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A Microparticle/Hydrogel Combination Drug-Delivery
System for Sustained Release of Retinoids

Song-Qi Gao,' Tadao Maeda,? Kiichiro Okano,” and Krzysztof Palczewski'

Purrose. To design and develop a drug-delivery system
containing a combination of poly(p,i-lactide-co-glycolide)
(PLGA) microparticles and alginate hydrogel for sustained
release of retinoids to treat retinal blinding diseases that result
from an inadequate supply of retinol and generation of 11-cis-
retinal.

MetHoDps. To study drug release in vivo, either the drug-loaded
microparticle-hydrogel combination was injected subcutane-
ously or drug-loaded microparticles were injected intravitreally
into Lrat~~ mice. Orally administered 9-cis-retinoids were used
for comparison and drug concentrations in plasma were
determined by HPLC. Electroretinography (ERG) and both
chemical and histologic analyses were used to evaluate drug
effects on visual function and morphology.

Resurts. Lrat”~ mice demonstrated sustained drug release from
the microparticle/hydrogel combination that lasted 4 weeks
after subcutaneous injection. Drug concentrations in plasma of
the control group treated with the same oral dose rose to
higher levels for 6—7 hours but then dropped markedly by 24
hours. Significantly increased ERG responses and a markedly
improved retinal pigmented epithelium (RPE)-rod outer
segment (ROS) interface were observed after subcutaneous
injection of the drug-loaded delivery combination. Intravitreal
injection of just 2% of the systemic dose of drug-loaded
microparticles provided comparable therapeutic efficacy.

Concrusions. Sustained release of therapeutic levels of 9-cis-
retinoids was achieved in Lrat7~ mice by subcutaneous
injection in a microparticle/hydrogel drug-delivery system.
Both subcutaneous and intravitreal injections of drug-loaded
microparticles into Lrat~~ mice improved visual function and
retinal structure. (Invest Opbthalmol Vis Sci. 2012;53:6314-
6323) DOI:10.1167/i0vs.12-10279

Q. continuous adequate supply of 11-cis-retinal is required to
produce visual pigments, maintain vision, and preserve
photoreceptor health.!~> Production of this aldehyde involves
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several enzymatic steps, collectively named the retinoid or
visual cycle.®-!'! Mutations in genes encoding enzymatic
proteins of the visual cycle can cause inadequate production
of 11-cis-retinal."®12 Lecithin:retinol acyl transferase (LRAT),
which catalyzes the conversion of all-trans-retinol to all-trans-
retinyl esters,'3"!8 and retinal pigment epithelium-specific 65
kDa (RPEG5), retinoid isomerase,!®~2! are critical enzymes in
the retinoid cycle. Mutations in the LRAT or RPEG5 genes can
cause Leber congenital amaurosis (LCA), an autosomal
recessive, early-onset, severe human retinal dystrophy that
accounts for 5% of all such inherited disorders.!%22

Pharmacologic replacement of 11-cis-retinal provides great
promise for the treatment of human retinal diseases with
deficient chromophore biosynthesis.3>18:23.24 9_cis-Retinal can
successfully replace 11-cis-retinal by bypassing certain bio-
chemical defects in the visual cycle, such as the absence of
LRAT activity.> In fact, 9-cis-retinal is preferred over 11-cis-
retinal for replacement therapy because the former is easier to
synthesize and chemically more stable.?4-2¢ 9-cis-Retinyl esters,
including 9-cis-retinyl acetate (9-cis-R-Ac), are prodrugs used
for the metabolic generation of 9-cis-retinal in vivo.!827

Our ultimate research goal was to design optimal drug-
delivery systems for the sustained release of 9-cis-retinyl esters
to treat animal models of human retinal diseases such as LCA.
Our group previously reported that administration of 9-cis-R-Ac
by oral gavage improves visual function and preserves retinal
morphology in LCA mouse models with LRAT and RPE65
deficiency, that is, Lrat”~ and Rpe65~/~ mice.!823.2829 e
found that 9-cis-retinoid concentrations in plasma increased
rapidly to high levels after gavage and then dropped markedly
to low levels 5 hours after oral administration.?” Unless initial
high drug blood levels are unfavorable, this pharmacokinetic
property could be beneficial because it relates to the
therapeutic window, especially for drugs targeting peripheral
tissues such as the retina through protein-mediated and
protein-independent transport systems. A bolus dose could
also establish a reversible depot of the drug in other tissues,
thereby reducing the need for frequent dosing. For example,
we observed that a single dose of 9-cis-retinal to Rpe65~~ mice
rescued visual function for months, even when animals were
kept under laboratory lighting conditions.??

Nonetheless, sustained therapeutic dosing methods can
hold numerous advantages over bolus dosing, including a
lower risk of toxicity and an increased duration of therapeutic
efficacy. In the case of retinoid supplementation therapy, it
provides an additional depot for the drug. The retina poses
unique challenges for sustained therapeutic dosing because of
its anatomic isolation.>® Frequent injections of compounds
directly into the vitreous cavity are associated with complica-
tions such as retinal detachment, hemorrhage, uveitis, endoph-
thalmitis, and infections.?!:32 Therefore, delivery of
hydrophobic 9-cis-retinoids directly by this route presents an
additional concern.

