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ABSTRACT

Degeneration of retinal photoreceptor cells can arise from environmental and/or genetic causes.
Since photoreceptor cells, the retinal pigment epithelium (RPE), neurons and glial cells of the
retina are intimately associated; all cell types eventually are affected by retinal degenerative
diseases. Such diseases often originate either in rod and/or cone photoreceptor cells or the
RPE. Of these, cone cells located in the central retina are especially important for daily human
activity. Here we describe the protection of cone cells by a combination therapy consisting of the
G protein-coupled receptor modulators metoprolol, tamsulosin, and bromocriptine. These drugs
were tested in Abcad”Rdh8” mice, a preclinical model for retinal degeneration. The specificity
of these drugs was determined with an essentially complete panel of human G protein-coupled
receptors. Significantly, the combination of metoprolol, tamsulosin, and bromocriptine had no
deleterious effects on electroretinographic responses of wild-type mice. Moreover, putative G
protein-coupled receptor targets of these drugs were shown to be expressed in human and
mouse eyes by RNA sequencing and quantitative PCR. Liquid-chromatography together with
mass spectrometry using validated internal standards confirmed that metoprolol, tamsulosin,
and bromocriptine individually or together penetrate the eye following either intraperitoneal
delivery or oral gavage. Collectively, these findings support human trials with combined therapy
comprised of lower doses of metoprolol, tamsulosin, and bromocriptine designed to safely
impede retinal degeneration associated with certain genetic diseases (e.g. Stargardt disease).
The same low dose combination also could protect the retina against diseases with complex or

unknown etiologies such as age-related macular degeneration.
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INTRODUCTION

Retinal function depends on a monolayer of pigmented epithelial cells, densely packed
rod and cone photoreceptors, and a downstream connection of neurons and glial cells (McBee
et al., 2001). Of these, rod and cone cells are asymmetrically distributed in the human retina
with a rod-enriched periphery and cone-dominated fovea (Curcio et al., 1990). Ultimately,
photoreceptor depletion is the central pathological manifestation underlying disparate retinal
degenerative disorders, including Stargardt disease and age-related macular degeneration

(Curcio et al., 1996; Wenzel et al., 2005).

Systems pharmacology comprises an approach that can identify drug combinations that
serve as prophylactics against cell death (Chen and Palczewski, 2015), which is critical for
neural tissues like the retina that lack regenerative properties. G protein-coupled receptors
(GPCRs) constitute a large family of transmembrane receptors that regulate intracellular
signaling essential for cellular homeostasis, playing critical roles in the physiology of virtually all
biological processes. They and their regulated pathways are targets for more than 30% of
clinically used drugs (Katritch et al., 2013). We previously demonstrated through a systems
pharmacology approach that a combination of Food and Drug Administration (FDA)-approved
drugs targeting GPCRs protected retinas against bright light-induced loss of rod photoreceptor
cells and the impairment of secondary neurons (Chen et al., 2016). These drugs included:
metoprolol (MTP), an antagonist of Gs-coupled B:-adrenergic receptors (B-ARs); tamsulosin
(TAM), an antagonist of G4-coupled a;-ARs; doxazosin (DOX), an antagonist of G4-coupled a;-
ARs, and bromocriptine (BRM), an agonist for G;-coupled D2 and D3 dopamine receptors

(DRD2 and 3).

While significant advances have been made towards improved treatments for retinal
degenerative diseases, critical questions must be addressed before advancing a systems

pharmacology approach to human trials. These include: (1) Similar to rods, can cone
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photoreceptor cell structure and function be preserved by pretreatment with GPCR modulators?
(2) Do proposed GPCR modulators used individually or in combination have specificities
sufficient to ensure safe and effective treatment? This concern is especially important for
compounds like BRM with a broad spectrum of action (Maj et al., 1977; Rosenfeld et al., 1980).
(3) Are endogenous GPCRs affected during bright light exposure (BLE) rescued by
combinatorial treatment in an animal model of acute retinal degeneration? (4) Is retinal function
adversely affected in normal animals by GPCR modulators? (5) Are the pharmacokinetic and
pharmacodynamic properties of these drugs appropriate for the treatment of human ocular

diseases?

This study demonstrates that cone photoreceptor cells can be effectively protected by a
low-dose combination treatment with GPCR modulators. These drugs, achieving effective levels
in the eye, affected GPCR signaling in a mouse model of bright light-induced retinal
degeneration without adversely affecting retinal function in wild-type mice. These findings
demonstrate that drugs can be delivered in combination at decreased doses to ensure a

therapeutic benefit with fewer side-effects than with monotherapy.

MATERIALS AND METHODS

Human retinal tissue. For RNAseq experiments, human retinal tissue was obtained from a
patient at the Cleveland Clinic Cole Eye Institute (Cleveland, OH, USA). The retina was carefully
dissected from the patient’s untreated eye that required enucleation owing to the occurrence of
a large ocular melanoma, and the tissue was immediately placed in RNA Later. The retinal
sample was obtained from a hemi-retina free of tumor. This eye had no abnormal
neovascularization of the iris or retina and lacked signs of inflammation. Subsequent procedures

were described in a prior publication (Mustafi et al., 2013a).
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For PCR experiments, retinal RNA was obtained from Drs. A. Maeda and B. Sahu (Case
Western Reserve University (CWRU)), originally derived from the donor eye of a female patient
with diabetes who had died from breast cancer. Total RNA was reverse transcribed into cDNA
with a High-capacity cDNA Reverse Transcription kit from Applied Biosystems (Foster City, CA),
following the manufacturer’s protocol. Final PCR products were analyzed on a 2% agarose gel
to confirm their expected sizes. All experiments were performed in accordance with the
provisions of the Declaration of Helsinki and approved by the Institutional Review Boards at

CWRU. Donor eyes were obtained from Eversight Ohio (Cleveland, OH).

Animals. All animal procedures and experiments conformed to the recommendations of the
American Veterinary Medical Association Panel on Euthanasia and were approved by the
Institutional Animal Care and Use Committee of CWRU and conducted in accordance with the
Association for Research in Vision and Ophthalmology Statement for the Use of Animals in
Ophthalmic and Visual Research. Mice were housed in the animal research center at CWRU,
School of Medicine, where they received a standard chow diet (LabDiet 5053; St. Louis, MO)

and were kept in a 12 h light/12 h dark cyclic environment.

Male and female C57BL/6J, albino B6(Cg)-Tyr“?/J, and BALB/cJ mice were obtained
from the Jackson Laboratory (Bar Harbor, ME) and acclimated for at least 6 days after their
arrival. Mice were used at 4 to 8 weeks of age. Male and female Abca4”"Rdh8™" mice were
genotyped by established methods (Maeda et al., 2009; Chen et al., 2012). Only Rd8 mutation—
free mice with the Leu variation at amino acid 450 of retinoid isomerase (RPE65) were used.
Abcad”"Rdh8™" mice with a mixed background, 129SV or C57BL/, and their siblings were
employed for most experiments. Pupils of pigmented mice were dilated with 1% tropicamide

ophthalmic solution (Henry Schein Inc., Melville, NY) before BLE.

Drugs and their isotope standards. MTP, TAM, DOX, and BRM for pharmacokinetic studies

were obtained from Tocris Inc. (Avonmouth, Bristol, UK). MTP and TAM also were purchased
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from TCI America (Portland, OR) and BRM from Enzo Life Sciences (Ann Arbor, Ml) for cone
protection experiments. Deuterated internal standards for MTP (metoprolol-d7), DOX
(doxazosin-d8), and TAM (tamsulosin-d5) (CDN Isotopes, Pointe-Claire, Canada) and BRM (a-
ergocryptine) (Sigma-Aldrich, St. Louis, MO) were solubilized with methanol and water (v/v
50:50) to a final concentration of 250 mg/mL. Further dilutions were made with water and filtered
through a 0.22 um pore membrane. Drug solutions and deuterated standards were kept at -80
°C and used within three months after solubilization. Stock solutions were checked monthly
against freshly prepared standards of known concentrations. Solvents including formic acid,
sterile DMSO and acetonitrile were purchased from Sigma-Aldrich, whereas methanol was from

Fisher Scientific Corp. (Pittsburgh, PA).

