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Abstract

Immunologic graft rejection is one of the main causes of short and long-term graft failure in
corneal transplantation. Steroids are the most commonly used immunosuppressive agents for
postoperative management and prevention of corneal graft rejection. However, steroids delivered
in eye drops are rapidly cleared from the surface of the eye, so the required frequency of dosing
for corneal graft rejection management can be as high as once every 2 h. Additionally, these eye
drops are often prescribed for daily use for 1 year or longer, which can result in poor patient
compliance and steroid-related side effects. Here, we report a biodegradable nanoparticle system
composed of Generally Regarded as Safe (GRAS) materials that can provide sustained release of
corticosteroids to prevent corneal graft rejection following subconjunctival injection provided
initially during transplant surgery. Poly(lactic-co-glycolic acid) (PLGA) nanoparticles containing
dexamethasone sodium phosphate (DSP) exhibited a size of 200 nm, 8 wt.% drug loading, and
sustained drug release over 15 days /n vitro under sink conditions. DSP-loaded nanoparticles
provided sustained ocular drug levels for at least 7 days after subconjunctival administration in
rats, and prevented corneal allograft rejection over the entire 9-week study when administered
weekly. In contrast, control treatment groups that received weekly injections of either placebo
nanoparticles, saline, or DSP in solution demonstrated corneal graft rejection accompanied by
severe corneal edema, neovascularization and opacity that occurred in < 4 weeks. Local controlled
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release of corticosteroids may reduce the rate of corneal graft rejection, perhaps especially in the
days immediately following surgery when risk of rejection is highest and when typical steroid eye
drop administration requirements are particularly onerous.
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1. Introduction

Corneal transplantation is the most common form of solid tissue transplantation [1,2], and is
widely used to treat blindness caused by corneal diseases. Approximately 36,000 corneal
transplantation surgeries are performed each year in the US alone [1]. The 2-year graft
survival rate for avascular and non-inflamed “low-risk” cornea beds is up to 90%, however,
the rate for “high-risk” cornea beds, which had either neovascularization, inflammation, or
previous graft rejection, is as low as 50% [1,3]. Given the increased risk of future graft
failure in patients who have previously rejected a corneal transplant and the limited supply
of cornea tissues suitable for transplantation, corneal graft failure is a significant burden on
patients, their families and the health care system.

Immunologic corneal rejection is the main cause for graft failure. Immunosuppressive
therapies, such as steroids, antimetabolites, and T-cell inhibitors, have been applied to
patients after cornea transplantation, either systemically or through eye drops [4-6]. Topical
corticosteroids in eye drops are widely used to control rejection rates of both “low-risk™ and
“high-risk’ corneal grafts [7-10]. Drops are generally preferred over systemic steroid
administration in order to target the therapy and reduce systemic side effects. However, rapid
drug clearance from the ocular surface and low drug penetration into the eye lead to a
requirement for frequent administration [9,11,12]. Drop administration requirements can be
as often as every 2 h during the first several days after surgery [13,14], a regimen that causes
poor patient compliance that increases graft rejection rates [15,16].

In an attempt to address the need for high local steroid levels immediately after surgery,
subconjunctival (SC) injection of corticosteroids at the time of surgery is often employed.
SC injection of dexamethasone sodium phosphate (DSP) solution has been shown to result
in increased concentrations of DSP in the aqueous humor compared to drug concentrations
achieved with eye drops [17,18]. However, rapid clearance of small molecules like DSP
from the ocular tissue limits the duration of therapeutic drug levels after a single SC
injection, and the spike in drug concentration may cause increased ocular side effects.

Polymeric nano- and microparticles can be administered by injection and provide controlled
release of drugs to target tissues at effective levels, which can increase treatment efficacy
and decrease associated side effects. For this reason, polymer particle based therapies are
being evaluated to deliver therapeutic agents to the eye by various routes, including
intravitreal injection, topical administration and SC injection [19-23]. Here, we describe the
development of a nanoparticle formulation for SC injection that can provide sustained
release of DSP (DSP-NP) both in vitro and following SC injection in rats, and we
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demonstrate that it is effective in preventing corneal graft rejection in a corneal transplant rat
model /in vivo.

