmune
dacryoadenitis and inflammation of the salivary gland (siaload-
enitis).?%23 The pattern of disease development and progres-
sion differs between males and females, with male NOD mice
developing autoimmune dacryoadenitis but not sialoadenitis by
12 weeks of age.24 In contrast, female NOD mice first develop
autoimmune sialoadenitis at approximately 12 to 20
weeks,?>"27 but exhibit only mild LG inflammation at
approximately 20 weeks.?® To avoid the confounding effects
of diabetes and to maintain our focus on autoimmune
dacryoadenitis, we have used the male NOD mouse as a model
for SS-associated dry eye. In addition to developing lympho-
cytic infiltration in the LG, our work in this model has revealed
upregulation of several mediators of inflammation in the
diseased LG, including cytokines, such as IL-10, IL-12a, and IFN-
v, and lysosomal cysteine proteases, like Cathepsin S (CTSS)
and Cathepsin H.?° Furthermore, we have shown increased
activity of CTSS not only in the LG of male NOD mice but also
in their tears. We recently confirmed this finding of elevated
tear CTSS in SS patients,3® suggesting CTSS as a tear biomarker
of SS-associated dry eye.

We have also recently demonstrated that autoimmune
dacryoadenitis in male NOD mice is reduced with short-term
intravenous treatment with a potent immunomodulatory
agent, rapamycin (Rapa), also known as Sirolimus.3! Rapa is a
macrolide antibiotic with potent immunosuppressive proper-
ties that acts by inhibiting the mammalian target of rapamycin
(mTOR), a serine/threonine protein kinase that modulates
several cellular functions, including protein and lipid synthesis
and cell proliferation, including the proliferation of activated
lymphocytes.>? Additionally, Rapa induces autophagy, a cellular
process involving the targeting of damaged or aged macromol-
ecules and organelles for lysosomal degradation. Rapa is
regularly used as an immunosuppressant in solid organ
transplantation rejection, and its use has also been recently
exploited for certain autoimmune diseases and cancers.>3-3%
However, Rapa’s systemic use has been limited by its side
effects, including stomatitis,>® nephrotoxicity,>”-3® and pulmo-
nary toxicity.?® In our previous study, nephrotoxicity was
observed even with short-term use (three doses over 1 week).
However, when formulated with a Rapa-binding protein-
polymer nanoparticle,*® Rapa’s systemic side effects were
greatly reduced.

Although effective in reducing dacryoadenitis in NOD mice,
the intravenous delivery used in this previous study is not
optimal for SS patients, especially if frequent injections are
required to achieve therapeutic effects. Eye drops, the most
popular dosage form for ocular diseases in clinical practice, are
a natural and intuitive way for delivering medications to the
ocular surface, especially if multiple administrations are
required. Although the route is unknown, a number of studies
have indicated that a limited dose of pharmaceuticals given by
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eye drops may reach the LG and can affect its functional
status,®4! making this approach especially valuable for SS-
associated dry eye. However, a major drawback of Rapa is that
it is highly hydrophobic and has very low water solubility,
resulting in the need for excipients like ethanol, polysorbate
80, and polyethylene glycol 400 (PEG),*? some of which have
detrimental effects on the ocular surface®44 and that reduce
patient compliance due to pain and irritation. Therefore, better
formulations and techniques to enhance Rapa’s aqueous
solubility and bioavailability for eye drop administration, while
reducing its unwanted side effects, would be highly desirable
in pursuing the utility of Rapa eye drops.

The current study describes the development and optimi-
zation of an eye drop formulation of Rapa in poly(ethylene
glycol)-distearoyl phosphatidylethanolamine (PEG-DSPE) in
male NOD mice to determine its therapeutic efficacy in the
treatment of autoimmune dacryoadenitis. We found that Rapa
eye drops showed significant suppression of LG inflammation
after 12 weeks of twice-daily treatment, while also improving
tear secretion and reducing corneal fluorescein staining. In
addition, Rapa also caused changes in diverse indicators of
disease, decreasing tear CTSS activity and altering expression
of LG genes putatively involved in the pathogenesis of SS,
including the proinflammatory cytokines IL-12a, TNF-o, IFN-y,
major histocompatibility complex (MHC) II, and the autophagy
regulator, Akt3. These findings are the first to demonstrate the
ability of Rapa eye drops to treat autoimmune dacryoadenitis
while improving tear secretion, suggesting this agent as a
viable choice for treatment of SS-associated dry eye.

MATERIALS AND METHODS
Mice

Male NOD mice at 8 weeks of age were used for the study, and
were bred in-house from breeding pairs obtained from Taconic
(Hudson, NY, USA). All animal use was in compliance with
policies approved by the University of Southern California
Institutional Animal Care and Use Committee, and experiments
were conducted in accordance with the ARVO Statement for
the Use of Animals in Ophthalmic and Vision Research.

Reagents

Methoxylated poly(ethylene glycol)-distearoyl phosphatidyl-
ethanolamine (PEG-DSPE) was from Avanti Polar Lipids
(Alabaster, AL, USA). Rapamycin was from LC Laboratories
(Woburn, MA, USA). Restasis was from Allergan (Parsippany,
NJ, USA). The reverse transcription kit, TagMan Universal PCR
Master Mix, and primers for real-time (RT)-PCR analysis of
GAPDH (glyceraldehyde 3-phosphate dehydrogenase), ulkl,
ulk2, Akt3, TNF-a, IFN-y, MHCII, and IL-12a were from Life
Technologies (Grand Island, NY, USA). The RNeasy plus
Universal Mini Kit and the RNeasy Plus Micro Kit were from
Qiagen (Valencia, CA, USA). The CTSS activity assay kit was
from Biovision (Milpitas, CA, USA). Microcaps microcapillary
tubes were from Drummond (Broomall, PA, USA). ZoneQuick
phenol red threads were purchased from Oasis Medical
(Glendale, CA, USA). Fluorescein sodium strips (FUL-GLO)
were from Akorn, Inc. (Buffalo Grove, IL, USA). PEN
membrane-coated slides for LG sections used for laser capture
microdissection were bought from ThermoFisher Scientific
(Canoga Park, CA, USA). The eye relief solution used to wash
the mouse ocular surface was purchased from Bausch & Lomb
(Rochester, NY, USA). Ketamine (Ketaject) was from Phoenix
(St. Joseph, MO, USA) and xylazine (AnaSed) was from Akorn
(Lake Forest, IL, USA). Carbamylcholine, used as a secreta-