Mice and bright light-induced retinopathy. Abca4”Rdh8” mice, a model of photoreceptor
degeneration (Maeda et al., 2008), were used for experiments assessing the efficacy of MTP,
TAM, and BRM triple-treatment against bright light-induced retinopathy. Twenty-four female
mice and 17 male mice at 5-8 weeks of age were dark-adapted overnight before acute BLE.
The next morning, mice received an IP injection of drug solution (10 mg/kg MTP, 0.5 mg/kg
TAM, 1 mg/kg BRM; volume 150 L) or vehicle (2 % DMSO, 2 % propylene glycol, 96 % saline,
volume 150 pL) and their pupils were dilated with 1 % tropicamide eye drops. All animal
handling was performed under dim red light. BLE was initiated 0.5 h, 2 h or 4 h after drug
injections. Freely moving mice were exposed for 0.5 h to bright white light from LED flood lights
(85-265 V, 100 W, color temperature 6500 K) set at two sides of their Plexiglas home cages.
Luminance, measured at the center of the cage, was set at 25 klux (L203 Photometer, Macam
Photometrics Ltd., Livingston, UK) after the light sensor was positioned upward. Sufficient pupil
dilation was confirmed visually before each BLE experiment, and extra eye drops were added in

experiments that were initiated 2 h or 4 h after drug or vehicle injections.
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In vivo anatomical imaging and functional assessment of mouse retina. Retinal anatomy
and function were assessed in vivo with optical coherence tomography (OCT) and
electroretinography (ERG), 7 days after BLE. Mice were anesthetized with Rodent Cocktail (20
mg/mL ketamine and 1.75 mg/mL xylazine in phosphate-buffered saline) at a dose of 0.1-0.13
mL per 25 g body-weight by IP injection, and their pupils were dilated with 1 % tropicamide.
OCT imaging was performed with a Bioptigen spectral-domain OCT device (Leica Microsystems
Inc., Buffalo Grove, IL). Four frames of OCT b-scan images were acquired from a series of 1200
a-scans. The thickness of the retinal outer nuclear layer (ONL) was measured 500 um away
from the optic nerve head in four retinal quadrants (i.e. nasal, temporal, superior, and inferior
guadrants) using a ruler tool in the OCT imaging software. Mean ONL thickness of two eyes

was averaged for each mouse and these averages were used for further statistical analyses.

ERG measurements were performed immediately after OCT imaging with a Diagnosys
Celeris rodent ERG device (Diagnosys, Lowell, MA). A mouse was placed on a heating pad at
37.4 °C, and its pupils were moistened with 2.5% hypromellose eye lubricant (HUB
Pharmaceuticals, Rancho Cucamonga, CA). Light stimulation was produced by an in-house
scripted stimulation series in Espion V6 software (Diagnosys). First, eyes were adapted to a
white background light (6500 K) at 20 cd/m? and then stimulated with a green light emitting
diode (LED) (peak emission at ~544 nm, bandwidth ~160 nm) at light intensity increments of 0.1
cd-s/m? (inter-stimulus interval [ISI] 400 ms, 50 repetitions averaged), 0.5 cd-s/m? (ISI 400 ms,
30 repetitions), 1.0 cd-s/m? (ISI 500 ms, 25 repetitions), 5.0 cd-s/m? (ISI 1 s, 15 repetitions) and
10.0 cd-s/m? (ISl 2 s, 10 repetitions). Then the background light was switched to a green light at
20 cd/m? and eyes were adapted for 1 min before stimulation was performed with a blue LED
(peak emission at ~460 nm, bandwidth ~100 nm). The stimulation series employed with the blue
LED was similar to that with the green LED. As the mouse short wavelength cone opsin (S-

opsin) and medium wavelength cone opsin (M-opsin) sensitivities peak at 360 nm and 508 nm
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(Nikonov et al., 2006), the green LED predominantly stimulates cones containing M-opsin,
whereas the blue LED stimulates cones containing both S- and M-opsins. LED light emission
spectra were measured with a Specbos 1211UV spectro-radiometer (JETI Technische
Instrumente GmbH, Jena, Germany). The ERG signal was acquired at 2 kHz and filtered with a
low frequency cutoff at 0.25 Hz and a high frequency cutoff at 300 Hz. Espion software
automatically detected the ERG a-waves (first negative ERG component) and b-waves (first
positive ERG component). Averaged b-wave amplitudes from the two eyes, measured from the

a-wave trough, were used in the statistical analyses.

Immunohistochemistry and microscopy of retinal whole mounts. At day 8 after BLE, mice
were euthanized by cervical dislocation, the superior side of their eyes was marked and their
eyes were enucleated. Eyes were fixed in 4 % paraformaldehyde in phosphate buffered saline
(PBS) composed of 1.7 mM KHPQO,4, 5.2 mM Na,HPO,, and 0.15 M NaCl at pH 7.0-7.6 for 1 h
before dissection. The cornea was removed following the orientation of the ora serrata, and the
lens and vitreous were removed from each eye cup. Retinas were dissected from the eyecups
and further fixed and flattened in 4 % paraformaldehyde between two coverslips for 0.5 - 1 h.
After fixation, retinas were washed two times in PBS containing 0.5 % Triton X-100 (PBST).
Next, retinas floating in PBST were frozen at -80 °C for 10 min and then thawed at room
temperature to increase tissue permeability. Thawed retinas were incubated for 3 nights at 4 °C
in goat polyclonal S-opsin antibody (Cat. No. sc-14363, Santa Cruz Biotechnology, Dallas, TX,
dilution 1:4,000) and rabbit polyclonal M-opsin antibody (Cat. No. NB110-74730, Novus
Biologicals, Littleton, CO, dilution 1:1,000) in PBST containing 5 % normal donkey serum. After
incubation with primary antibodies, retinas were washed three times for 10 min in PBST and
then incubated for 2 h at room temperature with secondary antibodies (Cat. No. ab150129,
Abcam donkey anti-goat AlexaFluor 488, and Cat. No. ab150075, donkey anti-rabbit AlexaFluor

647, Cambridge, UK, at dilutions of 1:500 for both) in PBST. Retinas were washed again two

10

%20z ‘ez |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on November 21, 2017 as DOI: 10.1124/jpet.117.245167
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #245167

times for 10 min with PBST and then once with PBS. Finally, retinas were placed on microscope
slides photoreceptor side up, mounted with Vectashield mounting medium with 4',6-diamidino-2-
phenylindol (DAPI) (Cat. No. H-1200, Vector Laboratories, Burlingame, CA), and protected with

coverslips.

Retinal whole mounts were imaged with a fluorescent microscope (Leica DMI6000B,
Leica Microsystems Inc., Buffalo Grove, IL) equipped with an automated stage. The microscope
was set to scan the whole sample with a 10x objective and both visible (excitation 480 nm/40
nm) and far red (excitation 620 nm/60 nm) filtered channels. Individual images were stitched
together automatically with MetaMorph 7.8 software (Molecular Devices, Sunnyvale, CA) to
form panorama retinal images. The entire retinal area, optic nerve head (ONH) area, and
damaged area were manually drawn with a MetaMorph software trace region tool. The
damaged site was visually determined. Borders were drawn between locations showing normal
cone outer segment morphology and density, and locations where cone outer segments
appeared shrunken with decreased density (Supplemental Fig. 1). The damaged area was
determined for both S-opsin and M-opsin positive images by an observer blinded as to the
experimental treatments. The percentage of damaged area compared to the whole retinal area

(ONH area subtracted) was used for statistical analyses.