The Lrat~~ mouse provides an excellent model for human
LCA because it exhibits early-onset, slowly progressive severe
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Figure 1. Schematic description of the microparticle/hydrogel
combination delivery system. Scanning electron microscopic image
of PLGA microparticles loaded with 9-cis-R-Ac. Schematic illustrating
the preparation of a microparticle (brown) loaded with 9-cis-R-Ac (red)
and combined with hydrogel. Chemical structure of the alginate
monomer that condenses in the presence of Ca®* to form the hydrogel.

retinal degeneration. Because the RPE of Lrat~~ mice is devoid
of all-trans-retinol and all-trans-retinyl esters, the photorecep-
tors lack functional rhodopsin, and electroretinographic (ERG)
responses are dramatically attenuated. Lrat~~ mice have been
used to test the efficacy of pharmacologic agents such as 9-cis-
R-Ac and a standard gene replacement technique.'®'8 More-
over, lack of LRAT in the liver and other tissues has no apparent
deleterious effects.!®-33-35 These mice constitute an important
experimental model for retinoid metabolism and vitamin A
deprivation as well as for human LCA.17-29-33-37

To achieve sustained release of 9-cis-retinoids, we designed
a drug-delivery system that uses a combination of poly(p,L-
lactic-co-glycolic) acid (PLGA) microparticles and alginate
hydrogel.>® PLGA is a Food and Drug Administration-approved
biodegradable polymer that undergoes hydrolytic degrada-
tion,>® and thus could be an ideal system to encapsulate highly
hydrophobic 9-cis-R-Ac. Alginate is a biocompatible polysac-
charide extensively studied as a matrix for cell and growth
factor encapsulation due to its rapid ion-inducible gelation
under mild conditions without the involvement of organic
solvents#® (Fig. 1). The alginate hydrogel can be used to trap
PLGA microparticles in an injectable microparticle/hydrogel
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combination.*! This drug-delivery system has several advan-
tages. First, the alginate hydrogel retains microparticles at
injection sites,*> which otherwise would rapidly disperse.*3
Second, microspheres are susceptible to phagocytosis, and
alginate hydrogel prevents phagocytosis of microparticles by
macrophages.4 Third, the hydrogel slows drug diffusion from
the microparticles and thus blunts an initial excessive drug
release.®> Fourth, this drug-delivery system can maintain
optimal therapeutic drug levels, reduce side effects by
sustained drug release, and improve patient compliance by
decreasing the frequency of drug administration in a minimally
invasive manner.4®

To test our hypothesis that sustained retinoid release could
be achieved by using a microsphere/hydrogel combination
(Fig. 1) and rescue visual function, we prepared a PLGA
microsphere alginate hydrogel combination, investigated 9-cis-
retinoid release from this preparation both in vitro and in vivo,
and evaluated its therapeutic efficacy in retinas of Lrat~~ mice.

MATERIALS AND METHODS

Materials

The following materials (and suppliers) were used: poly(p,i-lactic-co-
glycolic acid) (PLGA), Resomer RG 752 S (Boehringer Ingelheim
Chemicals, Inc., Petersburg, VA); poloxamer-188 (Sigma 412325), ethyl
acetate, alginate sodium, calcium chloride, dimethyl sulfoxide (DMSO),
and soybean oil (Sigma-Aldrich, St. Louis, MO); all-trans-retinyl acetate
(@ll-trans-R-Ac) and 9-cis-R-Ac (Toronto Research Chemicals, Inc.,
Toronto, Canada); vitamin A—free mouse diet (Research Diets, Inc.,
New Brunswick, NJ).

Animals

Lrat~— mice were generated and genotyped as described previously,'¢
and 5-week-old animals of both sexes were used for the experiments
described. All mice were housed in the animal facility at the School of
Medicine, Case Western Reserve University, where they were
maintained on a standard diet under a 12-hour light (<10 lux)/12-
hour dark cycle. At least 24 hours before experiments were initiated,
mice were placed and maintained in a dark environment. Procedures
were performed under dim red light transmitted through a safelight
filter (transmittance >560 nm; No. 1; Kodak, Rochester, NY). All animal
procedures and experiments were approved by the Case Western
Reserve University Animal Care Committee and conformed to
recommendations of both the American Veterinary Medical Association
Panel on Euthanasia and the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research.