Investigative Ophthalmology & Visual Science

Rapamycin Eye Drops Treat Lacrimal Inflammation

gogue to stimulate tear production, was from Sigma-Aldrich (St.
Louis, MO, USA). Free Style Lite test strips were from Abbott
Diabetes Care, Inc. (Alameda, CA, USA). The Bio-Rad protein
assay kit was from Bio-Rad (Hercules, CA, USA), and 0.2-um
cellulose acetate syringe filters were from VWR (Radnor, PA,
USA).

Size Determination of PEG-DSPE

The hydrodynamic radius of PEG-DSPE micelles was deter-
mined using dynamic light scattering, as previously de-
scribed.®>4® Samples were prepared at 25 pM in PBS and
passed through Anotop 10 filters with 0.02-um pores (GE
Healthcare Bio-Sciences, Pittsburg, PA, USA); 80 pL of the
sample was pipetted into a 384-well clear bottom microplate
(Greiner-Bio, Monroe, NC, USA) in triplicate followed by
addition of 20 pL mineral oil to prevent evaporation. The plate
was then centrifuged at 25°C at 1700g for 10 minutes to
remove air bubbles. Dynamic light-scattering data were
collected at 25°C, with an 830-nm wavelength laser at an
angle of 158°C using a DynaPro Plate Reader II (Wyatt
Technology, Santa Barbara, CA, USA). Data were analyzed
using the DYNAMICS software supplied by the manufacturer,
which uses the Stokes-Einstein equation to estimate the
hydrodynamic radius.

Encapsulation of Rapa in PEG-DSPE and Solubility
Determination

Rapa was solvated in PEG-DSPE, which forms micelle
nanoparticles. The method for solvation consisted of combin-
ing the lipid polymer in chloroform with Rapa in methanol in a
1:1 ratio and evaporating the mixture in a rotary evaporator,
leading to the formation of a thin film, which was then re-
solubilized in PBS. Any insoluble Rapa was removed from the
micelle/drug mixture by centrifugation at 2350g for 10 minutes
followed by filtration of the resulting solution through a 0.2-um
cellulose acetate syringe filter. The vehicle (empty micelle) was
prepared using the same method in the absence of drug. The
total amount of encapsulated material in the micelle was then
measured using a reverse-phase high-performance liquid
chromatography (RP-HPLC) method consisting of H,O and
methanol in a gradient ranging from 40% to 100%. The final
concentration was determined by using a standard curve with
the encapsulation efficiency of PEG-DSPE being approximately
60% to 70%. To estimate the water solubility of Rapa in PEG-
DSPE, encapsulation was followed by lyophilization in a
preweighed glass vial. The dried sample was reweighed and
resuspended in water assisted by sonication. Solubility was
estimated by measuring the volume of water required to
completely dissolve the drug after adjusting for the weight of
the PEG-DSPE.

Rapa Release From PEG-DSPE Micelles

Rapa release from the nanoparticle formulation was done by
dialysis under sink conditions in PBS at room temperature. A
3.5-kDa cutoff dialysis cassette (Life Technologies) was loaded
with PEG-DSPE-Rapa, and samples were collected from the
cassette at intervals from 0 to 48 hours. To ensure that Rapa’s
diffusion across the dialysis membrane was not the rate-
limiting step, a small amount of free Rapa in 3% dimethyl
sulfoxide was dispersed in a dialysis cassette and samples were
collected at appropriate time intervals. The amount of Rapa
retained was determined by using RP-HPLC, as described
above. Nonlinear regression was used to calculate the release
half-life of Rapa from PEG-DSPE micelles.
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Determination of Rapa in Plasma, LG, and
Draining Lymph Nodes of Male NOD Mice

To explore whether or not any drug reached the plasma, LG,
or draining lymph nodes after eye drop administration, liquid
chromatography-mass spectrometry (LC-MS) analysis was used
to determine the concentration in tissue and plasma samples.
Rapa was administered either as eye drops or intravenously as
a positive control, whereas eye drop vehicle was used as a
negative control (n = 3). Lacrimal gland, draining lymph
nodes, and blood of the treated mice were collected 2 hours
after administration. Blood was centrifuged at 400g at 4°C for
10 minutes and plasma was separated and frozen until LC-MS
analysis, performed as described previously.3! For mouse
plasma samples, 25 pL of 500 ng/mL tacrolimus (Fujisawa,
Deerfield, IL, USA) was added as the internal standard to a 50-
pL aliquot of plasma sample followed by addition of 350 pL
acetonitrile to each sample to extract Rapa and internal
standard. For lymph nodes and LG, samples were weighed,
and a bullet blender (Next Advance, Inc., Averill Park, NY,
USA) was used to homogenize the tissues; 25 pL internal
standard was added to each sample and cold acetonitrile was
used to precipitate protein. Samples were then incubated at
—20°C for 1 hour and the entire mixture was vortexed and
centrifuged at 13,000g for 5 minutes; 40 pL supernatant was
then transferred to HPLC vials, and 30 pL was injected into the
LC-MS for detection. Rapa and tacrolimus were separated
using a Kinetex EVO C18 column (Phenomenex, Torrance,
CA, USA) with the following dimensions: 50 X 3.0 mm X 5 pm
(P/No. 00B-4433-Y0; S/No. 733389-5). A Shimadzu (Columbia,
MD, USA) LC-20AD HPLC linked to an API4000 mass
spectrometer equipped with an electrospray ionization mode
was used to quantify Rapa and tacrolimus via multiple-
reaction-monitoring of 931.6 — 864.8 and 821.6 — 768.4,
respectively. Mobile phase A was water with 0.5% formic acid,
whereas mobile phase B was acetonitrile with 0.5% formic
acid. Samples were eluted using a solvent gradient of mobile
phase B from 50% to 90% over 1 minute and held constant for
another 2 minutes.