Parallel high-throughput screening with the TANGO GPCR-ome B-arrestin recruitment
assay. Parallel TANGO high-throughput screening for agonist activity was performed as
previously described (Kroeze et al., 2015). HEK293-derived cells containing a stable
tetracycline-controlled transcriptional activator (a tTA)-dependent luciferase reporter and a 8-
arrestin2-tobacco etch virus (TEV) fusion gene were cultured in DMEM with 10% fetal bovine
serum (FBS), 2 pg/mL puromycin (Sigma-Aldrich) and 100 pyg/mL hygromycin B (DiscoverX,
Fremont, CA) at 37 °C in 5% CO, at 90% humidity. For transfection of 315 synthetic TANGO-

ized GPCRs, cells were plated at 10° cells per 150 mm cell culture dish on Day one. On Day
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two, cells in each dish were transfected with a synthetic TANGO-ized GPCR (a total of 315
transfected cell lines) using a calcium phosphate method (Kroeze et al., 2015). On Day three,
transfected cells were transferred at 20,000 cells per well in 40 puL of medium into poly-L-Lys
coated 384-well white clear-bottomed plates (Greiner Bio-one, Kremsminster, Austria) in
guadruplicate. Control cells transfected with dopamine receptor D2 were seeded as 16
replicates in columns 1 and 2. On Day four, 4 single drug stimulation solutions of either MTP,
TAM, DOX or BRM, and 6 combined drug stimulation solutions of either 1:1 MTP + DOX, 1:1
MTP + TAM, 1:1 MTP + BRM, 1:1 DOX + BRM, 1:1 TAM + BRM, 1:1:1 MTP + DOX + BRM,
and 1:1:1 MTP + TAM + BRM, were prepared in filter-sterilized assay buffer and 20 yL were
added to each well to achieve a final concentration of 10 uM. For the control containing 16
replicates in column 1, 100 nM quinpirole drug stimulation solution was added whereas in
column 2, no ligand was added. On Day five, drug-containing medium was removed from the
wells and 20 pL of Bright-Glo solution (Promega, Madison, WI) diluted 20-fold with assay buffer
were added to each well. After incubation for 20 min at room temperature, luminescence was
measured with Trilux (Arnsberg, Germany). Graphpad Prism (La Jolla, CA) was used for data

analyses.

RNA-seq transcriptome analyses of the eye and retina. RNA-seq transcriptome analyses of
the human retina were performed as previously described (Mustafi et al., 2013b). Mouse retina
RNA was isolated with TRIzol (Invitrogen, Carlsbad, CA) and libraries were generated from 100
ng of total RNA with a TruSeq Stranded Mrna Library Prep Kit (Illumina, San Diego, CA). Base
paired-end sequence reads (125) were obtained on the HiSeq 2500 platform (lllumina). Raw
reads were initially analyzed with Illumina software and mapped to the GRCm38.p3/Ensembl
v78 assembly with the TopHat2 v2.1.0 annotation. Mono- and combined- drug-treated Abca4”
Rdh8" or BALB/c mice were light exposed for 24 h, as described previously (Chen et al., 2016).

Doses used for mono therapy were 10 mg/kg body weight (bw) for MTP, 2.5 mg/kg bw for TAM,
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10 mg/kg bw for DOX and 1 mg/kg bw for BRM. Doses used for combined treatment with MTP +
TAM + BRM were set to 0.1 mg/kg bw for BRM, 1 mg/kg bw for MTP, and 0.05 mg/kg bw for
TAM. Doses used for combined treatment with MTP + DOX + BRM were set to 1 mg/kg bw for
MTP, 1 mg/kg bw for DOX, and 0.1 mg/kg bw for BRM. Transcripts expressing 21.0 fragments
per kilobase of transcript per million mapped reads (FPKM) in all samples were further
evaluated and effective counts from the eXpress output of filtered FPKM were normalized, and

statistically evaluated (Chen et al., 2016).

Real-time PCR of GPCRs that are targets for combinatorial treatment. Human retina cDNA
was purchased from Clontech (Cat. No. 637216, Mountain View, CA). This cDNA was derived
from normal retinas pooled from 99 male and female Caucasians aged 50- to 80-years who had
suddenly died. The cDNA was diluted 1:10 with water. The PCR pre-mixture was prepared with
Master Mix (PowerUp™ SYBR Green Master Mix, Applied Biosystems, Forster City, CA),
human retina cDNA, and water, and then aliquoted into 15 tubes. Primers were added into each
tube resulting in a 0.3 puM final concentration. Detailed primer sequences are listed in
Supplemental Table 1. After mixing and brief centrifugation, triplicate aliquots of 12 pL from
each sample were transferred into three adjacent wells of a 96-well plate. PCR conditions were
set as follows: heat at 95 °C for 3 min; run 45 cycles at 95 °C for 15 s and at 60 °C for 1 min.
The melting curve was tested by heating at 95 °C for 15 s, 55 °C for 15 s and slowly annealing
up to 95 °C during a 20-min period. The PCR machine used for this experiment was an

Eppendorf Mastercycler RealPlex2 (Hamburg, Germany).

Measurements of combination drug therapy effects on ERG function in wild-type mice.
Before drug administration and ERG measurements, 4-week-old C57BL/6J mice were placed in
a dark room for at least 12 h. Treatments consisted of: MTP, DOX and BRM; MTP, TAM and

BRM; or DMSO alone. All treatment procedures were performed in a dark room. Drugs or
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DMSO were administered by IP injection (50 pL) either 45 min or 3 h before ERG

measurements. Five mice were used for each group.

Drug combinations and doses were: (a) MTP — 1 mg/kg bw; DOX — 1 mg/kg bw; BRM —
0.1 mg/kg bw; all in DMSO; (b) MTP — 1 mg/kg bw; TAM — 0.05 mg/kg bw; BRM — 0.1 mg/kg

bw; all in DMSO. The control consisted of DMSO alone.

Scotopic and photopic ERG measurements were obtained as previously described
(Chen et al., 2013). Briefly, dark-adapted mice were anesthetized with 20 mg/mL ketamine and
1.75 mg/mL xylazine in PBS at a dose of 0.1-0.13 mL per 25 g bw. After anesthesia, pupils were
dilated with 1% tropicamide. Contact lens electrodes were placed on the eyes and a reference
electrode and ground electrode were positioned between two ears and on the tail. Scotopic and
photopic ERGs were recorded from both eyes of each mouse with a UTAS E-3000 universal
testing and ERG system (LKC Technologies, Inc., Gaithersburg, MD) either 45 min or 3 h
following treatment with a drug combination or DMSO. ERG data represent the means and SDs
of both a-wave and b-wave amplitudes derived from measurements of 10 eyes per group, either

45 min or 3 h after drug treatment.

Pharmacokinetics: Routes of drug administration. Lower doses of drugs were administered
in this study than previously described (Chen et al., 2016), requiring the use of detection
methods that offered higher sensitivity. However, this gain in sensitivity came with other
complications such as the requirement for high quality standards modified with stable isotopes
and regular tests of drug stability. Biological samples underwent no purification procedures
other than organic phase extraction to maintain their near native levels of drugs. In designing
the tuning method, the same tune parameters were employed for MTP, TAM, and DOX. A
special file was created for BRM by its manual injection and optimizing for the main ion (m/z
656.70). The tune method used for MTP, TAM, and DOX was produced in a similar manner. It

was unnecessary to create separate tune files for these drugs. This approach provided
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considerable optimization, especially for samples involving multiple drug treatments. Thus, more

than one drug could be quantified in the same run.

IP injections. MTP, TAM, DOX, and BRM were dissolved to their specified concentrations in
DMSO. Manually restrained mice were injected with 50 uL of solubilized drugs while the head
and body were tipped downward to move the viscera away from the ventral abdominal surface.
Injections were directed away from the midline into the lower right abdominal quadrant to avoid

injuring the urinary bladder and cecum.

Gastric gavage. Drugs administered by gastric gavage (20-gauge needle, 1.25 mm OD barrel
tip x 30 mm (Cat. No. 18060-20), Fine Science, Foster City, CA) were dissolved in PBS. The

solution volume administered was 50 pL for all treatments.