2. Materials and methods

2.1. Materials

Poly(D,L-lactic-co-glycolic acid; 50:50, MW ~3.2 kDa, acid terminated) (PLGA) was
purchased from Lakeshore Biomaterials (Evonik, Birmingham, AL). Dexamethasone
sodium phosphate salt (DSP) was purchased from MP Biomedicals (Santa Ana, CA). [3H]-
labeled DSP was purchased from American Radiolabeled Chemicals (St Louis, MO).
Pluronic F127 (a polyethylene oxide-polypropylene oxide-polyethylene oxide triblock
copolymer, or PEO-PPO-PEOQ), triethanolamine (TEOA), ethylenediamine-tetraacetic acid
(EDTA) solution (0.5 M), zinc acetate dihydrate and all other organic solvents were
purchased from Sigma-Aldrich (St. Louis, MO). Methoxy-poly(ethylene glycol)-amine
(MeO-PEG-NHo>) was purchased from Creative PEGWorks (Winston Salem, NC).

2.2. Preparation of model nanoparticles

Red fluorescent carboxyl-modified PS particles of 100, 200, and 500 nm (Molecular
Probes®, Life Technologies, Co., Frederick, MD) in size were covalently modified with
methoxy-PEG-amine by carboxyl acid-amine reaction, as described previously [24].
PEGylated PS particles (PS-PEG) were thoroughly washed, re-suspended in water,
characterized and stored at 4 °C prior to use.

2.3. Preparation of placebo nanoparticles

Placebo PLGA nanoparticles (placebo NP) were prepared by a solvent diffusion method.
Briefly, 20 mg of the polymer was dissolved in 1 mL of tetrahydrofuran (THF), and added
dropwise to 40 mL of 5% F127 aqueous solution under magnetic stirring at 700 rpm. After
stirring for about 1 h, the solution was rotoevaporated for 30 min to remove the residual
THF. PLGA nanoparticles were washed with 5% F127 by centrifugation at 10,000 g for 25
min, and re-suspended in 0.2 mL of ultrapure water.

2.4. Preparation of DSP-loaded PLGA nanoparticles

Dexamethasone sodium phosphate (DSP) was encapsulated into PLGA nanoparticles
following a modified solvent diffusion method, [25,26]. Briefly, a DSP-zinc complex was
formed by adding 1 mL of 0.5 M zinc acetate aqueous solution to 0.5 mL of an aqueous
solution containing 10 mg of DSP. After centrifugation at 10,000 g for 5 min, the
precipitated complex and 50 mg PLGA were suspended and dissolved in 2.5 mL of THF
followed by the addition of 20 uL of TEOA. The mixture was added dropwise into 100 mL
of 5% F127 aqueous solution with stirring to form DSP-loaded PLGA nanoparticles (DSP-
NP). After complete removal of the THF by solvent evaporation, 1 mL of 0.5 M EDTA
aqueous solution (pH 7.5) was added to the nanoparticle suspension to chelate excess zinc
and solubilize any unencapsulated DSP-zinc complexes. The nanoparticles were collected by
centrifugation at 10,000 g for 25 min, washed with 5% F127, and resuspended in 0.2 mL of
ultrapure water.
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2.5. Nanoparticle physiochemical characterization

Particle size and C-potential were determined by dynamic light scattering and laser Doppler
anemometry, using a Zetasizer Nano ZS90 (Malvern Instruments, Southborough, MA).
Samples were diluted in 10 mM NacCl solution at pH 7.2. Transmission electron microscope
(TEM) images of DSP-NP were obtained using a Hitachi H7600 transmission electron
microscope (Hitachi Co. Ltd., Tokyo, Japan).