Eye Drop Studies in Male NOD Mice

For Rapa eye drop treatments, we used male NOD mice, aged 8
weeks at the onset of treatment. At this age, the LGs in these
mice are at early stages of inflammation.?® Mice were treated
with 2 pL of 550 pM (0.05%) encapsulated PEG-DSPE-Rapa for
12 weeks with PEG-DSPE (vehicle) serving as control. The study
was performed in two additional cohorts of mice, using
alternative controls; in one, Rapa eye drop treatment was
compared with PBS and in the other, Rapa eye drop treatment
was compared with Restasis (0.05%), PEG-DSPE alone (vehicle),
and PBS. At the end of the study, mice were intraperitoneally
administered a mix of 50 to 60 mg ketamine and 5 to 10 mg
xylazine per kilogram of body weight and euthanized by cervical
dislocation immediately after stimulated tear fluid collection
described below. The extraorbital LGs were isolated and either
fixed in 10% neutral-buffered formalin, or placed in lysis buffer
and homogenized to extract total RNA for quantitative (real-
time) PCR (qPCR) analysis or to prepare lysates for CTSS activity
assay. To control for the development of diabetes in the study
cohort, blood glucose levels in peripheral blood obtained by a
tail nick were monitored using Free Style Lite (Abbott Diabetes
Care, Inc., Alameda, CA, USA) test strips, before the start of the
treatment (8 weeks of age), after 6 weeks of treatment (14
weeks of age), and after the completion of treatments (20 weeks
of age).
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Stimulated Tear Collection

For collection of tear fluid, a small incision was made bilaterally
on an axis between the outer junction of the eyelid and the ear
of the mice, thus exposing the LGs. The transparent
connective tissue capsule wrapped around the LG was
carefully removed and a small piece of cellulose mesh
(Kimwipe; Fisher Scientific, Pittsburgh, PA, USA) was placed
on the gland to hold the stimulant (3 pL of 50 uM carbachol
[CCH]). The eyes were washed with eye relief solution before
adding CCH. After stimulating the gland, tears from both eyes
were carefully collected by using 2 pL microcapillary tubes by
gently placing it at the tear meniscus in the medial canthus for
5 minutes. Stimulation was performed three times for a total
collection time of 15 minutes and the volume of collected tears
was recorded and then carefully emptied into sterile tubes and
placed on ice until further analysis.

Basal Tear Production

Before measurement of aqueous tear production, the mice
were anesthetized briefly using continuous flow of isoflurane
through a nose cone. While under light anesthesia, a
ZoneQuick (Oasis Medical) phenol red thread was carefully
inserted under the lower eyelid for 10 seconds and tear
production was reported as a function of the length of wetting
of the thread in millimeters, which was measured using a loupe
with a millimeter scale. This was repeated for both eyes. The
data presented are an average of wetting length of the threads
from both eyes.

Corneal Fluorescein Staining

Corneal staining was performed before onset of treatment and
after 6 and 12 weeks of treatment. Strips containing 0.6 mg
fluorescein sodium (FUL-GLO) were incubated in 200 pL PBS
to serve as contrast solution, of which 0.75 pL was applied to
the cornea of mice anesthetized using isoflurane. The eye was
blinked five times, and allowed to stand for 1 minute before
photographs were obtained using a Canon EOS 5D Mark II
(Melville, NY, USA) attached to a stereoscopic microscope
(Motic, Richmond, BC, Canada) during ocular illumination
with a cobalt blue light. Corneal staining was graded by a
blinded reviewer using the system described in a National Eye
Institute Workshop4” in which each of the five areas of the
cornea are scored from O to 3 and summed. The scores from
the left and right eyes were averaged.

Analysis of LG Inflammation, Conjunctival
Inflammation, and Conjunctival Goblet Cell
Density

Lacrimal gland histology and quantification of inflammation
was performed as described previously.3! Briefly, paraffin
sections of LG were stained with hematoxylin-eosin (H&E)
according to standard procedures and photographed using a
Nikon 80i microscope (Melville, NY, USA) equipped with a
digital camera. Images of three nonconsecutive whole gland
cross sections per gland were obtained for each LG. The area of
the LG occupied by lymphocytic infiltrates was calculated by
using ImageJ software (http://imagej.nih.gov/ij/; provided in
the public domain by the National Institutes of Health,
Bethesda, MD, USA) by a blinded reviewer. In paraffin-
embedded sections of bulbar and palpebral conjunctiva stained
with periodic acid-Schiff’s stain and Alcian Blue in three
nonconsecutive slides with five serial sections on each from 13
mice in the drug group and 14 mice in the vehicle group, a
blinded, trained pathologist counted stained goblet cells as
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described previously.“® The conjunctival sections were also
examined by the same blinded reviewer for the presence of
inflammatory cells and a new grading system was developed as
follows: 0, no evidence of chronic inflammation (no lympho-
cytes identified underneath the conjunctival epithelium; note:
rare intraepithelial lymphocytes may be present and are a part
of normal conjunctival associated lymphoid tissue); 1, very
mild chronic inflammation (a few lymphocytes identified
underneath the conjunctival epithelium); 2, mild interspersed
chronic inflammation (many scattered lymphocytes identified
underneath the conjunctival epithelium); 3, focus of chronic
inflammation (distinct aggregate/follicle of lymphocytes iden-
tified underneath the conjunctival epithelium); 4, severe
chronic inflammation (numerous lymphocytes and distinct
aggregates/follicles of lymphocytes identified underneath the
conjunctival epithelium).