Perfusion procedures. Mice were anesthetized in a carbon dioxide chamber before opening
the abdominal and chest cavities. The heart was exposed before a small cut was made on the
left ventricle using scissors. A perfusion needle was inserted through the ventricle into the root
of the aorta, then clamped with a hemostat. After cutting the right atria to release blood from the
vena cava, perfusion started at a flow rate of 18 mL/min for 2 min with a 37 °C saline solution.
Each perfusion was performed with a pressure infuser apparatus (Infusurge, 4010, Ethox,
Buffalo, NY) connected to a catheter set with a regulating clamp (2C5417s, 70 inches, Baxter,
Deerfield, IL) and a perfusion needle (20-gauge, Cat. No. 18060-20, 1.25 mm OD barrel tip x 30
mm, Fine Science). The perfusion time was 2 min. Perfusion completion was checked by visual

inspection of the brain and tongue which were devoid of blood.

Quantification of MTP, TAM, DOX, and BRM levels in serum and eyes of mice following
treatments. Blood was collected from treated mice and allowed to clot at 22 °C for 20 min.
Clotted blood samples were centrifuged for 10 min at 4,000g in a temperature-controlled bench
top centrifuge (Eppendorf AG, Hamburg, Germany). Serum (150 pL) was carefully removed to
avoid disturbing loose clots. Samples were stored at -80 °C until further processing. For
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analyses, each solution was supplemented with 10 pL of NH,OH and incubated at 22 °C for 10
min. Samples were centrifuged at 50,000g for 1 h at 4 °C in an Optima MAX benchtop
ultracentrifuge (Beckman-Coulter, Indianapolis, IN). Supernatants were removed and placed in
disposable 13 x 100 mm culture tubes made of borosilicate glass (Fisher Scientific). Four-uL of
the appropriate internal standard (100 pg/L) were added to each sample (see Supplemental

Table 2).

Samples from combination drug treatments were processed as just described, and

specific dilutions of the final sample solution were used, as presented in Supplemental Table 2.

Organic solvent extraction of drugs. Samples were next extracted with 3 mL of methyl tert-
butyl ether (Sigma-Aldrich). Mixing was achieved by withdrawing 1 mL of sample and pipetting it
back into the remaining volume, a procedure repeated 15 times. Samples then were centrifuged
for 15 min at 100g to separate the organic and aqueous layers. Next, the organic layer was
removed and dried under a gentle stream of argon gas. After the organic solvent was
evaporated, the bottom of the glass tube was washed with 150 pL methanol:water (v/v 50:50)
making sure the walls were washed from the bottom of the tube up to 2 cm in height. Next, this
solution, denoted as the “final sample solution” in Supplemental Table 2, was removed, placed
in a microfuge polypropylene tube and centrifuged at 50,000g for 1 h at 4 °C to remove
insoluble material. The final amount of each sample to be injected was initially evaluated by a
trial injection to assure that the response would be in the linear range of the concentration as a
function of the ion intensity established for each tested drug. Optimum injection volumes were
achieved through dilution. These values are detailed for each drug/drug combination dose in

Supplemental Table 2.

Liquid chromatography/mass spectrometry (LC-MS) analyses. A specific volume of each
sample (see Supplemental Table 2) was injected onto a Luna 5 pm C8 100 A column

(Phenomenex, Torrance, CA) previously equilibrated with water containing 0.1% aqueous
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formic acid. The injection was performed with a temperature controlled autosampler at 4 °C
coupled to a high performance liquid chromatography (HPLC) unit at a flow rate of 0.1 mL/min.
Column outflow was introduced into an LTQ mass spectrometer equipped with an electrospray
ionization unit operating at 300 K. Chromatographic conditions were as follows: 0-5 min, 98% A
(water in 0.1% aqueous formic acid) and 2% B (acetonitrile in 0.1% formic acid); 5-18 min, a
linear gradient to 2% A and 98% B; 18-20 min, 98% A. Only the eluent between 10 and 14 min
was diverted into the MS. The LC-MS method was established as a selected reaction
monitoring (SRM) system for two ions: the drug and its designated internal standard (see
Supplementary Fig. 4 for details). Quantification was done automatically by evaluating the area
under the curve for the peak that eluted at a specific time and region (see details

in Supplementary Fig. 4 panels D, H, L, and P).

Preparation of final sample solutions from eyes. After mice were euthanized, eyes were
removed and kept frozen on dry ice until they were transferred to a -80 °C environment prior to
processing. Two frozen eyes were used per sample. Samples were then sonicated (QSonica,
Newton, CT) in 200 pL of methanol:water (v/v 50:50) by 4 repeats of 10 s pulses per repeat with
an amplitude set to 75%. Solutions were supplemented with 10 uL of NH,OH and incubated at
22 °C for 10 min. Samples were centrifuged at 50,000g for 1 h at 4 °C in an Optima MAX
benchtop ultracentrifuge. Supernatants were placed in 13x100 mm disposable culture tubes
made of borosilicate glass (Fisher Scientific). For analysis, the volume of the eye was assumed
20 pul according to published dimensions of adult C57BL/6J mouse eye (Remtulla and Hallett,

1985).

Statistical analyses. Two-way ANOVA was applied to the analysis of ONL thickness and ERG
measurements. ANOVA analyses were followed by Tukey's multiple comparison tests. The

analysis of retinal damage area was accomplished with a nonparametric Kruskal-Wallis test,
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followed by Dunn’s multiple comparison tests. The data are presented as means + standard

errors of the mean (SEM). The level of statistical significance was set at P < 0.05.

RESULTS

Cone photoreceptors are protected by a combined therapy with MTP, TAM and BRM. We
investigated the efficacy of MTP + TAM + BRM (10 mg/kg; 0.5 mg/kg; 1 mg/kg, respectively)
combined treatment in mitigating the effects of acute, bright light-induced retinal degeneration in
an Abca4”Rdh8” mouse model of Stargardt disease. Since we previously demonstrated a
positive effect of this combination therapy on rod photoreceptors (Chen et al., 2016), this
investigation focused on cone cell survival, especially since cone cells are critical for the normal
daily activities of humans. To assess the pharmacokinetics of these drugs, different durations
were examined between drug injection and the initiation of BLE. Thus, drugs were injected
either 0.5 h, 2 h or 4 h prior to BLE. The effects of drug treatment were evaluated by optical
coherence tomography (OCT) to determine the structural integrity of photoreceptors as
assessed by the thickness of the retinal outer nuclear layer (ONL) and electroretinography
(ERG) to assess cone photoreceptor function. The area of retinal damage following BLE was
measured by analyzing retinal flat mounts labeled with S-opsin and M-opsin antibodies.
Exposure to bright light induced a marked reduction in ONL thickness in vehicle-treated mice,
especially in the infra-temporal retina (Fig. 1A and Supplemental Fig. 1), thus demonstrating
the loss of unprotected photoreceptor cells. Also observed was a moderate decline of photopic
ERG amplitudes (Fig. 1B, C) and a drastic loss and/or disorganization of S-cones and M-cones

in the central but not the peripheral retina (Supplemental Fig. 1).

MTP + TAM + BRM fully protected the retinas in most mice when this combination was
given IP 0.5 h prior to BLE (Fig. 1; and Supplemental Table 3); there were no statistically
significant differences between drug-treated and control mice as measured by ONL thickness,
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photopic ERG amplitudes or degree of cone cell damage. When drugs were given 2 h prior to
BLE, fewer mice were fully protected as indicated by their ONL thickness (Supplemental Table
3). Instead, most mice showed intermediate ONL protection, and the photopic ERG response
amplitudes appeared slightly reduced compared to controls (Fig. 1B, C). Interestingly, both S-
cone and M-cone photoreceptors were well preserved in most mice that were drug-injected 2 h
prior to BLE (Fig. 1D, E, and Supplemental Table 3), indicating that BLE induces less damage
to cones than rods in Abca4”Rdh8" mice. Finally, when drugs were injected 4 h prior to BLE,

no retinal protection was observed in any of the treated mice (Supplemental Table 3).