2.6. Drug loading and in vitro drug release study

2.7. Animals

To measure the DSP content in DSP-NP, approximately 50 pL of nanoparticles was
lyophilized, weighed and dissolved in 0.5 mL of acetonitrile. Subsequently, 1 mL of 50 mM
EDTA was added to solubilize zinc-DSP complexes, and the DSP concentration in the
solution was measured by reverse phase HPLC. Isocratic separation was performed on a
Shimadzu Prominence LC system (Kyoto, Japan) equipped with a Pursuit 5 C18 column
(Varian Inc, Lake Forest, CA) and mobile phase consisting of acetonitrile/water (35/65 v/v)
containing 0.1% trifluoroacetic acid (flow rate = 1 mL/min). Column effluent was monitored
by UV detection at 241 nm. The drug loading (DL) and encapsulation efficiency (EE) were
calculated according to the following equations:

DL( % ) = (amount of DSP in nanoparticles/weight of nanoparticles) x 100
EE( % ) = (drug loading measured/theoretical drug loading) x 100 % .

To measure the /n vitro release profile of DSP, 400 pL of the nanoparticle suspension was
sealed in a dialysis tubing cellulose membrane (MW cutoff: 10 kDa, Sigma Aldrich, St.
Louis, MO). The sealed dialysis membrane was placed into a 50 mL conical tube containing
12 mL of release media (PBS, pH 7.4) and incubated at 37 °C on a platform shaker (140
rpm). The entire release media was collected at predetermined intervals and replaced with
another 12 mL of fresh PBS. DSP concentration in the collected release media was
measured by HPLC as described above.

All experimental protocols were approved by the Johns Hopkins Animal Care and Use
Committee. Six to eight week old male Sprague Dawley, Lewis, and Fisher rats were
purchased from Harlan (Indianapolis, IN). Sprague Dawley rats were used for in vivo safety
and retention studies. For the corneal transplant studies, Lewis rats were used as the receptor
animals, and Fisher rats were used as donor animals. All rats were cared for and treated in
accordance with the Association for Research in Vision and Ophthalmology (ARVO)
resolution concerning the use of animals in ophthalmological research. The animals were
anesthetized with intramuscular injection of a mixture of Ketamine (80 mg/kg) and Xylazine
(8 mg/kg) during experimental procedures.

2.8. Retention of nanoparticles following subconjunctival administration

The retention of nanoparticles after SC administration was investigated by imaging the
whole eye with the Xenogen VIS Spectrum optical imaging system (Caliper Life Sciences
Inc., Hopkinton, MA). Rats were anesthetized by intramuscular injection of a mixture of
Ketamine (80 mg/kg) and Xylazine (8 mg/kg). Non-degradable model particles, red
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fluorescent PS-PEG (hydrodynamic diameter approximately 100 nm, 260 nm and 510 nm),
were injected to Sprague Dawley rats by SC administration (50 uL) using a 27-gauge needle.
The injection procedure was performed under a S81 operating ophthalmic microscope
(Zeiss, Germany). The eyelids were retracted during imaging with a 45G speculum (Focus
Ophthalmics, LLC, Ontario, CA). The total fluorescence counts at the injection site were
recorded at 550/570 nm. The images were analyzed using the Living Image 3.0 software
(Caliper Lifesciences, Inc.), and the retention of nanoparticles was quantified by comparing
to the fluorescence counts of the same eye immediately after injection of particles. Rat eyes
without particle injection were used as the baseline.

2.9. In vivo safety profile of placebo biodegradable nanoparticles

Placebo PLGA nanoparticles (placebo NP), were administered by subconjunctival (SC)
injection at a dose of 1 mg particles per eye (n = 9 for each). Control eyes received SC
injection of saline (n = 9). At time points of postoperative (PO) 1 day, 7 days, and 14 days,
animals were sacrificed and whole eyes together with conjunctiva tissue were harvested for
histological examination after fixation and staining with hematoxylin and eosin (H&E).
Enucleation was initiated by canthotomies and incision of the palpebral conjunctiva,
rendering the bulbar conjunctiva intact. The SC injection site was marked with a 6-0 Nylon
suture, and axial sections (5 um thick) with antero-posterior orientation (from the cornea to
the optic nerve) were cut through the SC injection site. The slides were observed and graded
by a pathologist.