Preparation and Characterization of PLGA
Microparticles and Alginate Hydrogel Loaded with
Microparticles

9-cis-R-Ac—loaded microparticles were prepared by an oil-in-water
emulsion method.*” Briefly, 90 mg of 9-cis-R-Ac and 360 mg of PLGA
were dissolved in 1.2 mL ethyl acetate and 120 mg of poloxamer-188
were dissolved in 3 mL deionized water. The two solutions were
combined and emulsified by vigorous mixing with a vortex. The
resulting emulsion was stirred at room temperature for 3 hours to
evaporate the organic solvent. Hydrogels loaded with the above
microparticles were prepared by ionic cross-linking of alginate (2%, w/
v) in a suspension of PLGA microspheres through addition of calcium
chloride (1%, w/v) (Figs. 1A, 1B).

Scanning electron microscopy (SEC) (Field-Emission Gun Scanning
Electron Microscope, Hitachi S4500; Hitachi Ltd., Tokyo, Japan) was
used to determine the size and morphology of the microparticles. A
suspension of microparticles in water solution was mounted on
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aluminum holders at room temperature, dried for 2 days, and then
coated with palladium—gold. Microparticle images were captured and
analyzed with ImageJ software (1.42q; developed by Wayne Rasband,
National Institutes of Health, Bethesda, MD; available at http://rsbweb.
nih.gov/ij/index.html) to obtain their mean diameters and standard
deviations. To determine the content of 9-cis-R-Ac encapsulated in the
microparticles, we dissolved PLGA microparticles in a small amount of
ethyl acetate followed by dilution with ethyl alcohol. The concentra-
tion of 9-cis-R-Ac (or all-trans-R-Ac) was then determined by UV
spectroscopy at 325 nm using £ = 49,528 M~! cm™!. Loading efficiency
is expressed as the ratio between the actual 9-cis-R-Ac or all-trans-R-Ac
content of the microparticles and the amount initially added to the
microparticles. Loading capacity is expressed as the ratio between the
actual 9-cis-R-Ac or all-trans-R-Ac content of the microparticles and the
total amount of microparticles.

Retinoid Administration

All retinoids were administrated to Lrat”~ mice under dim red light.
Hydrogel-loaded microparticles were subcutaneously injected into the
dorsal region of mice as a single dose containing 6 mg 9-cis-R-Ac or all-
trans-R-Ac/mouse in a volume of 200 pL. For oral administration,
retinyl acetate was first dissolved in ethanol (5%, v/v) and then diluted
with soybean oil (95%, v/v) to a final concentration of 20 mg/mL. The
soybean oil preparation (300 puL) was gavaged into mice as a single
dose of 6 mg of retinyl acetate/mouse. For intravitreal injection, a PBS
suspension of microparticles was injected into a mouse eye as a single
dose containing 0.06 mg of retinyl esters in 1 pL of volume. The
intravitreous injection was performed as previously described.®

Retinoid Analyses

Retinoid extraction and analyses were conducted as previously
published.?3-243749  All experimental procedures were performed
under dim red light provided by a safelight filter (transmittance 560
nm; Eastman Kodak). Retinoids in plasma were extracted with hexane
and analyzed by HPLC (Agilent 1100; Agilent Technologies, Palo Alto,
CA). A normal-phase column (Zorbax SIL 4.6 X 250 mm, 5 pum; Agilent
Technologies) was used to separate retinoids with a mobile phase of
10% ethyl acetate and 90% hexane at a flow rate of 1.4 mL/min with
detection at a wavelength of 325 nm. Identification and quantification
of retinoids in eluted fractions were achieved by comparing their
retention times and UV absorption at 325 nm with those of pure
retinoid standards.

Electroretinography (ERG) Recording

ERG recordings were performed as described previously.*-52 Lrat~/~
mice were dark-adapted prior to the procedure and then anesthetized
by intraperitoneal injection of a mixture containing ketamine (80 mg/
kg body weight) and xylazine (20 mg/kg body weight) in 10 mM
sodium phosphate, pH 7.2, with 100 mM NaCl. Pupils were dilated
with 1 drop of 1% tropicamide ophthalmic solution. ERG responses
were measured with a universal testing and electrophysiologic system
(UTAS with BigShot; LKC Technologies, Inc., Gaithersburg, MD). To
stabilize body temperature, mice were placed on a heated pad (37°C)
in a Ganzfeld chamber, where positioning of the contact lens
electrodes was adjusted. Then two needle electrodes were placed
under the skin of the forehead and tail as a reference and ground
electrode, respectively, and two contact lens electrodes were placed on
the eyes. Recording commenced when the lenses were well contacted
and the baseline was stable. Single-flash ERGs were recorded
simultaneously from both eyes with scotopic flash intensities (from
—3.7 to 1.6 log cd-s-m2), and two to five recordings were made at
sufficient intervals between flash stimuli (from 10-60 seconds) to
allow mice time to recover. Amplitudes were measured by a
commercial software package (EM software for Windows; LKC
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Technologies, Inc.) from baseline to the negative peak for a-waves
and from the trough to the highest peak for b-waves.