Specificity of GPCR modulators towards receptor activation. An unbiased cellular assay
was next used to investigate the agonistic-like activity of MTP, TAM, DOX and BRM towards a
comprehensive group of GPCRs. The TANGO assay monitors the activation of GPCR-
generated fusion proteins with a cleavable membrane localization signal, a cell surface
expressed FLAG tag, a TEV cleavage site, and tTA protein (Barnea et al., 2008). Ligand binding
to a targeted GPCR receptor stimulates recruitment of a B-arrestin2-TEV protease fusion,
triggering the release of the tethered transcription factor tTa that then stimulates reporter gene
activity. PRESTO-TANGO (Parallel Receptor-ome Expression and Screening via Transcriptional
Output) was used to screen the four known GPCR-targeted drugs under investigation here
(MTP, TAM, DOX and BRM) in 11 different combinations for their agonist activity towards 315
orphan and poorly annotated GPCRs (Fig. 2A). Screening multiple targets simultaneously with
mono- and combined-drug treatments revealed BRM-dependent agonistic activation of the
GPCR receptors serotonin receptor 1A (HTR1A), DRD2, DRD3 and adrenergic receptor
subtype A2C (ADRA2C) (Fig. 2B). In contrast, the analysis of MTP, an antagonist of Gs-
coupled B;-ARs; TAM, an antagonist of G4-coupled a;-Ars, and DOX, an antagonist of Gq-
coupled a;-ARs showed no significant effect on GPCR activation, as expected, confirming that

these compounds act solely as GPCR antagonists (Chen et al., 2016)). Dose-dependence trials
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using the same system with 16 different concentrations of BRM ranging from 0.001 nM to 100
MM were then tested. HTR1A, DRD2, DRD3, and ADRA2C demonstrated ECs, values of 330
1M, 31 nM and 670 nM (accounting for the dual-binding properties of DRD2), 0.7 uM, and 1 uM,
respectively (Fig. 2C).

Expression of GPCRs in human retina. The expression of different GPCRs in the human
retina was measured, as well as determining whether these expression levels were altered by
the four known GPCR-targeted drugs under investigation in this study. Both RNA-seq and
gPCR analyses were carried out to achieve this objective. Initially, RNA-seq and qPCR were
performed using a single human donor retina, and then gPCR also was carried out with a retinal
library generated from 99 human patients. Primer sequences are shown in Supplemental
Table 1. Expression levels of thirteen GPCRs demonstrated in a previous study as potential
pharmacological targets of the four drugs under investigation here (Chen et al., 2016) were
detected in the human retina by gPCR in both experiments (Supplemental Table 4). To
compare the gPCR data with human RNA-seq data (Mustafi et al., 2016), all GPCR expression
levels were arbitrarily normalized to that of Tacrl (assigned the value of 1). When gPCR results
were compared between the single donor and pooled donors (Supplemental Table 4), most
GPCR expression levels were comparable, except for glutamate metabotropic receptor 4
(Grm4) and prostaglandin E receptor 1 (Ptgerl). Together, the comparison of results from RNA-

seq and gPCR studies revealed that the measured GPCR levels are highly conserved.

Next, as drugs taken orally have the potential to affect the expression levels of GPCRs
in tissues other than the retina, we also measured GPCR expression in the whole eye as
compared with that of retina. Further, since different animal models are used to evaluate drug
therapies for the treatment of retinal degenerative diseases, a comprehensive comparison of
GPCR expression in the eye and retina of different species was conducted. RNA-seq analyses

were conducted to compare retinas and whole eyes from various species including mouse (a
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rod dominant species) (Jeon et al., 1998), Nile rat (similar to human retina in its rod/cone ratio)
(Mustafi et al., 2016), ground squirrel (a cone-dominant retina) (Anderson and Jacobs, 1972;
Szel et al., 1993), and monkey and human retina (Mustafi et al., 2016) (see Table 1). The
mouse study employed C57BL/6 wild-type mice, 3-month-old rhodopsin (Rho) knockout
C57BL/6 mice that lack both rods and cones (Humphries et al., 1997; Lem et al., 1999), and 4-
week-old neural retina-specific leucine zipper protein (Nrl) knockout mice with a C57BL/6
background that develop uniform cone-like photoreceptor cells (Bessant et al., 1999; Mears et

al., 2001; Mustafi et al., 2011).

Comparisons showed that expression levels of most GPCRs were consistent among
species, whereas some GPCRs, such as Ptgerl, appeared to be highly expressed in rodents
but less in monkey and human retinas. Drd4 was the most abundant GPCR expressed in all
species, except the Nile rat (Table 1). But Drd4 expression levels dropped significantly in Rho
and Nrl knockout mice compared to wild-type mice indicating its expression in rod cells. The
expression of the adenosine A2b receptor (Adora2b) increased in rod-deficient mice, and its
increase in cone-dominant retinas suggested at least partial expression in cone cells. B;-ARs
increased significantly in Nrl knockout mouse retinas, indicating their expression in cone

photoreceptors.

To examine the impact of MTP, TAM, DOX, and BRM mono- or combined-drug
treatments on the expression of all GPCRs in the retina, a global transcriptome analysis by
RNA-seq was performed. Retinas were collected from mice which had not been exposed to
bright light, and mice 1 day after exposure to light and pretreated either with DMSO or individual
or combined drugs. First, the reduction of opsin expression in control mice exposed to bright
light was mitigated by single drug treatment with either MTP, TAM or DOX and BRM (Fig. 3),
further supporting that these GPCR modulators help preserve photoreceptor cells. Next, the

bright light-induced expression of Endothelin receptor type B (Ednrb), neuropeptide Y receptor
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Y4 (Npy4r), GPCR 126 (GPR126) and GPR146 was attenuated by the same treatments (Fig.
3). Combination treatments with MTP + TAM + BRM or MTP + DOX + BRM resulted in
sequence expression profiles similar to drugs used individually although drug levels used in the
combination studies were much lower than those used in the monotherapy studies (Fig. 3).

Cellular localization of these receptors was not determined.

Collectively, these data demonstrate that thiteen GPCRs demonstrated in a previous
study as potential pharmacological targets of the four drugs investigated in this study
(Supplemental Table 4 and in a prior study (Chen et al., 2016) are expressed in the human
retina. Further, the expression of these receptors is conserved across species. However, there
are differences in the expression levels of some GPCRs. Moreover, MTP, TAM, DOX, and BRM
did not significantly affect the expression of GPCRs targeted by the four drugs under
investigation in this study, nor did they have demonstrable effects on the expression of other
receptors present in the eye. Therefore, these data indicate that the combination therapy which
protects photoreceptors in a mouse model of retinal degeneration could be relevant in treating
human conditions, since the targeted receptors are constituents of the mammalian eye/retina
but their levels of expression appear unaltered by drug treatment, lessening the potential for

undesired effects in other cell types.

Effects of drugs on ERG responses. The impact of MTP (1 mg/kg), TAM (0.05 mg/kg), DOX
(1 mg/kg) and BRM (0.1 mg/kg), and their combinations also was investigated on retinal
function in WT mice unexposed to damaging light to ensure that drug treatments do not interfere
with the normal processing of light signals in the retina. ERG responses were recorded in four-
week-old WT C57BL/6 mice treated with drug combinations or DMSO, and the results of two
combinations are shown (MTP, TAM, and MTP, or MTP, DOX and BRM). Treatments were
administrated to mice under dim red light by IP injection either 45 min or 3 h prior to ERG

recordings. Both scotopic and photopic b-wave ERG data are summarized in Fig. 4 and a-wave
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ERG data in Fig. S3. ERG recordings revealed that both scotopic a-wave and b-wave
amplitudes were diminutively, but statistically significantly, decreased with MTP, DOX and BRM
combination, whereas the corresponding amplitudes with MTP, TAM, BRM combination were
comparable with DMSO treated mice. There were no significant differences in photopic ERG
amplitudes among the three groups, two combination therapy groups and one vehicle control
group, indicating that the combination pretreatments did not adversely affect photopic visual

function.