Cathepsin S Activity Analysis

Cathepsin S activity in tears and LG lysates of Rapa-treated mice
was compared to levels in tears and LG lysates of vehicle-
treated mice by using a protocol modified from that described
previously.2*3! Briefly, for tear CTSS analysis, stimulated tear
fluid was diluted to 200 pL of CTSS reaction buffer and divided
into two 100-uL reactions on a 96-well plate. For CTSS analysis
in lysates, 10 pL clarified LG lysate plus 40 pL lysis buffer plus
50 pL reaction buffer was added to each of two wells.
Cathepsin S-specific inhibitor was added to one of the two
wells for each sample. After the experiment, the Bio-Rad
protein assay was performed and the activity was normalized
to 50 pg total protein.

Real-Time PCR

For measurement of gene expression, total RNA was isolated
from whole LG and cornea (three corneas originating from
three different mice were pooled) of Rapa- and vehicle-treated
mice by using the RNeasy plus Universal Mini Kit per the
manufacturer’s protocol. To determine CTSS expression levels
in LG acinar cells versus infiltrating immune cells within the
LG, LGs were collected in RNase-free conditions, placed in
optimal cutting temperature (OCT) compound and flash frozen
in liquid nitrogen (n = 3 per treatment). These glands were
sectioned immediately on membrane-coated slides and stained
with hematoxylin. A laser microdissection microscope (Leica
Microsystems, Deerfield, IL, USA) was used to collect acinar
cells and infiltrating lymphocytes from these sections under
RNase-free conditions as described previously®® and total RNA
was isolated using the RNeasy Plus Micro Kit. Complementary
DNA was prepared by using the reverse transcription kit as per
the manufacturer’s recommendations. Quantitative (real-time)
PCR was performed with the TagMan gene expression assays
on the ABI 7900HT real-time PCR system, using the following
probes: TNF-o. (Mm00443258_m1), IFN-y (Mm01168134_m1),
ulkl (MmO00437238_m1), ulk2 (Mm03048846_m1), Akt3
(Mm00442194_m1), MHCII (MmO00439216_m1), and IL-12a
(MmO00434165_m1); GAPDH (Mm99999915_g1) was used as a
control housekeeping gene. Each reaction consisted of 1 pL
cDNA from the reverse transcription reaction mixed with 8 pL
nuclease-free water and 1 pL assay primer mixed with 10 pL
TagMan Universal PCR Master Mix. Each sample was run in
triplicate. The thermal profile consisted of preheating the
samples at 95°C for 10 minutes followed by 40 repeats at 95°C
for 15 seconds each and 60°C for 1 minute. The relative
expression levels were calculated using the comparative Cp
method (AAC; method) on the default ABI software SDS 2.3
(ThermoFisher Scientific, Waltham, MA, USA) as described
previously.>®
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Statistics

All statistical analyses were performed using GraphPad Prism
software (GraphPad, San Diego, CA, USA). Shapiro Wilk, KS,
and D’Agostino & Pearson omnibus normality tests were used
to test for normal distribution in each data set. For normally
distributed data, a two-tailed, unpaired Student’s f-test was
used to compare differences between two treatment groups,
whereas the Mann-Whitney test was used for nonparametric
analysis. Three treatment groups or more were compared
using 1-way ANOVA with the Tukey’s HSD test for post hoc
analysis within those groups. A P < 0.05 was considered as a
significant difference.

RESULTS

Characterization of Rapa Eye Drop Formulation
and Bioavailability

The vehicle used to encapsulate Rapa, PEG-DSPE, is known
to form nano-sized micelles with a low critical micelle
concentration.’’>2 We confirmed the size of these nanopar-
ticles using dynamic light scattering, which has a hydrody-
namic radius of approximately 11 nm (Fig. 1A). The in vitro
drug release of Rapa from PEG-DSPE micelles was evaluated
in PBS under sink conditions, with our results showing a
slow rate of release with 50% of the drug retained over
approximately 29.9 hours (Fig. 1B). In contrast, 50% of the
free drug was released within 1.35 hours, indicating that the
release rate of Rapa from PEG-DSPE micelles was indeed the
rate-limiting step during this in vitro release assay. The
solubility of Rapa in PEG-DSPE was found to be 2.6 mg/mL.
This simple micelle formulation increased the solubility of
rapamycin by 1000-fold as compared with the reported
aqueous solubility of rapamycin (2.6 pg/mL). It has been
reported that a limited amount of another drug, timolol, can
reach the systemic circulation via absorption in the
nasolacrimal duct when delivered topically on the ocular
surface.>35% To explore the possibility that Rapa administered
in eye drops could reach the LG through the systemic
circulation or the lymphatic system, we collected blood, LG,
and draining lymph nodes from mice that were treated with
Rapa via either eye drops (40 pg/kg or 0.05% dose) or
intravenous injection (0.75 mg/kg dose) 2 hours after
administration. These doses were selected for evaluation
because they both reduce indicators of dacryoadenitis in the
male NOD mice.! Plasma/tissue Rapa concentration was
analyzed with LC-MS. Rapa was detectable in the plasma of
mice that were treated with Rapa eye drops, although the
concentration was lower in mice receiving Rapa through eye
drops (Fig. 1C). Rapa was similarly detected in small amounts
in the LG and draining lymph nodes of not only those mice
that were treated with intravenous Rapa but also the mice
that received Rapa eye drops (Fig. 1D). At the selected
dosages, the drug concentrations detected in the plasma, LG,
and lymph node were lower for the topical administration
than for intravenous administration. However, when the ratio
of drug in tissue to plasma was calculated for both routes of
administration, there was a 4-fold increase in LG/plasma ratio
and a 14-fold increase in the LN/plasma ratio in the topical
group relative to the intravenous group. This suggests topical
eye drops shift the biodistribution of drug toward the target
tissue, which may be advantageous in reducing toxicity
prevalent in systemic administration. The storage stability of
Rapa-loaded micelles was also determined for a period of 14
days. As shown in Figure 1E, there was approximately 95%
retention of Rapa in the micelles over this period, suggesting
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good storage stability of the drug-loaded micelles at —20°C.
For Rapa treatment over 12 weeks, fresh eye drop aliquots
were prepared weekly to ensure stability.