Spectral Domain—Optical Coherence Tomography
(SD-OCT)

Ultra-high resolution SD-OCT (Bioptigen Inc., Durham, NC) was used
for in vivo imaging of mouse retinas as described previously.*> Mice
were anesthetized by intraperitoneal injection of a mixture containing
ketamine (80 mg/kg body weight) and xylazine (20 mg/kg body
weight) in 10 mM sodium phosphate, pH 7.2, with 100 mM NaCl.
Pupils were dilated with 1% tropicamide ophthalmic solution. Four
pictures acquired in the B-scan mode were used to construct each final
averaged SD-OCT image. The superior retina, inferior retina, and
optical nerve head regions were imaged in each eye.

Histologic Evaluation

Retinal histologic analyses were described previously.%>-53 Briefly,
mouse eyecups were prepared immediately after euthanasia by
removal of the cornea and lens. Eyecups were fixed in 2%
glutaraldehyde, 4% paraformaldehyde and processed for embedding
in Epon. Sections for routine histology were cut at 1 um and stained
with toluidine blue.

Statistical Analyses

All data are presented as means * SD values, with the number of
experiments indicated. Image] image-analysis software (1.42q; National
Institutes of Health) was used for quantification. The two-tailed
Student’s #test was used for statistical analyses with a value of P <
0.05 considered statistically significant.

RESULTS

Production of Retinoid-Loaded Microparticles

Initially we characterized microparticle preparations by their
morphologic appearance and chemical content. Examined by
SEC (Fig. 1A), the microparticles were essentially spherical
with relatively nonporous surfaces. Particle sizes varied from 1
to 9 um with an average of 5 * 3.1 pum. Analysis of
microparticle retinoid content by UV spectroscopy indicated
that retinoids were encapsulated within microparticles with a
loading efficiency close to 100% and a loading capacity of 19 *=
2% (see Materials and Methods section). These preparations
were highly reproducible from one batch to the next. Then we
used a calcium method to embed the microparticles into
alginate hydrogel#! (Figs. 1B, 1C).

Retinoid Concentrations in Lrat”~ Mouse Plasma
after a Single Dose of Retinoids Delivered by Oral
Gavage or by Microparticle Subcutaneous Injection

Vitamin A (all-trans-retinol) is esterified by LRAT and stored in
liver and eye. Knockout of LRAT markedly diminishes these
retinyl ester stores and makes mice highly susceptible to vitamin
A deficiency,'®33:34 such that only trace amounts of all-trans-
retinyl esters are found in the liver and blood of Lrat”~
mice.'®'8 Due to lack of vitamin A stores, nearly all the retinol in
the bodies of Lrat/~ mice is derived from the food supply.'®'8
Feeding Lrat~”~ mice a diet lacking vitamin A results in rapid
retinol deficiency.?* Our experimental data demonstrated that
the retinol concentration in plasma of Lrat~~ mice decreased
from 270 = 30 to 50 = 20 uM in plasma 1 month after they were
placed on a vitamin A—free diet. However, retinyl esters are
readily metabolized to retinol in the body by hydrolysis.?” First,
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to test all-trans-R-Ac release in Lrat”~ mice, we maintained
them on a diet lacking vitamin A for 1 month. Then all-trans-R-
Ac in the microparticle/hydrogel delivery system was subcuta-
neously injected in a single dose of 6 mg/mouse. Mice remained
on the vitamin A—free diet until euthanized at scheduled time
points when their plasma was collected for HPLC analysis. The
results are shown in Figure 2. Retinol concentrations (LM) in
plasma postsubcutaneous injection were approximately 160 uM
at 2 hours, 450 UM at 7 hours, 330 uM at 24 hours (Fig. 2, inset,
extended scale), then remained nearly constant at approxi-
mately 330 uM for 2 weeks, and still could be detected at 140 uM
after 1 month (Fig. 2). In control experiments, all-trans-R-Ac in
soybean oil was delivered by gastric gavage to Lrat~~ mice in a
single dose of 6 mg/mouse. Retinol concentrations in plasma
after oral administration dramatically differed from those after
subcutaneous injection. Drug concentrations rapidly increased
after oral administration, reaching a peak 7 hours postgavage,
and then decreased to a much lower level 24 hours postgavage.
Concentrations (M) in plasma post—oral gavage were approx-
imately 2500 pM at 2 hours, 3400 pM at 7 hours, decreasing to
450 uM at 24 hours and then kept on decreasing until they were
barely detectable 1 month later (Fig. 2). Lrat~~ mice tolerated
subcutaneous injection and oral gavage well; no weight loss or
gross changes in behavior were observed.