Pharmacokinetics of GPCR modulators. To learn about their pharmacokinetic profiles in the
context of retinal protection, MTP, TAM, DOX and BRM levels were measured in mouse sera

and eyes after single-dose administration of these drugs.

MTP fragmentation produced two main ions, m/z 116.08 and m/z 191.08 (Supplemental
Fig. 4A). The internal standard chosen for MTP was labeled with 7 deuterium atoms, MTP-D7
(Supplemental Fig. 4B). For both MTP and MTP-D7, the ion with m/z 191 corresponds to
fragmentation of the N-C imine bond (Supplemental Fig. 4A-B) followed by loss of water (-18)
and NHj; (-17). While m/z 191 is the second most intense ion, it was chosen as the lead
daughter ion since it is common to both compounds. The correlation curve obtained for
increasing concentrations of MTP and MTP-D7 evaluated by the area under the curve of the
transitions from 268—191.08 for MTP and 275—191.08 for MTP-D7 had a coefficient of
determination R?=0.9999 (Supplemental Fig. 4C). Both MTP and MTP-D7 eluted at similar
times (i.e., between 10-11 min, Supplemental Fig. 4D). Next, identical fragmentation patterns
were found for both TAM and TAM-D5, producing two daughter ions, m/z 228 and m/z 271. To
construct the correlation graph and achieve a coefficient of determination R? =0.9998
(Supplemental Fig. 4G), the following transitions were followed: 409.00—271 for TAM and
414—271 for TAM-D5. The TAM and TAM-D5 elution profiles were indistinguishable. Both ions

eluted between 10.2-10.8 min. DOX and DOX-D8 were identified by two ions, m/z 452.25 and
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m/z 460.25 (Supplemental Fig. 41 and J). The following transitions were monitored:
452.25—344.25 for DOX and 460.25—352.25 for DOX-D8. The correlation curve compiled for
DOX and DOX-D8 resulted in a coefficient of determination R* =0.9978 (Supplemental Fig.
4K). DOX and DOX-D8 shared identical elution patterns (12.0—12.5 min) under the specified
chromatographic conditions. Finally, fragmentation of BRM and its chosen internal standard o-
ergocriptine, resulted in two characteristic ions, m/z 656.7 and m/z 576.7, respectively. The
following transitions were monitored: m/z 656.70—348.08 for BRM and m/z 576.70—268.17 for
a-ergocriptine (Supplemental Fig. 4M and 4N). The correlation plot between BRM and a-
ergocriptine was found to have a coefficient of determination R? =0.9923 (Supplemental Fig.
40). Both BRM and a-ergocriptine eluted between 11 and 12 min (Supplemental Fig. 4P).
Several problems were encountered when attempting to design a deuterated derivative of BRM.
Therefore, the best alternative was to use a-ergocriptine. This standard satisfied almost all
criteria except that its linearity differed from the linearity on the concentration interval when
compared with BRM. Therefore, a corrective coefficient, c=29.5 was used. This approach
resolved the issue, and a test with known concentrations of BRM and a-ergocriptine produced
only a 4-7% deviation from their real values. Deuterated standards for MTP, TAM, and DOX had
correction coefficients with near ideal values of 1.05, 1.1 and 0.95, respectively over the

concentration scale tested.

The absorption, retention and elimination of the individual drugs and their various
combinations (detailed in Figure 5) were then determined in mouse sera and eyes. In almost all
cases, drug levels in serum dropped to less than 5% of their maximum by 4 h after treatment. In
contrast, drug levels in the eyes remained unchanged over the 24 h test period. Control
experiments were performed that followed the main ion — daughter ion transitions in untreated

samples to ensure that these transitions were present only in treated samples.
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Drug levels in sera and eyes of treated mice were obtained at 1, 2, 4, 8, 12, 16, and 24 h
after treatment. For each drug, a minimal dose that showed an effect in preclinical studies and
then higher doses were used for the analyses (Fig. 5). Serum levels dropped in 4 h to less than
10% of those reached at 1 h for single drugs. By 24 h drug levels were either undetectable or
below 1% of the levels found 1 h after treatment (Fig. 5 A, C, E, and G). Contrary to levels in
sera, levels in the eyes for each drug at all doses maintained relatively constant levels (Fig. 5 B,
D, F, and H). Treatments with multiple drugs were then conducted in a similar manner (Figs. 6,
7). Combined treatments were administered either by IP injection (Fig. 6) or gastric gavage
(Fig. 7). Doses for these drugs (see Supplemental Table 2) were evaluated and results
obtained were similar to those from the single drug treatment studies. For the IP injection
protocol, a set of experiments was performed to determine drug levels in perfused and non-
perfused samples of the eye (Fig. 6C and F). Both methodologies gave similar results,

suggesting only a small contribution from the blood in the eye sample.

To determine whether the blood-brain barrier (BBB) could have an effect on the amount
of drug reaching the eye by opening the blood-retina barrier, MTP and DOX were selected as
test agents. MTP can easily cross the BBB (Neil-Dwyer et al., 1981), whereas DOX is more
restricted (Kamibayashi et al., 1995)). One group of mice (n=5) was treated for four days with
fingolimode, a drug that permeabilizes the BBB (Yanagida et al., 2017), whereas a second
group of mice received 0.9% NaCl for four days. On the fifth day, both groups were treated with
MTP and DOX, each at doses of 1 mg/kg by IP injection. DOX levels in the eyes were found to
be lower in the fingolimode-treated group. When levels of DOX were measured in the brains of
the two groups, the level of DOX in the group treated with fingolimode was significantly higher
than in the control group (Fig. 8). This result indicates that fingolimode as a BBB disruptor, can
increase DOX levels in the brain but not the eye, suggesting that the blood-retina barrier is

unaffected by fingolimode for tested drugs. As expected, no significant difference in MTP levels
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was found between the two groups, since MTP easily crosses the BBB without fingolimode.
Statistical analysis of the pharmacokinetic data was performed using the Student’s T-test with

the statistical significance level set at P < 0.05.

DISCUSSION

Our previous studies in mice demonstrated that the pathogenesis of light-induced
retinopathy involves either increased signaling through G,- or Gs-coupled GPCRs or decreased
activity of Gi-coupled GPCRs (Chen and Palczewski, 2015; Chen et al., 2016). Here, retinal
protection was observed in Abca4”"Rdh8” and BALB/cJ mice when MTP (a Gs-coupled
pathway antagonist), TAM (a G, pathway antagonist) or BRM (a G; pathway agonist), was
dosed individually at 1, 2.5 and 10 mg/kg (Chen et al., 2016). These initial studies focused
almost exclusively on rod photoreceptors, whereas cone photoreceptor cell preservation is more

relevant to daily human vision (Mustafi et al., 2009).

In this study, protection of cone cells was achieved by pharmacological intervention with a
combination of the GPCR modulators MTP + TAM + BRM (Fig. 1). Both the structure and
function of cone cells were preserved, as evidenced by different imaging analyses (Fig. 1 A,D,E
and Supplemental Fig. 2) and electroretinography (Fig. 1 B, C). However, this therapeutic
effect was achieved over a short period, 0.5-2 h prior to the onset of bright light. This
observation agrees with the pharmacokinetic data (discussed below), showing that the majority
of each GPCR modulator is cleared from the plasma within 4 h after its intraperitoneal injection.
Modes of drug administration other than bolus injection need to be investigated before further
longitudinal studies are conducted in mice. In humans, the biological half-life of these drugs in

serum is much longer than in mice and rats (Jordo et al., 1979; Maurer et al., 1983; Lemmer et
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al., 1985; Matsushima et al., 1998), enabling patients to be medicated only once or twice daily
for effective treatment of their non-ocular diseases. The enhanced half-life of these drugs in

humans could bode well for their use to treat retinal degenerative disorders.

In the current study, the open-source PRESTO-TANGO assay was used for parallel and
simultaneous interrogation of the ‘druggable’ GPCR-ome for agonistic activity (Barnea et al.,
2008). Results were obtained for four compounds, MTP, TAM, DOX and BRM, tested against
315 GPCR targets. MTP, TAM, and DOX showed no agonistic activity, as expected. However,
four potential ligand GPCR pairings were identified for BRM, namely HTR1A, DRD2, DRD3, and
ADRA2C. Moreover, dose-response curves generated for BRM included a double-sigmoidal
curve suggesting a dual-binding of BRM to DRD2. These data reveal a complex

pharmacological, and subsequent signaling profile for BRM.