Effect of Topical Rapa on Autoimmune
Dacryoadenitis in NOD Mice

Male NOD mice exhibit lymphocytic infiltration in the LG in
conjunction with LG dysfunction and reduced tear flow.>>>° In
H&E-stained LG sections, these infiltrates resemble dark purple
patches, which represent the nuclei of the lymphocytic foci.
Previously, we showed that intravenous Rapa administered
over 1 week to 12-week old male NOD mice significantly
reduced lymphocytic infiltration in the LG.3! To evaluate the
potential effect on the extent of lymphocytic infiltration by
Rapa administered through eye drops, this report explores
twice-daily instillation into eyes of male NOD mice for 12
weeks at a dose of 550 uM Rapa (0.05 % by mass), starting at 8
weeks of age when LG inflammation in male NOD mice is
initiated but not fully developed (Fig. 2). The duration of this
study is consistent with other studies evaluating the effect of
CsA on LG inflammation and tear secretion in several different
mouse models of SS.8 As seen in Figure 3, both H&E-labeled
sections and image analysis quantifying the extent of lympho-
cytic infiltration showed a statistically significant reduction in
Rapa-treated mice after 12 weeks of treatment when mice were
20 weeks of age, as compared with those treated with vehicle.
Because Rapa was detected in plasma (Fig. 1C), histological
evaluation of liver, lung, and kidney was also performed in five
mice in each of the vehicle and drug treatment groups to
evaluate signs of systemic toxicity. A trained pathologist
conducted a blinded review of all the tissue sections.
Qualitative histopathological differences were found in the
lungs of two of five vehicle and one of five Rapa-treated mice,
and in the liver of one of five vehicle-treated mice. No changes
were observed in the kidneys of any of the analyzed mice from
either group. The changes observed in the lungs and livers of
these mice were nonspecific and in an appropriate setting, best
fit with changes seen in early SS>7-3° (Supplemental Table S1).

Because some male NOD mice develop diabetes at
approximately 5 to 6 months, which could complicate
interpretation of results, blood glucose levels were measured
before treatments at 8 weeks of age, after 6 weeks of treatment
at 14 weeks of age, and after 12-week treatment at 20 weeks of
age. None of the enrolled mice had blood glucose levels higher
than 150 mg/dL at the end of treatments when they had
reached 20 weeks of age. This is consistent with previous
reports of a 10% to 30% incidence of diabetes at 30 weeks of
age in male NOD mice where the onset is seen at 20 weeks of
age.®°! Mice with blood glucose levels >250 mg/dL are
usually considered diabetic.°> No significant differences in
blood glucose levels between Rapa- and vehicle-treated groups
were detected.

In a separate study cohort, Rapa eye drop treatment was
compared with PBS eye drops, with similar results (Supple-
mental Fig. S1A). Having observed a significant effect on NOD
mice with the 12-week treatment of Rapa eye drops, we
conducted the same study in a third cohort, comparing our
formulation with Restasis. We found that Rapa but not Restasis
significantly reduced LG inflammation relative to PBS and
vehicle controls, although a nonsignificant trend to reduced
inflammation was seen for Restasis (Supplemental Fig. S1B).

Rapa Treatment Improves Clinical Signs
Associated With Autoimmune-Mediated Dry Eye

To assess the potential therapeutic effect of Rapa eye drops in
male NOD mice, corneal fluorescein staining was performed
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Figure 1. Detection of Rapa in systemic circulation after eye drop administration in a nanoparticle lipid polymer eye drop formulation. (A)

Dynamic light-scattering analysis showed that PEG-DSPE formed nanoparticles with a hydrodynamic radius of approximately 11 nm. (B) Drug
release from PEG-DSPE, as determined by dialysis in PBS at room temperature, demonstrated that drug release follows a one-phase decay model with
a halflife of 29.9 hours, whereas the free drug diffuses rapidly through the dialysis membrane with a half-life of 1.35 hours. (C, D) To determine the
serum and tissue availability of Rapa administered as eye drops, peripheral blood, LG, and draining lymph nodes were collected 2 hours after
administration of vehicle or Rapa as eye drops or intravenously, and LC-MS analysis was used to determine the plasma concentration. n =3 for each
group. Error bars represent mean = SD. Rapa could not be detected in the vehicle group (not shown) because it was below the limit of detection
(0.05 ng/mL). (E) To determine the stability of PEG-DSPE-Rapa frozen aliquots (—20°C), the amount of drug retained in micelles was determined over
14 days. Reverse-phase HPLC analysis showed that the micelles retained approximately 95% of the drug over that time period.