Improved ERG Responses in Lrat”’~ Mice 1 Month
after Subcutaneous Injection of 9-cis-R-Ac in the
Microparticle/Hydrogel Delivery System

Rod and cone functions of Lrat”~ mice become dramatically
attenuated because of chromophore deficiency and resulting
absence of visual pigments. Rods of Lrat”~ mice are approxi-
mately 2000-fold less sensitive to light stimuli than WT rods.!®
Delivering the artificial 9-cis-retinoid chromophore to the retina
leads to generation of the visual pigment, isorhodopsin, in Lrat
~ mice, thereby restoring visual function. We recorded ERG
responses in Lrat~~ mice treated with 9-cis-R-Ac to monitor their
visual function. All experiments were initiated with 5-week-old
Lrat™~ mice. 9-cis-R-Ac in the microparticle/hydrogel delivery
system was subcutaneously injected into Lrat~~ mice in a single
dose of 6 mg/mouse (7 =9). In the oral administration group, 9-
cis-R-Ac in soybean oil was delivered by gavage in a single dose of
6 mg/mouse (7 = 9) and in the control group, no drug was
administrated (z = 5). All mice were maintained under a regular
12-hour light (<10 lux)/12-hour dark cycle. Three weeks after
drug administration, mice were transferred to a darkroom for 1
week, and then singleflash scotopic ERGs were recorded.
Delivery of 9-cis-retinoid in the microparticle/hydrogel produced
significant increases in both a-wave and b-wave amplitudes,
starting at a stimulus intensity of 1.6 log c¢d-s-m~2 for a-waves and
0.4 log cd-s-m 2 for b-waves. However, ERG responses of Lrat/~
mice orally gavaged with 9-cis-retinoid were comparable to
baseline responses in untreated Lrat~ mice (Fig. 3). Thus, the
increase of both ERG a-wave and b-wave amplitudes suggested
that release of 9-cis-R-Ac from microparticle/hydrogel, and
perhaps buffered by retinosomes,'7-37-54-57 was sustained
continuously as indicated in the retinoid-releasing profile (Fig.
2). This maintained release of 9-cis-R-Ac caused an improvement
of retinal function in Lrat”~ mice at even 4 weeks after
administration, which was not attainable by single dose oral
treatment.

Retinal Histology of 9-cis-R-Ac—Treated Lrat”/~
Mice

Functional rhodopsin (or isorhodopsin) is required to maintain
normal ROS morphology.'®'858 Therefore, if treatment of
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Lrat™— mice with 9-cis-retinoids can restore visual function, it
should also preserve ROS structure. Histologic analyses
revealed that at the age of 6—8 weeks, ROS lengths of Lrat=/~
mice were reduced to 65% of those observed in WT control
mice.'® EM analysis of retinas demonstrated that ROS layers of
Lrat~~ mice were shorter, thinner, and less tightly packed than
those of WT mice. It was also reported that, after gavaging dark
room—reared Lrat~~ mice with a high dose of 9-cis-R-Ac (total
dose of 19.68 mg in 6 gavages of 3.28 mg each at 3-day
intervals), the ROS layer became substantially thicker, increas-
ing from 10.7 * 0.16 to 14.2 £ 2.2 pm, and the RPE-ROS
interface displayed closer apposition than that seen in
untreated control Lrat~~ mice.'® In this study, we observed
histologic retention of ROS structures 1 month after subcuta-
neous injection of 9-cis-R-Ac in the microparticle/hydrogel (Fig.
3, bottom panels). The ROS layer of the subcutaneous
injection group was thicker than that of the untreated control
group, and more tightly packed than ROS layers in both the
orally gavaged and untreated control groups.

Improved ERG Responses in Lrat’/~ Mice 10 Days
after Intravitreal Injection of 9-cis-R-Ac in PLGA
Microparticles at 2% of the Dose Used for Systemic
Administration, Subcutaneous Injection, and Oral
Administration

Local therapy can maximize a therapeutic response by
increasing drug levels in the target tissue while minimizing
adverse side effects by reducing systemic drug concentra-
tions.>-¢! We recorded ERG responses to evaluate retinal
function after intravitreal injection given as a local therapy. All
experiments were initiated in 5-week-old dark-reared Lrat~~
mice divided into four groups. Mice were maintained in the
dark after treatment to minimize light-dependent bleaching of
iso-thodopsin and the release of isomerized chromophore as
all-trans-retinal in treated Lrat~~ mice. For the intravitreal
injection group, 9-cis-R-Ac in microparticles was injected into
both mouse eyes as a single dose of 0.06 mg/eye (n = 9). For
the subcutaneous injection group, 9-cis-R-Ac in microparticle/
hydrogel was subcutaneously injected into the Lrat~~ mice in
a single dose of 6 mg/mouse (z = 9). 9-cis-R-Ac in soybean oil
was gavaged into Lrat~~ mice in a single dose of 6 mg/mouse
for the oral administration group (z = 9). No drug was
administrated to Lrat”/~ mice in the control group (n = 5).
Single-flash scotopic ERGs were recorded 10 days after drug
administration. ERG responses were significantly improved by
9-cis-R-Ac therapy. Both a-wave and b-wave amplitudes were
significantly increased beginning at a stimulus intensity of 0.4
log cd-s:m~2 for a-waves and —0.2 log cd-s-m~2 for b-waves in all
three treatment groups (intravitreal injection, oral, and
subcutaneous injection) as compared with the untreated
control group (Fig. 4). There was no significant difference in
both a-wave and b-wave amplitudes between the intravitreal
injection group and the other treated groups. However, the
dose used for intravitreal injection was only 2% that used for
the other two groups treated by systemic 9-cis-R-Ac adminis-
tration. Presumably local treatment required a much lower
dose to achieve a comparable effect.