Of further significance, GPCR targets identified by a systems pharmacology approach
are normally expressed in human retina and conserved among species. Unfortunately, anti-
GPCR antibodies are generally unreliable for cellular localization (Baker, 2015), so a PCR
approach was chosen in addition to RNA-seq studies to evaluate GPCR expression in various
species including humans (Table 1 and Supplemental Table 4). Initially, quantitative PCR was
carried out to measure the expression of the 13 GPCRs shown to serve as targets for
modulators capable of protecting photoreceptor cells in a bright light model of retinal
degeneration (Chen et al., 2016). These GPCRs were found highly expressed, as shown by
both gPCR and RNA-seq, in the retinas of humans and all tested mammals, suggesting their
conserved functions. In addition to the 13 targeted GPCRs, most GPCRs were conserved, also
indicating their functional importance. Further, the experimental drugs did not significantly affect
the expression of targeted GPCRs and other receptors present in the mouse eye. Obviously,
expression levels do not necessarily reflect actual receptor levels, as the latter are influenced by

the stability of the corresponding mMRNA and the translated product.
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The systems pharmacology approach to examine the impact of mono- and combined-
drug pretreatments in mouse models of bright light—induced retinal degeneration engaged a
global transcriptome strategy using RNA-seq (Chen et al.,, 2016) and methods previously
developed (Mustafi et al.,, 2013b). The findings demonstrated that expression of opsin
photopigments declined upon exposure to bright light, correlating with the loss of photoreceptor
cells. This effect on opsin expression was mitigated by drug treatment, as shown by RNA seq
analysis, that again correlated with the protection of photoreceptor cells exposed to bright light.
When used in combination, the dose of individual drugs could be reduced ten-fold compared to
their individual effective dose and still maintain their ability to rescue opsin expression (Fig. 3),
as well as photoreceptor structure and function (Chen et al., 2016). This observation highlights
the cooperative action of these drug combinations in vivo. Collectively, these results also
demonstrate the preservation of photoreceptor cells that comprise the main sites of opsin

expression.

While combinations of FDA-approved drugs might prevent light-induced retinal damage
in mouse models, they also could adversely affect normal retinal function, thereby limiting their
clinical use. ERG responses reflect the electrical activities of various cell types in the retina
including rod and cone photoreceptors. Here, ERG recordings were essentially the same in
terms of both their photopic, light-adapted a-wave and b-wave amplitudes among the three
experimental groups, two combination drug therapy groups and one DMSO control group.
However, the dark-adapted, scotopic a-wave and b-wave amplitudes were diminutively
decreased in MTP, DOX and BRM treated mice, but not in MTP, TAM and BRM treated mice,
favoring the usage of TAM over DOX in future trials. These findings satisfy at least one
significant precondition for the use of MTP, TAM and BRM to treat retinal degenerative

diseases.
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Prior to clinical application of a therapy, however, pharmacokinetic data are essential for
the safe and effective management of drugs in patients. Therefore, applying our developments
in sample processing, internal standards, and LC-MS methods, we undertook initial
pharmacokinetic studies of GPCR modulators capable of protecting photoreceptor cells in our
mouse model of retinal degeneration. LC-MS methods developed here allowed the identification
and quantification of MTP, TAM, DOX, and BRM in a manner that produced significant
correlations between each drug and its corresponding internal standard, with R? values > 0.99
(Fig. S4C, G, K, O). This increased the accuracy of evaluating drug levels in different tissues
with minimal sample processing. In addition to improvements in LC-MS methods, perfusion
experiments were performed to rule out sample contamination by blood during processing. Non-
perfused eyes were found to contain similar levels of each drug as in their perfused
counterparts (Fig. 6B, E and Fig. 6C, F, respectively). This result demonstrates that these
drugs persisted in the eye and were not easily diluted by the circulation or the perfusion solution
(Fig. 6C and F). Two different modes of administration, IP and gastric gavage, also were tested.
The oral dose used here was greater than that of the same treatment given IP to compensate
for lower absorption from the gastrointestinal tract. Still, serum levels of drugs administered by
gastric gavage were lower than those found after IP administration (Fig. 6 and Fig 7). In
contrast, drug levels in the eyes, especially for DOX, were found to be considerably higher
following oral administration and sufficient to protect photoreceptor cells in the light-induced
mouse model of retinal degeneration with no adverse structural or functional effects. Along with
the longer biological half-life of GPCR modulators in humans, oral administration can provide a

safe and effective route for combination drug therapy.

An avenue worth exploring prior to clinical trials is to formulate MTP + TAM + BRM as
eye drops, and test their efficacy experimentally. A topical route of administration would further

minimize adverse effects. Successful therapeutic outcomes after topical administration of
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adrenergic drugs for ocular conditions already exist. Timolol, a beta-blocker, and
brimonidine, an alpha-2 receptor agonist, are clinically used as eye drops to treat ocular
hypertension and glaucoma. Moreover, brimonidine eye drops have shown protective effects

against photoreceptor death in a focal light damage model in mice (Ortin-Martinez et al., 2014).

When administered after selective opening of the BBB with fingolimode, MTP levels in
the eye were unaffected. This result is not surprising, since MTP easily crosses the BBB. In
contrast, fingolimode enhanced the levels of DOX in the brain but had no demonstrable effect
on drug levels in the eye. Overall, pharmacokinetic studies demonstrate that the protective
effects of combination therapy with GPCR modulators correlate better with serum
concentrations of the drugs than their levels in the eye. This protective effect could be due to
partitioning of these drugs into eye compartments irrelevant to their therapeutic effect, i.e., the
vitreous. Therefore, more detailed distributional studies are needed to fully appreciate the

pharmacokinetic data.

In summary, a systems pharmacology approach has now identified a combination of
GPCR modulators which effectively protect photoreceptor cells in mouse models of retinal
degeneration without deleterious effects on the processing of light signals through the retina.
Levels of these modulatory drugs sufficient to protect photoreceptor cells were found in the eye
after both IP and oral administration, and pharmacokinetic data tended to support their
prolonged elimination from the eye relative to plasma. While additional studies are warranted,
these data support the transition of a systems pharmacology-based therapy consisting of

GPCR-drugs such as MTP, DOX, TAM, and BRM into clinical evaluation.
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FIGURE LEGENDS

Figure 1. Protection of retinal photoreceptor cells with MTP + TAM + BRM pretreatment. A
single IP injection of MTP + TAM + BRM protects retinal photoreceptor cells when given 0.5-2 h
prior to BLE (0.5 h at 25 klux, 6500 K light). (A) Thickness of the outer nuclear layer (ONL). ONL
thickness was measured from in vivo OCT images (see Supplemental Fig. 1 for illustration)
500 um from the optic nerve head. Treatment with MTP + TAM + BRM prevented ONL thinning
completely when given 0.5 h prior to BLE (control (ctrl) vs. MTP + TAM + BRM, 0.5 h; P=0.18),
and partially when injected 2 h prior to BLE, but not when these drugs were given 4 h prior to
BLE. (B) and (C) Treatment with MTP + TAM + BRM prevents retinal dysfunction as assessed
by measuring green light (B) and blue light (C) photopic ERG responses. (D) and (E) Retinal
damage area analysis. The damaged area was measured from M-opsin and S-opsin stained
retinal whole mount images (see Supplemental Fig. 2 for examples from each group).
Statistical analyses were performed with 2-way ANOVA (OCT), with repeated measures 2-way
ANOVA (ERGs), or with the Kruskal-Wallis test (damaged area analyses). ANOVAs were
followed with Tukey’'s posthoc test, and the Kruskal-Wallis test with Dunn’s posthoc test.
Asterisks indicate statistically significant (***P < 0.001) differences compared to control mice
and pound signs compared to vehicle-treated mice (* P < 0.05, * P < 0.01, " P < 0.001).
Group-sizes in all analyses were: intact control, n=9; MTP+TAM+BRM 0.5 h, n=8;
MTP+TAM+BRM 2 h, n=7; MTP+TAM+BRM 4 h, n=6; vehicle, n=10. Data are presented as

means = SEMSs.