2.10. In vivo ocular DSP levels

In order to detect the ocular DSP level after SC administration in rats, [3H]-labeled DSP was
blended with non-labeled DSP (10 puCi:1 mg DSP) and used in the preparation of DSP-NP.
DSP-NP were suspended in saline at a concentration of 20 uCi/mL. Unencapsulated “free”
DSP solution at 20 pCi/mL was prepared at the same blending ratio. Forty microliters (~0.8
UCi per eye) of the same formulation was administered to both eyes of the same animal
(Sprague Dawley rat) through SC injection. At the indicated time intervals, PO 2 h, 1 day, 3
days, 5 days and 7 days after injection, the rats were anesthetized by intramuscular injection
of Ketamine/Xylazine solution, as described above. The animal was sacrificed after
collecting two drops of blood from the tail vein. The eye ball with conjunctiva tissue was
carefully removed and rinsed with PBS. The aqueous, vitreous, and the remaining ocular
tissues containing injection sites were carefully dissected and collected. All the samples
were weighed and then dissolved with 2 mL of Solvable (Perkin Elmer, Waltham, MA) by
incubation at 50 °C overnight. Blood samples were bleached with 0.2 mL H,0, and 20 puL
0.5 M EDTA. Ten milliliters of Ultima gold scintillation medium (Perkin Elmer, Waltham,
MA) was added before counting the radioactivity in a scintillation counter (Perkin Elmer,
Waltham, MA). The results were expressed as a percentage of the injected dose and are the
mean + standard deviation of four eyes per data point. The level of DSP in blood was the
average of two animals per time point. The total percentage of the injected dose at the
injection sites and the radioactivity per mg of tissue or mL of blood were calculated.
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2.11. Corneal transplantation surgery

Fisher donor rats were sacrificed and the central corneal button of both eyes were removed
with a 3.5-mm trephine and kept in physiological solution ready for use. The penetrating
keratoplasty (PK) surgery was performed by an experienced corneal surgeon under a S81
operating ophthalmic microscope (Zeiss, Germany). The cornea recipient Lewis rats were
anesthetized with an intramuscular injection of a mixture of Ketamine (80 mg/kg) and
Xylazine (8 mg/kg). Repeated instillations of 0.5% tropicamide eye drops were used on
Lewis rats for total pupil dilation before surgery. A paracentesis was performed before
trephinization, and the anterior chamber was filled with Healon GV™ (14 mg/mL). The
corneal buttons were removed from the receptor Lewis rats with a 3.5-mm trephine. The
donor corneal buttons were sutured to receptor cornea with eight interrupted sutures using
10-0 Nylon.

2.12. Postoperative treatments

Immediately after PK surgery, the animals were randomly divided into 4 groups and treated
with SC injection of 50 L of various treatments: group 1 (4 rats) saline; group 2 (5 rats)
placebo NP; group 3 (5 rats) free DSP aqueous solution (DSP) (2 mg/mL); and group 4 (6
rats) DSP-NP (2 mg DSP/mL). These treatment regimens were repeated once per week in all
groups until the graft was clinically deemed as failed, or until the end of the study (9 weeks
following PK surgery).

2.13. Clinical evaluation

Clinical observation with a slit lamp microscope was performed every 2 days until the
endpoint after PK surgery. Three parameters were evaluated for the examination of the
corneal grafts: corneal transparency, edema and neovascularization. Grafts were regarded as
rejected only when the total score reached 5 with opacity score of at least 3 [27]. The
scoring system is presented in Table 1.

2.14. Intraocular pressure measurement

Non-invasive intraocular pressure (IOP) measurements were conducted weekly after the
surgery using an Icare® Tonolab (Helsinki, Finland). The 10P recorded for each eye was the
average of three consecutive measurements * standard error of the mean (SEM).

2.15. Histological examination

All surviving animals were sacrificed by CO, at the end of the study, and the eyes that
underwent PK surgery were enucleated. Eye tissues were fixed with 10% formalin for 24 h
before being embedded in paraffin. Axial sections (5 um thick) with antero-posterior
orientation (from the cornea to the optic nerve) were cut, and stained with H&E.

