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ABSTRACT

Effective eye drop delivery systems for treating diseases of the posterior segment have yet to be clinically validated. Further, adherence to eye drop regimens is often
problematic due to the difficulty and inconvenience of repetitive dosing. Here, we describe a strategy for topically dosing a peptide-drug conjugate to achieve
effective and sustained therapeutic sunitinib concentrations to protect retinal ganglion cells (RGCs) in a rat model of optic nerve injury. We combined two promising
delivery technologies, namely, a hypotonic gel-forming eye drop delivery system, and an engineered melanin binding and cell-penetrating peptide that sustains
intraocular drug residence time. We found that once daily topical dosing of HR97-SunitiGel provided up to 2 weeks of neuroprotection after the last dose, effectively
doubling the therapeutic window observed with SunitiGel. For chronic ocular diseases affecting the posterior segment, the convenience of an eye drop combined with
intermittent dosing frequency could result in greater patient adherence, and thus, improved disease management.

1. Introduction

Achieving drug delivery to the retina with topical eye drops is a “holy
grail” of ocular drug delivery. Unfortunately, precorneal clearance,
ocular tissue barriers such as the cornea and sclera, and uveal clearance
reduce the amount and duration of drug delivery to posterior segment
cells and tissues. Thus, there are no FDA approved eyedrops for treating
diseases of the posterior segment, and patient adherence to many eye
drops is limited by the necessity of dosing multiple times per day [1,2].
To overcome these challenges, a drug delivery system that provides
longer corneal residence time and increased intraocular absorption
could facilitate increased drug delivery to the retina. In addition,
increasing intraocular drug retention time could further improve drug

accumulation and sustain the duration within the therapeutic window.

We recently described the development of a hypotonic, thermo-
sensitive gel-forming eye drop that provided increased and sustained
intraocular drug absorption without increased systemic drug exposure
[3]. In addition, we described that sunitinib, a dual leucine zipper kinase
(DLK) and leucine zipper kinase (LZK) inhibitor that promotes retinal
ganglion cell (RGC) survival, could be effectively delivered to the pos-
terior segment using the gel-forming eye drop [4-6]. The combination of
enhanced intraocular absorption provided by the gel-forming eye drop
(SunitiGel) and the intrinsic melanin binding properties of sunitinib led
to significant protection of RGCs with only once weekly eye drop dosing
[6]. Studies have shown that ocular melanin could affect drug distri-
bution and retention in ocular pigmented cells [7], and prolong the
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effects of certain drugs [8]. Machine learning models have also been
developed to predict the melanin binding potential of small molecule
ophthalmic drugs [9]. We recently described an approach for applying
machine learning to engineer multifunctional peptide adaptors to
embody high melanin binding, cell-penetration, and low cytotoxicity in
the same peptide sequence [10]. The highest performing peptide, HR97,
was conjugated to the intraocular pressure (IOP) lowering drug brimo-
nidine tartrate, to impart these properties to the peptide-drug conjugate.
We demonstrated that a single intracameral injection of the HR97-
brimonidine conjugate provided a larger IOP reduction in normoten-
sive rabbits that lasted for up to 18 days, which was significantly longer
than injection of brimonidine alone (7 days), or topical brimonidine
tartrate eye drops (Alphagan®, 8 h). Accumulation of the HR97-
brimonidine conjugate in the melanin containing cells of the iris likely
contributed to the magnitude and duration of the therapeutic effect in
the anterior segment.

In this work, we hypothesized that conjugation of the engineered
multifunctional peptide adaptors to sunitinib for delivery to the poste-
rior segment using the gel-forming eye drop would provide even more
prolong therapeutic effects in the posterior tissues. We observed that the
HR97-sunitinib conjugate had increased binding capacity to ocular
melanin and was cleaved by proteases to release free sunitinib in vitro.
Rats were dosed topically with HR97-SunitiGel once daily for seven
days, followed by optic nerve head crush at various times after the last
dose to assess the duration of RGC protection. We observed that the
HR97-SunitiGel showed prolonged neuroprotective effects for up to 2
weeks after the last topical dose, whereas the protective effect of Suni-
tiGel was only observed at 1 week after the last dose. Our observations
support the potential for improving and prolonging therapeutic delivery
to the posterior segment tissues by addressing multiple barriers to drug
delivery and retention in the eye.