after 6 and 12 weeks of treatment. Figure 4A shows
representative images of fluorescein-stained corneas from both
the vehicle and the drug treatment groups after 12 weeks of
treatment. Although corneal fluorescein scores increased in

both Rapa- and vehicle-treated mice from baseline to 6 weeks,
Rapa eye drops significantly decreased corneal staining when
the scores were measured after 12 weeks relative to the vehicle
treatment group (Fig. 4B). In addition, the amount of reflex
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Ficure 2. Experimental design for investigation of the effects of Rapa eye drops on autoimmune dacryoadenitis. (A) Timeline depicting treatment
of NOD mice starting in the early stages of autoimmune dacryoadenitis at 8 weeks of age. Treatments (0.05% Rapa by mass) were given over 12
weeks. (B) Cartoon depicting Rapa solubilized/encapsulated in PEG-DSPE micelle nanoparticles. (C) Diagram showing several therapeutic end
points investigated after Rapa eye drop administration, which determined the treatment efficacy on autoimmune dacryoadenitis, tear flow, and

ocular surface integrity.

tears was increased in Rapa-treated mice after 6 weeks of
treatment as compared with the pretreatment value as
measured by the wetting of phenol red threads in millimeters
(Fig. 5A). This improvement in tear secretion continued even
after 12 weeks of Rapa treatment. However, tear secretion
declined in vehicle-treated mice from pretreatment to 6-week
treatment and was similarly low at the end of the 12-week
treatment period. We also measured stimulated tear secretion
after 12 weeks of treatment and observed a modest, but
statistically significant increase in stimulated tear production
from Rapa-treated mice as compared with vehicle-treated mice
(Fig. 5B). Finally, a blinded, trained pathologist analyzed the
conjunctivas of Rapa and vehicle eye drop-treated mice after
12 weeks of treatment to quantify any differences in the
density of conjunctival goblet cells and to measure the level of
inflammatory infiltrates; however, no significant difference in
conjunctival morphology was detected. Using the scoring
system developed by the pathologist, we found no significant
difference in the level of inflammation between the vehicle-
and Rapa-treated conjunctivas. Representative images are
shown in Supplemental Figure S2A. The mean conjunctival
infiltration score in the vehicle group was 0.59 *= 1.12,
whereas that in the Rapa group was 0.54 *= 0.96. No
differences in goblet cell density were also detected (Supple-
mental Fig. S2B).

Topical Rapa Administration Reduces Tear and LG
CTSS

Previous work from our laboratory has demonstrated that CTSS
expression and activity in NOD mouse LG and tear fluid are
significantly increased in autoimmune dacryoadenitis.?® Our
recent clinical study has confirmed significant elevation of
CTSS activity in tears from SS patients, suggesting that the
increased tear fluid CTSS activity might serve as a biomarker for
diagnosis of SS.3° Other findings in salivary gland suggest that
CTSS upregulation may activate MHCII-mediated antigen
presentation by salivary gland acinar cells, potentially trigger-
ing and perpetuating autoimmune responses.®> To examine the
effect of long-term topical administration of Rapa eye drops on
CTSS, we compared changes in its activity in tears and LG
lysates from NOD mice without and with treatments. Our
results indicated that treatment with Rapa eye drops reduced
CTSS activity significantly in tears and LG lysates from NOD
mice, as compared with those treated with vehicle (Figs. 6A,
6B). We further evaluated the changes in gene expression of
CTSS in LG and cornea of these mice, observing a significant
reduction in CTSS transcript levels in the LG of mice treated
with Rapa relative to the vehicle group (Fig. 6C). A similar
trend was observed in the cornea, although it was not
statistically significant (Fig. 6D). Furthermore, as CTSS is
expressed in both LG acinar cells and infiltrating lymphocytes
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Ficure 3. Hematoxylin-eosin staining of LG from NOD mice after Rapa eye drops reveals suppression of lymphocytic infiltration. (A) Male NOD
mice were treated with 0.05% Rapa (PEG-DSPE micelles) or vehicle (PEG-DSPE alone) eye drops two times daily for 12 weeks starting at 8 weeks of
age. Lacrimal gland sections from treated mice were stained with H&E, and representative sections are shown. (B) Lymphocytic infiltration was
quantified as described in the Methods section, showing a significant decrease in infiltration in LG from mice treated with Rapa for 12 weeks relative
to its vehicle. Image analysis of the LG shows percentage of area with lymphocytic infiltrates relative to the entire LG section. ***P < 0.0001.

Crossbar represents the mean. Scale bar: 300 pm.

in the diseased LG, to identify the cells showing the decreased
CTSS expression in LG from Rapa-treated mice, we separately
isolated RNA from LG acinar cells and infiltrating lymphocytes
collected by laser capture microdissection and used qPCR to
detect differential expression of CTSS in these cell types. Rapa
treatment significantly decreased CTSS expression in LG acinar
cells but did not affect CTSS expression in the remaining
infiltrating lymphocytes (Figs. 6E, GF).

Effect of Rapa Eye Drops on LG Gene Expression

Systemic intravenous administration of Rapa over 1 week
caused significant molecular changes associated with inflam-
matory and mTOR-related downstream signaling events in LG
from NOD mice.?! In the present study, we analyzed the
changes in genes that were previously shown to be affected by
systemic Rapa and that may be targets of the therapeutic effect
of Rapa in NOD mouse LG. We have hypothesized that
induction of autophagy in the LG may help reduce LG
inflammation by clearing accumulated proteins and damaged
secretory vesicles, consistent with findings in salivary gland
acini.®* Rapa caused a significant decrease in Akt3 gene
expression levels (Fig. 7A), inhibition of which induces
autophagy,®® but did not significantly alter expression of ulk1
(Fig. 7B) and ulk2 (Fig. 7C), positive effectors of autophagy.®°
Gene expression of IFN-y, TNF-o, and IL-12a (Figs. 7D-F),
linked to LG inflammation in S$S,2° and MHCII (Fig. 7G),
involved in antigen presentation, were decreased in LG from
mice treated with Rapa eye drops, compared with those
treated with vehicle.