2.16. Statistical analysis

Statistical analysis was performed by one-way analysis of variance (ANOVA) followed by
Tukey’s test. The Kaplan—Meier method was used to assess graft survival rates of corneal
transplants. Differences were considered to be statistically significant at a level of £< 0.05.
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3.1. Preparation and characterization of nanoparticles

It is difficult to encapsulate dexamethasone into PLGA nanoparticles owing to
incompatibility between dexamethasone and PLGA [28]. However, the water-soluble
prodrug of dexamethasone, dexamethasone sodium phosphate (DSP), is converted to
dexamethasone /7 vivo by phosphatases present in all organs, including the ocular tissues
[29]. We efficiently co-encapsulated DSP with zinc into PLGA nanoparticles. The
physicochemical properties of DSP-loaded PLGA nanoparticles (DSP-NP) are shown in
Table 2. DSP-NP exhibited a surface charge of —=8 mV, indicating the surfactant used during
particle preparation, Pluronic F127, coated the particle surface. The presence of surfactant
on the nanoparticle surface prevented nanoparticle aggregation and improved the yield.
Without surfactant, the yield of nanoparticles was extremely low due to excessive
nanoparticle aggregation during the centrifuge collection procedure (data not shown). DSP-
NP possessed a hydrodynamic diameter of 200 = 8 nm (Table 2) and were spherical (Fig. 1).
DSP-NP exhibited a high drug loading of 8% w/w, corresponding to an encapsulation
efficiency of 72%. The release of DSP from DSP-NP occurred in a controlled manner up to
15 days /n vitro, with approximately 70% of loaded DSP released within the first 7 days
(Fig. 1). The use of zinc increased the encapsulation efficiency of DSP (data not shown) and
promoted its sustained release from PLGA nanoparticles, presumably via formation of an
ionic bridge between the terminal carboxyl groups on PLGA and the phosphate groups on
the drug molecules [25,30].

3.2. Ocular retention of nanoparticles

PEG-coated polystyrene (PS-PEG) particles were used to investigate the effect of size on
particle retention after SC administration. PS-PEG particles with size of 100 nm, 260 nm
and 510 nm, each with a near-neutral surface charge due to the PEG coating, were prepared
(Table 2). Live animal imaging was used to quantify the fluorescence signal of the retained
particles (Fig. 2A). PS-PEG particles (100-510 nm) exhibited a constant level of
fluorescence over the 2-month retention study after an initial leakage of approximately 60%
during the first 6 h after SC administration (Fig. 2B).

3.3. Ocular safety of placebo PLGA nanoparticles

In order to evaluate the /n vivo toxicity of placebo nanoparticles (NP), we administered
placebo NP to rats via SC injection. Histological examination was performed to assess the
inflammatory responses in the ocular tissues (Fig. 3). Animals that received saline injection
showed mild inflammation in conjunctiva tissue near the injection site at PO 2 days, and
recovery at PO 7 days and PO 14 days. Similarly, conjunctiva tissue near the injection site
showed mild inflammation at PO 2 days for PLGA/F127 NP, which subsided at PO 7 days
and PO 14 days (grade 0). Both placebo NP and saline controls showed no inflammation in
the cornea at any time point (Fig. 3).
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3.4. DSP levels in ocular tissues