2. Materials and methods
2.1. Material sources

Sunitinib base and sunitinib malate were purchased from LC labo-
ratories (Woburn, MA, USA). Eumelanin from Sepia officinalis, 0.22 pm
Millex-GV PVDF filter, ferric ammonium citrate, bovine serum albumin
(BSA), Tween 20, fetal bovine serum (FBS), trifluoroacetic acid (TFA),
tert-Butyl methyl ether (MTBE), thionyl chloride, tetrabutylammonium
iodide, N,N-diisopropylethylamine, human cathepsins B, K, L, and S,
Whatman® Anotop® 0.02 pm syringe filter, Poloxamer 407, and Triton
X-100 were purchased from Sigma Aldrich (St. Louis, MO, USA). ARPE-
19 cells (CRL-2302) and DMEM:F12 medium were purchased from the
American Type Culture Collection (Manassas, VA, USA). Rapid equi-
librium dialysis (RED) 8 K device, DMEM with high glucose and pyru-
vate, Trypsin-EDTA (0.25% w/v) with phenol, RIPA lysis buffer, RNA
binding protein, mRNA processing factor (RBPMS) rabbit anti rat
polyclonal antibody, Alexa Fluor 555 conjugated goat anti-rabbit IgG (H
+ L) secondary antibody, penicillin/streptomycin, 4,6-diamidino-2-
phenylindole, dihydrochloride (DAPI), Fluoromount-G, Image-iT™
Fixative Solution (4% w/v formaldehyde, methanol-free), and peni-
cillin/streptomycin were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). Disposable PD-10 desalting columns were pur-
chased from VWR (Radnor, PA, USA). Dulbecco’s Phosphate Buffered
Saline (DPBS), 1 x phosphate buffered saline (PBS), 10 x PBS, high-
performance liquid chromatography (HPLC) grade acetonitrile (ACN),
dimethylformamide (DMF), and water were purchased from Fisher
Scientific (Hampton, NH, USA). Mc-Val-Cit-PAB was purchased from
Cayman Chemical (Ann Arbor, MI, USA). Endotoxin-free ultra-pure
water was purchased from Millipore Sigma (Burlington, MA, USA).
Isoflurane was purchased from Baxter (Deerfield, IL, USA). Reverse-
action forceps were purchased from World Precision Instruments (Sar-
asota, FL, USA). Neomycin, polymyxin b, and bacitracin zinc ophthalmic
ointment were purchased from Akorn (Lake Forest, IL, USA).
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2.2. Traceless linker system for conjugating HR97 to sunitinib

The traceless linker system was designed for the release of intact
parent drug when triggered by an intracellular chemical and enzymatic
event, such as protease cleavage of the amide bond [11]. Activation of
the linker, MC-Val-Cit-PAB-OH (maleimidocaproyl-L-valine-L-citrulline-
p-aminobenzyl alcohol), was conducted as previously described with
minor modifications [10,11]. MC-Val-Cit-PAB-OH (8.68 g, 15.2 mmol)
was suspended in DMF (43.4 mL) at 0 °C with water bath sonication for
30 min. After solids were fully dispersed, thionyl chloride (1.22 mL,
16.7 mmol) was added dropwise. Following the addition, the reaction
was held at 0 °C for 45 min and then treated slowly with water (130 mL)
to precipitate a yellow solid (MC-Val-Cit-PAB-Cl), which was collected
by filtration. The solid was washed sequentially with water and MTBE
and dried under vacuum (~30% yield) [11]. Sunitinib base was com-
bined with MC-Val-Cit-PAB-Cl (1.1 eq) in DMF (0.25 M) at room tem-
perature. Tetrabutylammonium iodide (0.5 eq) was added to the
solution, followed by the addition of N,N-diisopropylethylamine (2.5
eq), and the mixture was stirred for 24 h. The mixture was diluted with
50:50 acetonitrile:water at 40-fold dilution for purifying MC-Val-Cit-
PAB-sunitinib. A Shimadzu LC20 HPLC system coupled with the
photodiode array detector (PDA) and the Phenomenex reverse-phase
preparative HPLC column (Gemini® 10 pm C18 110 A, LC Column
250 x 21.2 mm, AXIA™ Packed) was used to separate and collect the
peptide-drug conjugates with an elution gradient of 10/90/90/10% v/v
solvent B (TFA 0.05% v/v in can) at 1/11/13/15 min with a flow rate of
10 mL/min. The collected fractions were then transferred to the 20 mL
scintillation vials and a Biotage V-10 solvent evaporator with volatile
mode was used to remove ACN. The solution fractions were frozen and
lyophilized (~7% yield). Nuclear magnetic resonance (NMR) spectros-
copy was used to confirm the presence of key functional groups in the
products at each stage of the synthesis, including sunitinib base, Mc-VC-
PAB-Cl, and Mc-VC-PAB-sunitinib. All compounds were dissolved in
deuterated DMSO and characterized with a Bruker spectrometer (500
MHz). 'H chemical shifts were reported in ppm (5) and the DMSO peak
was used as an internal standard. Data were processed using TopSpin
NMR Data Analysis software, version 4.1.0, from Bruker. HR97 with
cysteine at the C-terminus as the functional group for linker conjugation
(FSGKRRKRKPRC, MW 1.5 kDa, >97% purity from Thermo Fisher
peptide custom service) was conjugated to the quaternary-ammonium-
linked sunitinib (MC-Val-Cit-PAB-sunitinib) via a thiol-maleimide reac-
tion. The MC-Val-Cit-PAB-sunitinib was first dissolved in 1 mL of PBS at
5 mg/mL, and the HR97 peptide powder (0.5 eq) was added. The so-
lution mixture was adjusted to pH 7.4 and allowed to react for 2 h at
room temperature. The solution was then added to 1 mL of acetonitrile
and purified with the same prep-HPLC conditions. The collected frac-
tions were transferred to 20 mL scintillation vials and a Biotage V-10
solvent evaporator with volatile mode was used to remove ACN. The
solutions were lyophilized and stored at —20 °C (~29% yield). For the
sample preparation and MALDI-TOF analysis, the MALDI matrix sinapic
acid (10 mg) was dissolved in 1 mL of acetonitrile in water (1:1) with
0.1% TFA, and 1 pL of sample (50 pM) was deposited on the MALDI
sample plate. The matrix (2 pL, 10 mg/mL) was deposited on the air-
dried sample and allowed to air dry for 10-20 min. The MALDI-TOF
MS analysis was performed on a Bruker Voyager DE-STR MALDI-TOF
(Mass Spectrometric and Proteomics core, Johns Hopkins University,
School of Medicine) operated in linear, reflective-positive ion mode.