DISCcUSSION

At present, SS-associated dry eye is treated with artificial tears
that lubricate the ocular surface, and/or with topical anti-
inflammatory agents like CsA formulated in Restasis, which
reduce ocular surface inflammation. Although reasonably
effective in treating ocular surface symptoms, the exploration
of topical administration of anti-inflammatory agents that
reduce the autoimmune inflammation of LG in SS, part of the
clinical pathology of SS-associated dry eye, has not been a
primary focus. Previous studies have shown that tear produc-
tion is minimally affected by Restasis in SS patients,'® whereas
many patients are either minimally responsive®” or unrespon-
sive®® to this treatment. Clearly, additional therapeutic options
that use simple topical eye drop administration of anti-
inflammatory agents that have the ability to reduce autoim-
mune dacryoadenitis would be of clinical value to complement
current therapies that are not effective in all patients.

Rapa is an FDA-approved immunomodulatory agent that
binds with high affinity to the FK506 binding protein
(FKBP12). The Rapa-FKBP12 complex is an allosteric inhibitor
of mTOR, a kinase that plays a critical role in modulating both
innate and adaptive immune responses. Additionally, mTOR
mediates other activities, including regulation of the functions
of antigen-presenting cells®® and also autophagy, a process that
plays a key role in immunity and inflammation.”® Our previous
study with intravenous Rapa demonstrated its ability to lower
LG inflammation in male NOD mice with established disease,3!
but due to its solubility issues, systemic administration of Rapa
requires special formulation techniques to increase its solubil-
ity while mitigating its dose-limiting toxicity. We chose, in this
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Ficure 4. Improvement in ocular surface integrity in male NOD mice
treated with Rapa eye drops for 12 weeks relative to the vehicle alone.
(A) Representative images of the fluorescein-stained corneal surface of
the vehicle- and Rapa-treated mice after 12 weeks of treatment. (B)
Corneal fluorescein staining scores increased from levels at study onset
(pretreatment) at 6 weeks and 12 weeks for both the vehicle- (1 = 14)
and Rapa-treated mice (n = 13); however, Rapa eye drops significantly
lowered the score at 12 weeks relative to scores in vehicle-treated mice
(*P < 0.01). Data are presented as mean = 95% CI.

study, to explore the therapeutic effects of Rapa eye drops on
disease starting with early onset of symptoms through
established disease, knowing that intravenous Rapa has the
potential to suppress LG inflammation in mice with established
disease.?! Further studies will explore the extent to which
Rapa eye drops may mitigate well-established SS disease by
reducing lymphocytic infiltration, increasing tear flow and
restoring normal tear protein secretory profiles. Likewise,
future studies may explore the possibility that a therapeutic
effect on either LG inflammation or tear flow may occur before
12 weeks and 6 weeks, respectively, of Rapa eye drop
treatment as used in our study.

To our knowledge, although ophthalmologic solutions of
Rapa have been used previously for other indications,”!7? this
is the first study of its effect on LG inflammation and aqueous
tear deficiency associated with SS. A recent study, administer-
ing Rapa in a different phospholipid formulation by subcon-
junctival injection to dogs with keratoconjunctivitis sicca,
showed an improvement in tear production and ocular surface
integrity; however, the in vivo studies of this formulation were
limited in scope and warrant further testing.”> A few studies
have been reported for treatment of dry eye with topical
tacrolimus (FK-5006), a related inhibitor of mTOR, in mouse
models as well as in humans, demonstrating an improvement
in ocular surface staining, tear production, and a reduction in
inflammatory cytokines at the ocular surface as well as in the
LG.74-76 An expedited path to the clinic could be identified for
Rapa eye drops for treatment of autoimmune dacryoadenitis in
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Ficure 5. Tear secretion improved in Rapa-treated mice relative to the
vehicle group. (A) A phenol red test was used to measure tear secretion
and results are reported as wetting of phenol red threads in
millimeters. When compared with the vehicle treatment, male NOD
mice treated with Rapa (n = 13) showed a statistically significant
increase in tear secretion after 6 weeks and the difference between the
groups was even higher from 6 weeks to 12 weeks (***P < 0.0001).
There was a significant decrease in tear secretion within the vehicle-
treated group from pretreatment to 6 weeks, which appeared
comparable after 12 weeks of treatment. (B) As a direct measurement
of aqueous tear secretion after 12 weeks of Rapa treatment, we
determined the volume of fluid secreted to the ocular surface on
stimulation of the LG with CCH. The study was powered sufficiently to
detect a modest, but significant increase in stimulated tear volumes for
the drug (n =9) compared with the vehicle (z = 10) treatment group
(*P < 0.05). Data are presented as mean * 95% CIL.

SS, because local delivery in our study showed comparable
reduction of autoimmune inflammation of LG and other
symptoms of SS-associated dry eye.