DSP levels in various ocular tissues were compared following a single SC administration of
either free DSP in aqueous solution or DSP-NP (both at 2 mg DSP/mL, 40yuL injection). For
DSP-NP, nearly 65% of the total DSP dose was retained in the conjunctiva tissue at PO 2 h,
and the retained DSP levels in the conjunctiva tissue gradually decreased to 5% at PO 7 days
(Fig. 4A). In comparison, only 0.4% of the total dose of free DSP was retained at the
injection site at PO 2 h, and declined to just above detection limit at PO 1 day. SC injection
of DSP-NP also significantly increased the concentration of DSP within the agueous humor
and vitreous up to PO 7 days (Fig. 4B and C). The concentration of DSP in both aqueous
and vitreous at PO 1 day after SC administration of DSP-NP was 5160 + 3950 ng/mL and
1290 = 850 ng/mL, respectively. In contrast, after SC injection of free DSP, the DSP
concentration within these ocular tissues rapidly dropped to undetectable levels. We also
measured DSP levels in the blood at various time points to examine potential systemic
exposure. SC injection of DSP-NP resulted in a low, consistent level of DSP (~50 ng/mL)
from PO 2 h to PO 7 days, reflecting the sustained release; in comparison, the systemic DSP
concentration after SC injection of free DSP was as high as 350 ng/mL at PO 2 h, and then
diminished to baseline by PO 1 day (Fig. 4D).

3.5. Corneal graft rejection

Typical PK surgery is shown in Fig. 5A. At PO 2 weeks, the corneas of animals in the saline
control and placebo NP control groups exhibited severe edema, the cornea grafts were
opaque, and neovascularization was evident within the corneal graft (Fig. 5B and C). By PO
4 weeks, the corneal grafts in the DSP group also developed severe edema and the cornea
allografts became opaque with significant neovascularization (Fig. 5D). The DSP-NP treated
group showed significantly better efficacy toward preventing corneal graft rejection, as
measured by corneal transparency, edema and neovascularization (Fig. 6). There was no
edema among the DSP-NP treated group, and all corneal grafts in the 6 rats were clear
throughout the entire 9-week study (Fig. 5E). The neovascularization in the DSP-NP group
was significantly less than all other groups (p < 0.05) (Fig. 6).

Animals were sacrificed when corneal graft failure occurred; the graft survival curve is
shown in Fig. 7. Corneal graft rejection occurred by PO 2 weeks for saline and placebo NP
control groups. A slight reduction in the rate of corneal graft rejection was achieved in
animals that received weekly SC administration of free DSP, though all grafts were rejected
by PO 4 weeks. In contrast, the graft survival rate for the DSP-NP treated group was 100%
through to the end of the study (PO 9 weeks).

IOP was normal in all groups, except that one out of five eyes in the DSP free drug group at
PO 2 weeks had an increased I0P that went back to normal levels at subsequent time points.
There was no significant increase in IOP in the DSP-NP group over the course of the study
(Fig. 8). Histological examination of the experimental eyes was performed upon animal
sacrifice. Cornea tissues in the saline (Fig. 9A, and E), placebo NP (Fig. 9B, and F) and free
DSP (Fig. 9C, and G) treated groups were all thickened, and the corneal grafts lost their
structural integrity. Extensive inflammatory cell and blood vessel infiltration were observed
throughout the cornea, as well as retrocorneal inflammation within the anterior chamber in
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some cases. In comparison, the corneas of the DSP-NP treated group had intact epithelial,
stromal and endothelial layers, and no thickening or anterior chamber inflammation (Fig.
9D). In addition, neither inflammatory cells nor new blood vessel growth was observed in
DSP-NP treated cornea grafts (Fig. 9H).

4. Discussion

Achieving effective levels of immunosuppressive agents to prevent corneal graft rejection is
challenging, and requires frequent topical dosing that is difficult for patients. The most
critical time is the first several days after surgery, a time when dosing requirements are also
most frequent. Thus, a sustained release platform that can be administered at the time of
transplantation and that provides local release of immunosuppressive agents to the eye is
expected to improve patient compliance and transplant success rates [31]. Here, we
demonstrated that a biodegradable nanoparticle platform with high drug loading and
sustained release of DSP (DSP-NP) effectively prevented corneal allograft rejection in rats.
Sustained release of DSP from DSP-NP is likely a result of both the gradual degradation of
PLGA and diffusion of DSP through the PLGA matrix [25]. The DSP-NP were
manufactured with components that are classified as GRAS by the FDA for various uses,
and have a long history of use in pharmaceutical products, including ophthalmic
formulations. These nanoparticles were found to be non-inflammatory after SC
administration to healthy rats.