2.3. Invitro stability test for HR97-sunitinib conjugate

Two pairs of human donor eyes were obtained from the Lions Gift of
Sight under protocol IRB00056984 approved by the Johns Hopkins
University School of Medicine Institutional Review Board. Both donors
were male with a mean age of 74.5. The post-mortem times ranged from
35 to 40 h. The eyes were kept at 4 °C during transport and arrived
within 48 h post-mortem. The vitreous from each eye was isolated,
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combined, and filtered through a 0.02 pm syringe filter to remove cell
debris. The aqueous was similarly combined and filtered. Each fluid type
was aliquoted into 3 replicates (700 pL) and HR97-sunitinib (1 mg/mL)
was added, and the mixture was incubated at 37 °C (n = 3). Onday 0, 1,
7,14, 21, and 28, 100 pL of the supernatant was collected, diluted with
900 pL of ACN, and characterized by HPLC (Prominence LC2030, Shi-
madzu) with Luna® 5 pm C18(2) 100 A LC column 250 x 4.6 mm
(Phenomenex, Torrance, CA). Separation was achieved with a Luna® 5
pm C18(2) 100 A LC column 250 x 4.6 mm (Phenomenex) at 40 °C using
isocratic flow (1 mL/min 60% TFA 0.1% in ACN). HR97-sunitinib was
detected at Ajq = 420 nm (HR97-sunitinib retention time = 1.9 min).
The area under the curve (AUC) at day 0 was used to normalize the AUCs
calculated at days 1, 7, 14, 21, and 28.

2.4. Cathepsin cleavage assay for HR97-sunitinib conjugate

An assay to demonstrate enzymatic cleavage of the linker was used as
previously described with adaptations [10,11]. In brief, the HR97-
sunitinib conjugate solution (200 pM) was diluted with an equal vol-
ume of 100 mM citrate buffer at pH 5.5. Cysteine was added to a final
concentration of 5 mM before the addition of human cathepsins B, K, L,
and S (150 nM each). The mixture was then incubated from 0 h (control
group) to 48 h at 37 °C. The solutions were further diluted with ACN to 1
mL and the conjugate concentration was measured using the HPLC
method described above. The concentration of HR97-sunitinib at 0 h
was used to normalize the ratio remaining at later time points.

2.5. In vitro melanin binding assay

Melanin nanoparticles (mNPs) were synthesized from the eumelanin
of Sepia officinalis as previously described [10]. In brief, 10 mg/mL of
eumelanin was suspended in DPBS using an ultrasonic probe sonicator
(Sonics, Vibra Cell VCX-750 with model CV334 probe, Newtown, CT,
USA) by pulsing 1 s on/off at 40% amplitude for 30 min in a 4 °C water
bath. The suspension was then filtered through a 0.22 pm Millex-GV
PVDF filter and transferred to PD-10 desalting columns. The resulting
mNPs solution was lyophilized for 7 days and stored at —20 °C until
further use. Sunitinib malate and HR97-sunitinib at a range of concen-
trations (12.5, 25, 50, 100 pg/mL) were dissolved in pH 6.5 PBS solution
in 3 replicates. The solutions (400 pL) were then mixed thoroughly with
400 pL of 1 mg/mL mNPs in pH 6.5 PBS solution and transferred to the
inner reservoir of the rapid equilibrium dialysis (RED) device inserts (8
K MWCO). The outer reservoir was filled with 800 pL of pH 6.5 PBS
solution. The samples were incubated on an orbital shaker with tem-
perature controlled at 37 °C and 300 rpm for 48 h. The solutions from
outer reservoir (free drug) were then collected and transferred to an
autosampler vial for HPLC analysis (Prominence LC2030, Shimadzu,
Columbia, MD) with the photodiode-array detection (PDA) system.
Separation was achieved with a Luna® 5 pm C18(2) 100 A LC column
250 x 4.6 mm (Phenomenex, Torrance, CA) at 40 °C using isocratic
flow. The amount of bound drug was used to calculate the binding ca-
pacity (moles drug/mg melanin) and the dissociation constant (Kq) as
previously described [6,12]. The data point of HR97 conjugated to
biotin for the high-throughput melanin binding screening assay was
originally shown in our previous work [10].