Sjogren’s syndrome is characterized by lymphocytic infil-
tration of the exocrine glands, lacrimal and salivary, that are
responsible for the production and release of the fluid and
proteins essential for health of the ocular surface and oral
cavity, respectively. This destruction of acinar cells in the LG is
accompanied by impaired tear secretion and dry eye symp-
toms.””78 Previous studies lend strong support to the notion
that increased tear secretion is possible with suppression of LG
inflammation,”® and in line with that, the primary objective of
this study was to determine whether topical Rapa could reduce
LG inflammation as well as improve tear flow and ocular
surface integrity. Our findings reveal that a regimen of 12
weeks of twice-daily topical Rapa, starting at 8 weeks of age
and ending at 20 weeks of age, in male NOD mice significantly
reduced lymphocytic infiltration in the LG. This regimen also,
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Ficure 6. Decrease in CTSS activity and gene expression in tears, LG lysates, cornea, and LG acinar cells from mice treated with Rapa eye drops.
(A) Tear CTSS activity measurements indicated a 6-fold decrease (P < 0.0001) in mice treated with Rapa eye drops (7 =9), as compared with those
treated with vehicle alone (= 10). (B) Cathepsin S activity measurements in LG lysates also demonstrated a significant decrease (P =0.003) in mice
treated with Rapa (n = 6), as compared with those treated with vehicle (7= 5). (C) Quantitative (real-time) PCR studies demonstrated that the CTSS
mRNA level was significantly lower in whole LG (P =0.008) in mice treated with Rapa (n =5), as compared with those treated with vehicle alone (n
=5). (D) Although we saw a trend in CTSS reduction in cornea of mice treated with Rapa (z = 3), it was not statistically significant (P = 0.15). To
determine if CTSS expression was modified in LG acinar cells or invading lymphocytes, we used laser capture microdissection to isolate individual
acini and lymphocytes from hematoxylin-stained LG sections of Rapa- (n = 3) and vehicle- (n = 3) treated mice and carried out qPCR on these cell
types. As can be seen in (E), there was a significant reduction in CTSS mRNA expression in the LG acinar cells with Rapa treatment when compared
with the vehicle treatment group (P = 0.04); (F) CTSS mRNA expression was unchanged in the lymphocytes. Data are presented as mean * 95% CL.

at least for CTSS, reduced the activity of this putative SS daily treatment, Rapa eye drops significantly lowered corneal
biomarker in tears and specifically in the tear-producing LG staining relative to vehicle, indicating improvement in corneal
acinar cells, suggesting the ability of Rapa to modulate protein barrier integrity.

expression and secretion in LG acinar cells, in addition to The exact mechanism by which topical Rapa lowers

simply improving tear flow. Finally, after 12 weeks of twice- inflammation in the LG and/or reduces tear flow was not the
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ﬁ Ficure 7. Quantitative (real-time) PCR studies demonstrated changes in gene expression of proteins involved in autophagy, inflammation, and
O) antigen presentation in NOD mice treated with Rapa eye drops. In LG from male NOD mice treated with Rapa eye drops or vehicle for 12 weeks,
"'a Rapa treatment caused downregulation of (A) Akt3 (**P=0.005) but did not alter expression of (B) ulk1 or (C) ulk2 relative to levels seen in LG from
) mice treated with vehicle eye drops. Treatment with Rapa eye drops also caused a significant decrease in gene expression of (D) IL-12a (*P = 0.03),
E (B) IFN-y (*P = 0.05), (F) TNF-o. (**P = 0.007), and (G) MHCII (**P = 0.0006). Data are presented as mean = 95% CI; n = 5 for each group.
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major focus of our study, but it may be related to the
documented ability of Rapa to reduce T-cell proliferation by
inhibiting mTOR seen in other tissues.>> Here we show that
Rapa administered in eye drops reaches the LG as well as the
draining lymph nodes and the systemic circulation in low
concentrations. Thus, it is plausible that the effect of Rapa on
infiltration and secretion maybe be due to modulation of the
LG acinar cells and/or of modulation of lymphocytes locally in
both the LG and draining lymph nodes. Certainly, many of the
changes in LG gene expression associated with Rapa eye drops
are consistent with those observed previously for intravenous
Rapa administration, including reduced expression of autoph-
agy-related and inflammation-associated genes.

Studies conducted by our laboratory have shown a
prominent increase in CTSS activity in NOD mouse tears and
LG,?? which was recently confirmed in tears from SS patients,3®
suggesting its increased activity as a tear biomarker for
diagnosis of SS. Additionally, recent evidence has also shown
that elevation of CTSS in the salivary gland may perpetuate
autoimmune responses by activating MHCII-mediated antigen
presentation.®® In addition to reduced lymphocytic infiltration
of the LG, male NOD mice treated with topical Rapa for 12
weeks showed decreased tear and LG CTSS activity, consistent
with a role for this protease in mediation of inflammation in
the LG. Preliminary studies in our laboratory have shown that
CTSS expression and activity in the LG increases at the same
time as the onset of infiltration (data not shown); however, it is
not yet known if the elevation of CTSS triggers infiltration or if
the activity increases due to increased infiltration. Here, we
showed that the reduction of CTSS expression observed in the
LG of Rapa-treated mice occurred primarily in the acinar cells,
which may point toward the first notion.

In a previous study in NOD mice LG, we showed that
inflamed LG in these mice exhibited increased gene expression
of IFN-y, TNF-a, and IL-12a,?° proinflammatory mediators of
pathogenesis in SS.798° With the 12-week Rapa treatment
relative to vehicle, the expression of these cytokines was
significantly decreased in NOD mouse LG. MHCII, involved in
antigen presentation and implicated in SS-associated dry eye,
was also significantly decreased by drug treatment. Finally,
reduced expression of Akt3, implicated in autophagy, which
contributes to autoimmunity and inflammation, was exerted in
the LG by 12-week Rapa treatment. Taken together, these data
suggest that Rapa eye drops exert a potent anti-inflammatory
effect in the LG.

In summary, our work has demonstrated that Rapa may be
administered in an eye drop formulation to reduce autoim-
mune inflammation of the tear-secreting LG, increase tear
secretion, and restore ocular surface homeostasis in a model of
SS. The formulation was well tolerated when administered over
12 weeks in an established murine model of SS that
recapitulates several characteristics of SS-associated dry eye
in patients. Further studies with this ocular formulation of
Rapa will be required to clearly understand the precise
molecular mechanisms responsible for its immunomodulatory
effect in the LG.
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