Figure 2. Agonistic activity of MTP, TAM, DOX and BRM toward a GPCR panel. (A)
PRESTO-TANGO (Parallel Receptor-ome Expression and Screening via Transcriptional Output-
TANGO) screen of 4 known GPCR-targeted drugs (MTP, TAM, DOX, and BRM). These drugs
were screened in 11 different combinations for their constitutive agonistic activity against 315

orphan and poorly annotated GPCRs (University of North Carolina collection). (B) Screening of
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multiple targets simultaneously in a parallel fashion. (C) Dose-dependent trials. These trials
used the same system and 16 drug concentrations ranging from 0.001 nM to 100 uM. BRM-

dose dependent values for HTR1A, DRD2, DRD3 and ADRA2C receptors were determined.

Figure 3. RNA-seq analysis of retinal gene expression. RNA-seq experiments were
performed on retinal samples collected from Abca4”Rdh8" mice. Two groups were compared,
one unexposed to bright light (Control) and light-exposed mice pretreated with DMSO (Light), or
with either MTP, TAM, and BRM or MTP, DOX and BRM (n=3 per group). (A) Normalized
fragments per kilobase of genes following single drug treatments. Total RNA was subjected to
RNA-seq analysis, and FPKM, normalized fragments per kilobase of exon per million mapped
reads, were calculated. (B) Normalized fragments per kilobase of genes following combined
drug treatments. Combined drug treatments consisted of either MTP + TAM + BRM or MTP +
DOX + BRM. Drug doses for monotherapy were: MTP, 10 mg/kg; TAM, 2.5 mg/kg; DOX 10
mg/kg; and BRM, 1 mg/kg, and as combination therapy: MTP, 1 mg/kg; TAM, 0.05 mg/kg; DOX

1 mg/kg; and BRM, 0.1 mg/kg.

Figure 4. Physiological testing of the effects of GPCR drugs on retinal function. Two drug
combinations, MTP (1 mg/kg), DOX (1 mg/kg), and BRM (0.1 mg/kg) (MTP + DOX + BRM), or
MTP (1 mg/kg), TAM (0.05 mg/kg), and BRM (0.1 mg/kg) (MTP + TAM + BRM), were
administrated to 4-week-old C57BL/6J mice. ERG recordings (b-waves) were compared
between groups treated with either drug combinations or DMSO. (A) ERG responses were
recorded to evaluate the impact of these drug combinations on retinal function in WT mice at 45
min post-treatment under scotopic conditions. (B) ERG responses recorded 3 h following drug
administration under scotopic conditions. (C) ERG responses also were recorded to evaluate
the impact of drug combinations on retinal function in WT mice at 45 min following drug
administration under photopic conditions. (D) ERG responses recorded 3 h following drug

administration under photopic conditions. ERG recordings showed that MTP, DOX and BRM
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combination decreased scotopic b-wave amplitudes, whereas MTP, TAM and BRM combination
did not. Statistical analysis was performed by 2-way ANOVA followed by Tukey’s post-hoc test:

***pP < 0,001. Data are shown as means + SEMs with n = 5 mice.

Figure 5. Serum and eye levels of MTP, TAM, DOX, and BRM after single intraperitoneal
injections. (A) and (B) Serum and eye levels of MTP. Levels corresponding to the 5 mg/kg, 10
mg/kg, 20 mg/kg, and 40 mg/kg doses are shown. (C) and (D) Serum and eye levels of TAM.
Levels of the drug in the serum and eye corresponding to the 0.5 mg/kg, 2.5 mg/kg, 5 mg/kg,
and 10 mg/kg doses are shown. (E) and (F) Serum and eye levels of DOX. Levels of DOX
corresponding to 5 mg/kg, 10 mg/kg, 20 mg/kg, and 40 mg/kg doses are shown. (G) and (H)
Serum and eye levels of BRM. Levels of BRM corresponding to 0.5 mg/kg, 2.5 mg/kg, 5 mg/kg,

and 10 mg/kg doses are shown.

Figure 6. Serum and eye levels of GPCR modulators given in combination by
intraperitoneal injection. Drug levels are shown in serum and in non-perfused and perfused
eye samples. (A) Serum levels after treatment with TAM + MTP + BRM; MTP, TAM, and BRM,
were dosed at 1, 0.05, and 0.1 mg/kg, respectively. (B) and (C) Drug levels in the non-perfused
and perfused eye. Doses used for treatment and color coding were identical to those in (A). (D)
Serum levels after treatment with MTP + DOX + BRM. MTP (blue triangles), DOX (red circles),
and BRM (black squares), were dosed at 1, 1, and 0.1 mg/kg, respectively. (E) and (F) Drug
levels in non-perfused and perfused eyes, respectively. Doses used for treatment and color

coding were identical to those in (D).

Figure 7. Serum and eye levels of combinations of GPCR modulators administered by
gastric gavage. Triple treatment by gastric gavage of non-perfused eye samples. (A) Drug
levels in serum after treatment with MTP + TAM + BRM administered at 0.05, 2, and 0.2 mg/kg
doses, respectively. (B) Drug levels in the eye following treatment with MTP + TAM + BRM,;

doses and color coding used are described in (A). (C) Serum levels after gastric gavage with
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MTP (blue triangles), DOX (red circles), and BRM (black squares) alone, and MTP + DOX +
BRM administered at 2, 2, and 0.2, mg/kg. (D) Drug levels in the non-perfused eye after

treatment MTP + DOX + BRM; doses and color coding used are described in (C).

Figure 8. Blood-brain barrier disruption in mice treated with DOX or MTP. (A) and (B) DOX and
MTP levels in the eyes of mice treated by IP injections of 1 mg/kg. Samples labeled as controls
were treated with 0.9% NacCl for 4 days followed by an IP injection of a single dose of DOX or
MTP. Samples labeled as treated were injected with fingolimode for four days at a dose set to 1
mg/kg followed by a single treatment with DOX or MTP. (C) and (D) Experimental design was
identical to that described in (A) and (B) except that levels of DOX and MTP were measured in
brain samples. Statistical significance was evaluated with a Student’'s T-test. Differences

between groups that resulted in P values <0.05 were considered statistically significant.
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TABLES

Table 1. Comparison of retina GPCR gene expression levels in different species by RNA-seq.

Gene C57BL/6 Mouse Rat Nile rat® | Ground | Monkey Human
squirrel

wWT Rho KO' | Nrl KO?
Drdla 6.1 5.89 15.60 18.7 13.4 15.8 12 7.9
Drd4 229.5 39.6 23 110.8 | 8.2 211 165 126
Drd2 20.9 17 14.3 30.9 4.2 7.2 22.4 24.8
Crhrl 6 5.3 2.8 7.9 11 0.9 2 5.2
Grm1l 2.7 1.92 3 3 1.2 2.3 3.2 4.7
Adrbl 19.9 12.3 94.2 26.8 7.8 14 No homolog 3.4
Adora2b | 2.5 9 1.5 1.1 7.9 6.8 16.2 34
Grm4 4.7 6.3 1.7 5.6 1.8 54 No homolog 19
Adrala |0.3 0.6 0.1 0.8 ND ND 0.9 0.2
Adralb | 1.6 2.3 0.6 4.2 1 0.4 2.8 1
Adrald | 3.8 4.3 2.1 1 ND 2.5 2.3 0.1
Tacrl 2 51 3 4.9 1.8 0.8 1 0.9
Ptgerl 14.1 17 3.9 9.6 4.9 4.8 0.5 0.8
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'RNA isolated from whole eye.
“Rhodopsin knockout mouse.

3Neural retina-specific leucine zipper protein knockout mouse.
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