2.6. Invitro cell uptake assay

The ARPE-19 cells and the induction of melanin expression in ARPE-
19 cells were cultured as previously described [6]. One million ARPE-19
cells cultured for 2 months were collected for each condition and plated
in 6-well plates for another 48 h. Sunitinib malate and HR97-sunitinib
(25 pg/mL equivalent of sunitinib) in PBS were added to the cells for
6 h at 37 °C. The cells were then washed for 3 times with PBS using
centrifugation at 3000 rcf for 5 min. After the last wash, the cells were
incubated in acetonitrile at room temperature for 24 h to extract the
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drug. The samples were then centrifuged at 17,000 rcf at 37 °C for 30
min, and the supernatant was collected to measure the drug concen-
tration using HPLC as described above.

2.7. Characterization of drug solubility

To measure solubility, 1 mg of sunitinib malate, sunitinib base, or
HR97-sunitinib was placed in microcentrifuge tubes with 0.2 mL of PBS.
The samples were then placed on an orbital shaker (150 rpm) in an
incubator at 37 °C. After 7 days, samples were collected and centrifuged
at 17,000 rcf for 30 min. The supernatants were collected, and con-
centrations were measured using HPLC as described above for sunitinib.
Supernatant samples were mixed 1:10 with ACN containing 0.1% v/v
TFA. ACN and water were used as a mobile phase at a ratio of 55:45.
Samples were eluted isocratically at a flow rate of 1 mL/min through a
Cl8-reversed phase column at 40 °C. UV absorbance was monitored at
420 nm.

2.8. Animal studies — Animal welfare statement

All experimental protocols were approved by the Johns Hopkins
Animal Care and Use Committee. All animals were handled and treated
in accordance with the Association for Research in Vision and
Ophthalmology Statement for Use of Animals in Ophthalmic and Vision
Research. Equivalent numbers of both male and female animals were
used. Brown Norway rats (6-10 weeks) were obtained from Harlan/
Envigo. Dutch Belted rabbits (4-5 mo) were obtained from Robinson
Services, Inc.

2.9. Rat optic nerve head (ONH) crush model

We previously described that the delivery of sunitinib malate in
SunitiGel provided sustained RGC protection with once weekly dosing in
an optic nerve head (ONH) crush model [6]. The model was imple-
mented similarly to investigate the timing of quantification of RGCs in
the time-course study and the potential benefit of the HR97 peptide
conjugation. In the time-course study, Brown Norway rats received the
optic nerve head crush on day 0, and on day 1, 4, 7, 11, 14, or 19, the
retinas were harvested and stained with DAPI and RBPMS for quanti-
fying the remaining RGCs using the AI deep learning algorithm (n = 6).
In the HR97-SunitiGel RGC protection study, Brown Norway rats (n =
36, split into 3 groups of 12) received seven daily doses (5 pL) of 1 mg/
mL sunitinib equivalent in HR97-SunitiGel (6.2 mg of HR97-sunitinib
dissolved in 1 mL of 12% w/w F127). The ONH crush procedure was
then performed on separate groups of animals on day 0, 7, and 14 after
the last dose. Another group of rats (n = 12) received seven daily eye
drops (5 pL) of water as a sham control prior to undergoing the ONH
crush procedure on day 0 (immediately after the last dose). The third
group of rats (n = 12) received seven daily eye drops (5 pL) of 1 mg/mL
equivalent sunitinib in SunitiGel (1.34 mg sunitinib malate in 1 mL of
12% w/w F127, equal to 1 mg/mL sunitinib equivalent). Rats received
general anesthesia prior to topical anesthesia. Proparacaine hydro-
chloride (0.5% w/v) was applied topically to the right eye 1 min before
the surgical process. The temporal conjunctiva of the left eye was
grasped with 0.12 mm toothed forceps and incised parallel to the limbus
with sharp iris scissors. The dissection was performed using two pairs of
curved blunt-tipped forceps, and the orbital fat and soft tissue were
retracted to expose the orbital portion of the optic nerve. The optic nerve
was crushed at a position 1.5-2 mm posterior to the globe using reverse-
action forceps for 10 s. The orbital soft tissue was then repositioned over
the nerve and the conjunctiva was left to close by secondary intention
[6]. After the procedure, topical bacitracin-neomycin-polymyxin
ophthalmic ointment was applied to both eyes to prevent infection.
Any animals that bled severely during the surgery were sacrificed and
excluded from the study. Seven days after the optic nerve crush, rats
were sacrificed for subsequent analyses.
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2.10. Retinal ganglion cell staining and imaging