Retinal Morphology of Lrat”’~ Mice after
Intravitreal Injection of 9-cis-R-Ac in PLGA
Microparticles

To assess the impact of intraocular administration of the
microparticle formulation, high-resolution SD-OCT images
were obtained at 10, 20, and 30 days after Lrat/~ mice
received an intravitreal injection of 9-cis-R-Ac in PLGA
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Retinol concentrations in the plasma of 5-week-old Lrat~~ mice after a single dose of all-trans-R-Ac. Before administration of all-trans-R-

Ac, 5-week-old Lrat”~ mice were maintained for 1 month on a diet lacking vitamin A. For subcutaneous injection, all-frans-R-Ac in the
microparticle/hydrogel delivery system was subcutaneously injected into Lrat~~ mice in a single dose of 6 mg/mouse. For oral administration, all-
trans-R-Ac in soybean oil was delivered by gastric gavage to Lrat~~ mice at the same single dose of 6 mg/mouse. Inset: an expanded initial time

course.

microparticles. SD-OCT provides the capability of imaging the
retina in vivo and tracking changes in the same eye over time.
The SD-OCT imaging revealed no apparent changes in retinal
structures over 30 days after intravitreal microparticle injection
(Fig. 5). Thus, intravitreal injection of these microparticles
caused no apparent damage to the retina.

Improved ERG Responses in Lrat’~ Mice 1 Month
after Intravitreal Injection of 9-cis-R-Ac in PLGA
Microparticles

9-cis-Retinoid can be released from PLGA microparticles loaded
with 9-cis-R-Ac by hydrolytic degradation of the polymer after
intravitreal injection. To assess the duration of drug release,
ERG responses of Lrat 7/~ mice were recorded 1 month after
intravitreal injection of 9-cis-R-Ac in PLGA microparticles. All
mice were maintained under a regular 12-hour light (<10 lux)/
12-hour dark cycle. Three weeks after intravitreal injection,
mice were transferred to a dark environment for 1 week and
then single-flash scotopic ERGs were recorded. Five-week-old
mice were divided into three groups when the experiments
were initiated. For the intravitreal injection group, 9-cis-R-Ac in
microparticles was injected into Lrat~~ mouse eyes in a single
dose of 0.06 mg/eye (n = 9). For the vehicle group, PLGA
microparticles in PBS lacking retinoids were intravitreally
injected into Lrat~”~ mouse eyes (n = 5). For the other control
group, no injection was given to Lrat~'~ mice (n = 5). Release
of 9-cis-retinoid from microparticles improved the ERG
response; b-wave amplitudes increased significantly beginning
at a stimulus intensity of —0.2 log cd-s-m 2, as compared with
similar but smaller amplitudes exhibited by the control vehicle
and untreated groups (Fig. 6). No significant differences among
all these groups were noted in a-wave amplitudes. Light
exposure caused bleaching of visual pigment by releasing
isomerized chromophore as all-frans-retinol in treated Lrai/~
mice in proportion to the period of bleaching light exposure.
Sustained uptake of 9-cis-retinoid (released from microparti-

cles) by opsin can restore retinal function efficiently. Presum-
ably such sustained release of 9-cis-retinoid from microparticles
lasted for nearly 1 month to improve visual function, thereby
substantially increasing b-wave amplitudes relative to those in
either the vehicle-treated or noninjected control groups. At 1
month after administration, retinoid contents in the eyes and
blood were analyzed by HPLC. However, only trace levels of 9-
cis-retinoid were detected in these samples.

DISCUSSION

In this study we demonstrate that a drug-delivery system
containing a combination of PLGA microparticles and alginate
hydrogel for sustained release of 9-cis-R-Ac is effective in
treating mice with a dysfunctional retinoid cycle that provides
an inadequate supply of 1l-cisretinal, the chromophore
essential for vision.*® Two methods of 9-cis-R-Ac delivery were
tested. First, we injected the drug-loaded microparticle/
hydrogel combination subcutaneously into Lrat”~ mice.
Second, local intravitreal injection of drug-loaded microparti-
cles was performed to compare its therapeutic efficacy with
that derived from subcutaneous injection and oral administra-
tion. Oral administration of 9-cis-retinoids in soybean oil along
with determination of drug-derived metabolites in plasma were
used to compare the present experimental findings with those
of previous studies.!® Our in vivo studies in Lrat”/~ mice
demonstrated sustained drug release from the microparticle/
hydrogel combination that lasted 4 weeks after subcutaneous
injection. In comparison, drug concentrations in the plasma of
the control group treated orally with the same dose had
significantly higher peak levels initially, but drug levels had
decreased markedly by 24 hours and were similar to those after
subcutaneous injection. Significantly increased ERG responses
and a markedly improved RPE-ROS interface were observed
after subcutaneous injection of the delivery system loaded with
drug. Intravitreal injection of 2% of the systemic dose of drug-
loaded microparticles provided comparable therapeutic effica-
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Ficure 3. Improved ERG and retinal histology 1 month after 5-week-old Lrat~ mice received subcutaneous injection of 9-cis-R-Ac in the