In addition to being difficult to comply with, frequent topical DSP drop administration also
leads to high systemic drug exposure [32], making subconjunctival injection an attractive
alternative route of administration. SC injection of DSP solution has been shown to more
effectively deliver high levels of DSP to both the aqueous and vitreous as compared to eye
drops [17,18]. It is noteworthy that we found that SC administration of free DSP resulted in
more than 8-fold higher systemic DSP concentration compared to SC injection of DSP-NP
at PO 2 h. Due to the sustained release of DSP, systemic exposure to DSP was minimal (50
ng/mL) over 7 days after SC administration of DSP-NP. Therefore, SC administration of
DSP-NP is expected to reduce serious systemic side effects associated with corticosteroid
solutions dosed as either eye drops or SC injection. Further, 65% of the original DSP dose
delivered in DSP-NP was retained at the injection site on PO day 2, in contrast to only 0.4%
of the original dose delivered as free DSP solution. Thus, SC injection of DSP-NP not only
decreased systemic exposure, but provided sustained local drug concentrations for improved
therapeutic effect.

It is well known that corticosteroids effectively inhibit the expression and action of pro-
inflammatory cytokines, and have been shown to induce T-cell apoptosis [33-35]. Compared
with the saline, free DSP and placebo NP control groups, the corneas of DSP-NP treated rats
had no evidence of inflammatory cell infiltration. Furthermore, we observed extensive new
blood vessel growth into the corneas of the rats in the control groups, but not in the DSP-NP
treated group. Maintaining the avascular nature of the cornea is crucial for its immune-
privileged status during cornea transplantation, and neovascularization is believed to be a
driving force for corneal rejection [1,3]. SC administration of free DSP reduced
neovascularization of the corneal allografts, but once weekly SC administration of free DSP
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was not enough to completely suppress the growth of new vessels. Even though
dexamethasone shows high anti-inflammatory potency [32], the short retention of DSP
solution after SC administration limits its therapeutic efficacy.

Amrite and Kompella reported that 200 nm and 2 pm non-PEGylated PS particles
(carboxylate-modified) were stably retained in the subconjunctival tissue after 20-30 uL SC
injection [36]. The decrease in NP retention within 6 h after SC administration observed
here is likely due to leakage from the injection site caused by the higher injection volume
used (50 pL). After the “leakage” during the first 6 h, non-degradable PS-PEG nanoparticles
were retained in the conjunctiva tissue for the remaining 2 months of observation. Further
optimization of injection conditions will likely reduce the leakage and improve retention of
the DSP-NP after SC administration, thereby decreasing the required dose. DSP-NP showed
better drug retention compared to free DSP after SC administration, and the DSP was
released in a sustained manner from DSP-NP. Therefore, a more consistent level of DSP was
achieved in the aqueous humor upon SC injection of DSP-NP. The biodegradability of
PLGA will allow these nanoparticles to be gradually degraded into monomers of lactic acid
and glycolic acid, which are cleared through the urine and Krebs cycle.

Long-term steroid treatment leads to increased 10P, which can result in glaucoma.
Approximately 30-40% of patients given potent topical corticosteroids (dexamethasone or
betamethasone) for 4—-6 weeks develop increased IOP [37]. Topical ocular dexamethasone
given 3 times per day significantly elevated IOP in wild-type mice after 3 weeks of
treatment, and withdrawal of dexamethasone treatment reduced dexamethasone-induced
elevation in I0OP [38]. In our study, we did not observe increased IOP throughout the entire
9-week study for the weekly SC administration of DSP-NP in rats. Furthermore, the weekly
administration regimen would allow halting the corticosteroid treatment, and a switch to
other alternative immunosuppression therapy, if severe IOP elevation is observed. Finally, it
is likely that this treatment will be used primarily during the time of graft transplantation
only, followed by topical eye drops as needed, thereby pretreating the cornea during the
critical first days after PK surgery. A 1-week treatment regimen was effective at preventing
allograft rejection in the current animal model; however, formulation changes may enable
the treatment regimen to be adjusted to a monthly regimen in the future.