The process of harvesting retina tissues, staining, and imaging were
performed as previously described [6,13]. Rats were sacrificed by cer-
vical dislocation under general anesthesia. The eyes were then harvested
and fixed with 4% w/v paraformaldehyde for 2 h. The retinas were
removed, incised for flat mounting, and post-fixed for 2 h. The retinas
were then washed with PBS containing 0.5% w/v Triton-100 for 30 min
and incubated for 3 days at 4 °C in a solution containing rabbit anti-rat
RBPMS antibody diluted 1:250 in PBS with 1% w/v Triton X-100 and 1%
w/v BSA. The retinas were then washed for three times with PBS con-
taining 0.5% w/v Triton-100 and incubated overnight at 4 °C in a so-
lution containing Goat anti-Rabbit IgG H&L Secondary Antibody Alexa
Fluor 555 (Thermo Fisher, Waltham, MA, USA) diluted 1:1000 in PBS
with 1% w/v Triton X-100 and 1% w/v BSA. The retinas were washed
again for three times and incubated overnight in DAPI diluted 1:1000 in
PBS. The resulting retinal wholemount was then mounted on a slide
using Fluoromount-G. The prepared retinas were imaged with a Zeiss
710 Confocal Microscope. For each retinal wholemount, 16 images were
taken from the region 2-3 mm from the optic nerve per each retinal
quadrants using a 40 x objective. The DAPI images were pseudo-colored
in blue and the RBPMS images were pseudo-colored in red.

2.11. Retinal ganglion cell counting

For training the TensorFlow Object Detection model (TensorFlow
Version 1.2), 173 images containing 4247 RGCs, and 62 images con-
taining 1757 RGCs were manually labeled using the Labellmg function as
the training and testing sets, respectively. Faster R-CNN with Inception
Resnet v2 and SSD-MobileNet were used as the TensorFlow Object
Detection models. The weighted sigmoid (sigmoid cross-entropy loss
function) was used for the classification loss, and the weighted smooth
L1 (box regression in object detection) was used for the localization loss.
To avoid overfitting, the training process was terminated when the total
loss was <1 or when the total loss has reached a steady state. An
inference graph at each epoch was created with the script export_in-
ference_graph.py provided in the object_detection directory. The Cell-
Profiler, version 3.1.9, with CellProfiler Analyst, version 2.2.1, was used
in this study. The Metadata function was used to extract the DAPI and
RBPMS sub-layer information from confocal images and the names were
assigned using NamesAndTypes. The DAPI layers were first smoothed
with the Gaussian filter function, and the IdentidyPrimaryObjects func-
tion was used to identify the DAPI areas using global and three-class
Otsu threshold methods. The RBPMS sub-layers were smoothed with
the Guassian Filter and then again smoothed with the Median Filter
because the RBPMS staining with the RGCs had given uneven intensities
and confused the program in the subsequent steps. The Identi-
fySecondaryObjects function with Propagation strategy and adaptive,
three-class Otsu, and foreground methods were used to identify the
RBPMS as secondary objects based on the DAPI areas identified in the
primary object session. The object shape size, object intensity, and
texture were measured for both DAPI and RBPMS objects as the features
for CellProfiler Analyst, version 2.2.1. An SQLite database was gener-
ated after the CellProfiler had finished the feature extraction. In Cell-
Profiler Analyst, RandomForestClassifier was used and RGCs in the
unclassified window were dragged to the positive area following the
suggested protocols. >100 cells in each positive and negative class were
then manually assigned until the classification accuracy reached over
than 90% computed using the evaluation function. Finally, the output
scores were used to quantify the RGCs in each image. RGCs in another
set of 200 images were manually counted by three researchers masked to
the sample identity and the means were calculated for each image. In a
rare instance that the cell count per image varied by >10%, the images
were recounted by each person until the variance was <10%. Quanti-
fication results of the RGC images predicted by Faster R-CNN with
Inception Resnet v2, SSD-MobileNet, and Cell Profiler Analyst models
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were compared to the manual counting results using Pearson
correlation.