microparticle/hydrogel delivery system. For the subcutaneous injection group, 9-cis-R-Ac in the microparticle/hydrogel suspension was
subcutaneously injected into 5-week-old Lrat~~ mice in a single dose of 6 mg/mouse (n = 9). For the oral administration group, 9-cis-R-Ac in
soybean oil was delivered by gavage to Lrat~~ mice in a single dose of 6 mg/mouse (n=9). No drug was given to Lrat~~ mice in the control group
(n=5). All mice were housed in a regular 12-hour light (<10 lux)/12-hour dark environment. (A, B) Illustration of a-wave and b-wave amplitudes,
respectively. Data are presented as means & SDs. (C) The rod outer segment (ROS) layer of the subcutaneous injection group was thicker than that
of the untreated control group, and more tightly packed than ROS layers in both the orally gavaged and untreated control groups 1 month after
subcutaneous injection of 9-cis-R-Ac in microparticle/hydrogel. Panels from /left to right present cross-sections of retinas from representative Lrat/~
mice after 9-cis-R-Ac subcutaneous injection (C), oral administration (D), and no treatment (control) (E), respectively. Labeled layers of the retina are
as follows: ONL, outer nuclear layer; IS, inner segment; OS, outer segment; RPE, retinal pigmented epithelium.

cy. We conclude that sustained release of therapeutic levels of
9-cis-retinoids was achieved in Lrat”/~ mice by subcutaneous
injection of this microparticle/hydrogel drug-delivery system.
Moreover, subcutaneous injection of the combination into
Lrat~~ mice proved as efficacious as oral administration of 9-
cis-retinoid. Intravitreal injection of the preparation as local
therapy was just as efficacious as both systemic treatments, but
at a much lower dose. Thus, sustained delivery of 9-cis-retinal
to photoreceptors by this drug-delivery system offers a
potential alternative to maintain and even restore vision in
humans with certain forms of hereditary blindness. These
findings support previous work carried out by the Crouch
laboratory that used a different matrix for retinoid delivery.%?

To overcome metabolic blockade in the visual cycle, two
pharmacologic interventions are currently under development.
Conceptually, the simplest strategy is to use gene therapy to
replace defective genes. This strategy has been used success-
fully in LCA animal models (mice and dogs), and its positive
effect was sustained for several years after a single treatment in
RPEG5-null dogs.3%% Recently, the first LCA patients were
enrolled for gene therapy. Initial results revealed that this
treatment partially restored vision in retinal areas of gene

transfer for patients with blindness attributed to RPEG5
mutations®>-¢7 (for review see Cideciyan'). The advantage of
this approach is its intellectual simplicity and applicability to
many different mutations in single or several genes. However,
pharmacologic replacement of a missing chromophore is also
applicable to diseases resulting from deficient chromophore
biosynthesis. Examples include LCA arising from mutations in
either the LRAT or RPEG5 genes. Initial experiments aimed at
bypassing the biochemical defect caused by absence of RPE65
were performed by oral gavage of Rpe65 7/~ mice with 9-cis-
retinal.?> 9-cis-Retinal, which combines with opsin to form
light-sensitive iso-rhodopsin,?? was initially selected because it
is chemically more stable than 11-cis-retinal. Moreover, iso-
rhodopsin has an absorbance maximum of 494 nm versus 502
nm for rhodopsin, permitting experimental identification of
reconstituted iso-rhodopsin.®® Further extensive testing then
identified 9-cis-R-Ac as a useful drug.!®27 Dietary supplemen-
tation of Rpe65~7~ mice with 9-cis-retinal restored light
sensitivity to levels found in WT animals, as assessed by both
single-cell and scotopic ERG recordings. Pharmacologic
intervention also has the advantage that several options for
drug delivery are now feasible.
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Improved ERG responses in 5-week-old Lrat~~ mice 10 days after intravitreal injection of 9-cis-R-Ac in PLGA microparticles at 2% of the 6

mg per mouse dose used for subcutaneous injection and oral administration. ERG responses at high illumination intensities improved in the
intravitreal group as compared with the control group and were comparable to those of the other 9-cis-R-Ac—treated groups. For the intravitreal
injection group, 9-cis-R-Ac in microparticles was injected into mouse eye at a single dose of 0.06 mg/eye (n = 9). For the subcutaneous injection
group, 9-cis-R-Ac in microparticle/hydrogel was subcutaneously injected into the Lrat~~ mice in a single dose of 6 mg/mouse (7 =9). For the oral
administration group, 9-cis-R-Ac in soybean oil was gavaged into Lrat~~ mice in a single dose of 6 mg/mouse (n =9). No drug was given to the
control untreated group (n = 5). Lrat~”~ mice were housed in a darkroom after these treatments. (A, B) Quantification of a-wave and b-wave

amplitudes, respectively. Data are presented as means = SD.