The sustained release of corticosteroid to the anterior chamber of the eye after SC
administration may be useful in treating other ocular disorders as well, such as corneal
neovascularization, granulomatous iritis and uveitis.

5. Conclusions

Biodegradable nanoparticles loaded with dexamethasone sodium phosphate (DSP-NP)
provided sustained release of DSP and did not cause inflammation after subconjunctival
(SC) injection in rats. The nanoparticles were made of materials with a long history of
safety, which should facilitate translation to human use. Treatment with DSP-NP in a rat
model prevented corneal allograft rejection, whereas graft failure within 2—4 weeks occurred
in the control groups, including in rats treated with weekly SC injection of free DSP. The
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(A) TEM image and (B) /n vitro DSP release profile from DSP-NP.
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Fig. 2.

Fluorescence images of (A) a rat eye prior to injection and (B) a rat eye following SC
administration of fluorescently-labeled nanoparticles. (C) Retention of PS-PEG particles of
various diameters after SC administration to rats.
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saline

Placebo NP

Fig. 3.

Sa?nple histology at PO 2 days, 7 days and 14 days showing representative images of rat
conjunctiva (A, B, C, G, H, I) and cornea (D, E, F, J, K, L) after SC injection of saline or
placebo NP. Conjunctival and corneal epithelia are marked with an asterisk. Foci of mildly
increased inflammation were present in the underlying conjunctival substantia propria 2 days
after injection but not at later time points (arrow in panels A and G). Original magnification
200x.
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Pharmacokinetic study of free DSP solution and DSP-NP after SC administration to rats.
DSP levels (A) at the injection site, (B) in the aqueous, (C) in the vitreous and (D) in blood.

(*, p < 0.05; ** p < 0.01; *** p < 0.001).
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Fig. 5.

chstoperative examination of transplanted corneas. (A) A transplanted cornea immediately
following SC injection of nanoparticles (site of injection marked with an asterisk). All grafts
were rejected by PO 2 weeks for groups that received weekly SC injection of (B) saline and
(C) placebo NP, and by PO 4 weeks for rats that received weekly SC injection of (D) free
DSP. All grafts were clear until the end of study (PO 9 weeks) after weekly SC
administration of (E) DSP-NP. Arrows show examples of corneal neovascularization in
panels B-D. The plus sign shows site of edema in panel D.
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Clinical evaluation of grafts after treatment with SC injection of saline, placebo NP, free
DSP or DSP-NP at the study end points (saline group at PO 2 weeks, placebo NP group at
PO 2 weeks, DSP group at PO 4 weeks and DSP-NP group at PO 9 weeks). (*, p < 0.05; **
p <0.01; *** p < 0.001).
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Kaplan—Meier survival curve for transplanted corneal grafts after treatment with SC
injection of saline, placebo NP, free DSP or DSP-NP.
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IOP measured on eyes with corneal graft transplantation and undergoing different
treatments. Normal eyes without any treatment were used as the control.
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Fig. 9.
Hi%tological images of transplanted corneas after weekly SC injection with (A, E) saline at
PO 2 weeks, (B, F) placebo NP at PO 2 weeks, (C, G) free DSP at PO 4 weeks and (D, H)
DSP-NP at PO 9 weeks. The cornea was massively thickened in the control groups (bars, A
and B), focally thickened when treated with free drug (bar, C) and normal appearing when
treated with DSP-NP (bar, D). Diffuse chronic inflammation (asterisk) and associated blood
vessels (arrows) were present throughout the corneal stroma in control animals. Original
magnification, 40x (A, B, C, D) and 100x (E, F, G, H).
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Table 2

Physicochemical properties of nanoparticles.

Formulation Diameter (nm) PDI C-potential (mV)  Drug loading (wt.%)
DSP-NP 200+ 8 0.12 -8+14 8

Placebo NP 186 + 13 0.086 -15%1 nla

PS-PEG 100 nm 100 +1 0.01 -5+2 WE

PS-PEG 200 nm 260 + 12 0.08 -4+1 n/a

PS-PEG 500 nm 5103 0.05 61 nfa
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