2.12. Pharmacokinetic studies

Brown Norway rats (n = 6) received once daily eye drops (5 pL)
containing 1 mg/mL sunitinib equivalent in HR97-SunitiGel (6.2 mg of
HR97-sunitinib dissolved in 1 mL of 12% w/w F127) or containing 1
mg/mL equivalent sunitinib in SunitiGel (1.34 mg sunitinib malate in 1
mL of 12% w/w F127, which was equal to 1 mg/mL sunitinib equiva-
lent) for seven days. Fourteen days after the last dose, the iris, choroid,
and retina were collected and analyzed for sunitinib concentration using
LC-MS/MS. Similarly, Dutch Belted rabbits (n = 4) received once daily
eye drops (50 pL) containing 1 mg/mL sunitinib equivalent in HR97-
SunitiGel or containing 1 mg/mL equivalent sunitinib in SunitiGel.
Two hours after the last dose, the iris, choroid, and retina were collected
for analysis of sunitinib concentration using LC-MS/MS.

2.13. Measurement of sunitinib in ocular tissues

Sunitinib concentrations in ocular tissues were measured by liquid
chromatography-tandem mass spectrometry (LC-MS/MS) as previously
described [3]. All samples were collected in pre-weighed tubes and
stored at —80 °C until being processed for analysis. Tissue samples were
homogenized in 100-600 pL 1 x PBS using a Next Advance Bullet
Blender before extraction. Sunitinib was extracted from 15 to 50 pL of
tissue homogenates with 50 pL of acetonitrile containing 50/50/2.5 ng/
mL of the internal standards (sunitinib-d10). The top layer was then
transferred to an autosampler vial for LC-MS/MS analysis after centri-
fugation. All ocular tissue samples were analyzed using a 1 x PBS
standard curve for sunitinib. Separation was achieved with Waters
Cortecs C18 (2.1 x 50 mm, 2.7 pm). The column effluent was monitored
using a Sciex triple quadrupol 4500 with electrospray ionization oper-
ating in the positive mode. The Mobile phase A was water containing
0.1% formic acid and the mobile phase B was acetonitrile containing
0.1% formic acid. The gradient started with the mobile phase B held at
10% for 0.5 min and increased to 100% within 0.5 min; 100% of mobile
phase B was held for 1 min, and then the mobile phase B returned back
to 10% and was allowed to equilibrate for 1 min. The total run time was
3 min with a flow rate of 0.3 mL/min. The spectrometer was pro-
grammed to monitor the following MRM transition 399.1 — 283.2 for
sunitinib and 409.1 — 283.2 for the internal standard, sunitinib-d10.
Calibration curve for sunitinib was computed using the area ratio peak
of the analysis to the internal standard by using a quadratic equation
with a x-2 weighting function over the range of 0.25-500, with dilutions
up to 1:100 (v:v). Core technicians performing sample and data analysis
were masked to the treatment groups.

2.14. Statistical analyses

Statistical analyses of two groups were conducted using two-tailed
Student’s t-test, two-tailed Mann-Whitney test, or two-way analysis of
variance (ANOVA). For comparison of multiple groups, one-way
ANOVA with Dunnett’s multiple comparison test was used. Pearson
correlation coefficients (r) and the corresponding p-values (two-tailed)
were calculated to assess the relationships between model predictions
and the mean values of the manual counting.

3. Results

3.1. Conjugation of HR97 peptide to sunitinib increases melanin binding
in vitro

We developed a scheme for conjugating HR97 to sunitinib via a
quaternary-ammonium traceless linker system and structurally
confirmed each intermediate product by NMR, HPLC, and MALTI-TOF
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(Supplementary Figs. 1-5). When incubated in human vitreous and
aqueous fluids ex vivo for 28 days, only ~15% (Fig. 1A) and ~ 5%
(Fig. 1B) of the sunitinib were released. In contrast, upon incubation
with supraphysiological concentrations of human cathepsins to enzy-
matically cleave the linker, ~72% of the sunitinib was released within
48 h (Fig. 1C, Supplementary Fig. 6). The conjugation of HR97 to
sunitinib increased the solubility to 56-fold compared to sunitinib base
and 5.5-fold compared to sunitinib malate (Fig. 1D). Although sunitinib
already shows relatively high intrinsic melanin binding properties
compared to other ophthalmic drugs, conjugation to HR97 provided a
1.3-fold increase in melanin binding capacity compared to sunitinib in
vivo (Kq7.30 x 107 Myvs. 5.51 x 10°° M) (Fig. 2A). Additionally, HR97-
sunitinib provided a 2.2-fold increase in cell uptake compared to suni-
tinib in non-induced ARPE-19 cells (Fig. 2B). When incubated with
ARPE-19 cells induced to produce melanin, HR97-sunitinib provided a
1.4-fold increase in cell uptake compared to sunitinib (Fig. 2B).