Delivering therapeutics to the eye is challenging because
several barriers prevent or limit foreign materials from entering
this isolated specialized structure. Topical administration of
eyedrops® is simple and offers good patient compliance, but
suffers from low drug uptake (<5% by the eye) and usually is
limited to treatment of diseases of the anterior segment.
Systemic injection/infusion’® is also convenient, but requires
high doses that can cause systemic side effects and toxicity, to
achieve and maintain therapeutic concentrations in the eye.
Subconjunctival injection’® has been used to increase drug
concentrations in the uvea, but drug penetration to the retina
is often limited by the sclera and choroid.”® Intravitreal
injection of the drug directly as an implant®® is the most
effective but also the most invasive approach for treating

retinal diseases. Indeed, in a proof-of-principle study, 9-cis-
retinal was used successfully for pharmacologic trials in
RPEG5~ dogs.”! In most treated dogs, 9-cis-retinal injected
intravitreally resulted in increased rod electroretinogram
responses and improved vision. However, injected therapeu-
tics often have short retention times in the vitreous as well,
requiring frequent drug administration to maintain therapeutic
levels with the attendant risk of serious complications.3%72 To
reduce injection frequency, various intraocular drug delivery
systems, including nanoparticles and implants, have been
developed to maintain therapeutic drug concentrations in the
vitreous for prolonged periods.”

9-cis-Retinoids are high-potential drug candidates for several
retinal degenerative diseases.?>27:2874 These molecules can

Ficure 5. Retinal morphology 1 month after 5-week-old Lrat~~ mice received an intravitreal injection of 9-cis-R-Ac in PLGA microparticles. No
retinal damage was detected 1 month after intravitreal injection of these microparticles. (A, B) Representative histologic cross-sections of retinas
from the intravitreal injected and uninjected control groups, respectively. (C, D) OCT images of representative retinas from the same two groups.
Labeled layers of the retina are as follows: ONL, outer nuclear layer; OS, outer segment; RPE, retinal pigmented epithelium.
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Ficure 6. Improved ERG responses 1 month after 5-week-old Lrat~~ mice received an intravitreal injection of 9-cis-R-Ac in PLGA microparticles.

For the intravitreal injection group, 9-cis-R-Ac in microparticles was injected into Lrat~~ mouse eyes as a single dose of 0.06 mg per each eye (n =
9). For the vehicle group, PLGA microparticles lacking retinoids were intravitreally injected into each Lrat”~ mouse eye instead (n = 5). (A)
Representative ERG traces from 9-cis-R-Ac/microparticle—treated, vehicle-treated, and uninjected control animals. Data are presented as means *
SDs. The control group of Lrat~~ mice received no injections (7 = 5). (B, C) a- and b-wave amplitudes, respectively.

bypass defects in the visual cycle and regenerate visual
pigments in photoreceptor cells, preserving visual function
and ameliorating progressive retinal degeneration. We injected
the PLGA system loaded with 9-cis-retinoids subdermally into
Lrat~~ mice (a model for human LCA that cannot regenerate
11-cis-retinal) and then compared the recovery of visual
function after a bright-light stimulus and 9-cis-retinal levels in
the eye with the same parameters in mice gavaged with 9-cis-
retinoids. Four weeks after drug administration, visual function
of PLGA-treated mice was better than that of mice receiving 9-
cis-retinoids by oral gavage. PLGA is a promising polymer for
drug delivery but it has not yet been designed or optimized for
delivery of retinoid drugs that can be used in clinical studies.
The first study involving sustainable delivery of retinoids was
carried by the Crouch laboratory with a biodegradable
gelatinous protein mixture secreted by mouse tumor cells®?
(Matrigel; BD Biosciences, Franklin Lakes, NJ) that was loaded
with 9-cis-retinal and tested in Rpe65~~ mice with favorable
results,®? suggesting that this drug strategy could be viable;
however, the proteinous composition of secreted mixture will
likely limit its use in humans.

Selection of an appropriate delivery system is critical for
drug efficacy and safety. Oral delivery is preferable, but rapid
time to peak blood concentrations after absorption combined
with rapid clearance mechanisms can limit its applications,

especially when high concentrations are toxic and low levels
fail to achieve therapeutic efficacy. The search for an
appropriate system with favorable pharmacokinetics to
achieve and maintain therapeutic levels of a drug in the eye
is an essential requirement for optimal treatment of ocular
diseases. Present polymers suffer limitations such as low ratios
of active compounds to carrier, complications from either
intraocular or subcutaneous injections that carry their own
inherent risks, and poor control of drug levels at their sites of
action. These challenges should be mitigated by the next
generation of improved ocular drug-delivery systems.
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