3.2. A deep learning object detection model was more accurate in
counting RGCs

A key aspect of assessing neuroprotective capacity involves counting
RGCs in different regions of flat-mounted retina tissues. Manual cell
counting can be time-consuming, so we sought to develop a reliable,
automated image analysis method. We used RGC images to train SSD-
MobileNet (Supplementary Fig. 7) and Faster R-CNN with Inception
Resnet v2 (Supplementary Fig. 8) models, both of which are often used
in the object detection research [14,15]. The Faster R-CNN with
Inception Resnet v2 performed well in both high (> 60) and low ((20)
cell density image conditions (r = 0.993), whereas the SSD-MobileNet
slightly over-performed when the RGCs density was high in the im-
ages (Fig. 3A-B). The two object detection models were then compared
to CellProfiler Analyst, a well-established open-source program for cell
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classification and recognition. The prediction results generated by
CellProfiler Analyst were more vulnerable to the quality of the images,
with lower prediction accuracies for both high and low cell density
images compared to the deep learning object detection models (r =
0.947) (Fig. 3C). We further demonstrated the capability of Faster R-
CNN inception Resnet v2 in identifying the RGCs in various RGCs image
conditions, such as high and low cell density, oversaturated, and dim
image settings (Fig. 3D-I). We used the trained Faster R-CNN with
Inception Resnet v2 model (hereafter referred to as the cell counting
program) to assess retinal images collected from a time-course study of
the rat ONH crush animal model to identify the optimal screening
window for a neuroprotection drug delivery study (Supplementary
Fig. 9A). The quantification results using the cell counting program
showed that the number of surviving RGCs decreased most rapidly be-
tween days 4 and 11 after the optic nerve head crush, and the curve
started to flatten 11 days after the procedure (Supplementary Fig. 9B).
Thus, a period of 7 days after the crush procedure was selected as the
timeframe to assess RGC protection.

3.3. HR97-SunitiGel showed prolonged neuroprotective effects compared
to SunitiGel

We next tested the potential duration of neuroprotection after topical
dosing of HR97-SunitiGel. Brown Norway rats were dosed with HR97-
SunitiGel or SunitiGel daily for 7 days, the optic nerve head crush pro-
cedure was performed on day 0, 7, or 21 after the last topical dose, and
the RGC survival was characterized 7 days after the injury (Fig. 4A). The
RGC quantification results computed by the cell counting program
showed that the neuroprotective effect of HR97-SunitiGel lasted for at
least 2 weeks after the last dose (869.2 4 58.86 RGCs/mm? compared to
sham, 623.7 + 70.39 RGCs/mm?, Fig. 4B), with the effect waning 4
weeks after the last dose (692.2 + 96.58 RGCs/mmz, Fig. 4C). In

Fig. 1. Characterization of HR97-sunitinib stability
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Fig. 2. Characterization of HR97-sunitinib melanin binding and cell uptake in vitro. (A) In vitro melanin binding capacity and dissociation constant of HR97-biotin
[10], HR97-sunitinib, and sunitinib malate (n = 3). Lower dissociation constant indicates stronger binding. Data are precented as mean + SD. (B) ARPE-19 cells were
cultured under normal conditions (ARPE) or under conditions that induce melanin production (induced ARPE) and incubated with sunitinib malate or HR97-
sunitinib for 6 h. The cells were then collected and washed prior to extracting sunitinib. Drug content was normalized to per 1 million cells. Data are shown as

mean + SD, n = 3.

A 120 . B 120+ C 120+
r=0.975 .o r=0.993 ¢

= 100 € 100 £ 100
3 3 3

S 80 -2 O 80
© z> 23

5 60 Q3 T 60
3 3 <

§ 40 a—,& 5 40
fa) ® < 5

@ 20 Lo o 20
9] B o
2 =

0 — T T 71 1 1 ¢ 0 — T T 71 1 18 0
0 20 40 60 8 100 120 — 0 20 40 60 80 100 120 0

Manual Count

Manual Count

Faster R-CNN Inception ResNet v2

contrast, SunitiGel provided significant RGC protection at 1 week (846.4
+ 125.8 RGCs/mm?) compared to the sham group, with protection
waning 2 weeks after the last dose (717.3 + 59.94 RGCs/mm?, Fig. 4D).

3.4. HR97-SunitiGel provided increased intraocular residence time in rats
and therapeutically relevant drug delivery to the posterior segment in
rabbits

Based on the improved efficacy of HR97-SunitiGel at the 2-week
timepoint compared to SunitiGel, pharmacokinetic characterizations
were conducted in rats to determine differences in intraocular drug
concentrations. At week 2 after the last topical dose, HR97-SunitiGel
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Fig. 3. Comparison between SSD-MobileNet,
Faster R-CNN Inception ResNet v2, and CellPro-
filer software. A total of 173 images with 4247
manual labeled cells from both healthy and ONH
crushed retinas were used to train the SSD-
MobileNet and Faster R-CNN Inception ResNet
v2 models. The same image sets were used as in-
puts to CellProfiler for generating the features.
Simple linear correlations between automated and
manual quantification of 200 RGCs 40x images
were calculated and the Pearson correlation coef-
ficient (r) are noted. (A) SSD-MobileNet (epoch
51,350), r = 0.975, which is significant with the p-
value threshold of 0.0001 (two-tailed). (B) Faster
R-CNN Inception ResNet v2 (epoch 13,683), r =
0.993, which is significant with the p-value
threshold of 0.0001 (two-tailed). (C) The random
forest classifier was used in CellProfiler Analyst, r
= 0.947, which is significant with the p-value
threshold of 0.0001 (two-tailed). Among the three
different platforms, the Faster R-CNN model more
accurately quantified cells in images with (D)
oversaturated and crowded RGCs; (E) mid-density
RGCs; (F) low brightness RGCs; (G) mid-density,
low brightness RGCs; (H) low density RGCs; and
(D low density, low brightness RGCs. Scale bar =
50 pm.

r=0.947
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provided 52-fold (362.2 ng/g vs. 7.0 ng/g), 21-fold (2430.0 ng/g vs.
116.4 ng/g), and 1.3-fold (7824.6 ng/g vs. 6093.5 ng/g) higher con-
centrations of combined sunitinib and N-desethyl sunitinib in the rat
retina, choroid/RPE, and iris/ciliary body, respectively, compared to
SunitiGel (Fig. 5A). To subsequently confirm that therapeutically rele-
vant drug concentrations could be achieved in the larger eyes, rabbits
were dosed once daily for seven days with HR97-SunitiGel or SunitiGel.
At 2 h after the last dose, HR97-SunitiGel provided 4.5-fold (27.8 ng/g
vs. 6.1 ng/g), 4.7-fold (54.5 ng/g vs 11.5 ng/g), and 3.8-fold (182.8 ng/g
vs 48.5 ng/g) higher concentrations of combined sunitinib and N-
desethyl sunitinib in the rabbit retina, choroid, and iris, respectively,
compared to SunitiGel (Fig. 5B). Importantly, the concentrations of
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Fig. 4. HR97-SunitiGel extended RGC protection to at least 2 weeks after the last topical dose in rat model of optic nerve injury. (A) Schematic showing the schedule
for dosing HR97-SunitiGel (5 pL of 1 mg/mL equivalent sunitinib concentration) relative to the timing of the optic nerve head (ONH) crush procedure. Brown Norway
rats were dosed daily for 7 days and the ONH was crushed on day 0, 7, or 21 after the last dose. After 7 days, the retinas were harvested and stained with DAPI (blue)
and RBPMS (red) for RGC counting. (B) Representative images with RGCs identified by the cell counting program outlined with green bounding boxes. Scale bar =
50 pm. (C) HR97-SunitiGel provided significant neuroprotective effects for up to 2 weeks after the last dose, with the effect waning after 4 weeks. Data are presented
as mean + SD (n = 9-12 per group), *p < 0.05. (D) SunitiGel provided neuroprotection for up to 1 week after the last dose with the effect waning after 2 weeks. The
dotted line represents the mean RGC density in the Sham group. Data are presented as mean + SD (n = 5-12 per group), *p < 0.05 compared to the sham group, #p
< 0.05 compared to SunitiGel. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

sunitinib in the rabbit retina were comparable to concentrations found
to be protective in the optic nerve crush model in rats. [6].

4. Discussion

Patient adherence is important in treatment of chronic ocular dis-
eases such as glaucoma, wherein patients must chronically apply IOP
lowering eye drops. Typically, only 40%-75% of patients adhere to
glaucoma drop therapy regimens, even in scenarios where the patients
know they are being monitored and were provided free medication
[16-18]. Failure to use medications as prescribed contributes to the
progression of disease and can potentially lead to vision loss. Here, we
investigate a complementary strategy to IOP lowering, which is to
directly target survival of the RGCs independent of IOP [4,5]. In this
scenario, there is an added challenge of achieving effective drug delivery
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to the posterior segment with an eye drop, which is limited by ocular
tissue barriers and uveal clearance [17,19,20]. Designing a drug de-
livery system that can effectively deliver drugs to the posterior segment
for neuroprotection, utilizing a non-invasive administration approach,
and providing prolonged therapeutic effect to reduce dosing frequency
may address several unmet needs in glaucoma management.

Melanin is a biopolymer that resides within melanosomes in pig-
mented ocular tissues, such as the retinal pigment epithelium (RPE),
choroid, iris, and ciliary body [7,21]. Melanin can be further classified
as eumelanin and pheomelanin. Though the amount of pheomelanin in
the eye is more variable in different populations, the amount of eume-
lanin in the RPE, pigmented ciliary epithelium, and iris pigment
epithelium is relatively consistent regardless of skin and eye pigmen-
tation [7]. There is an increasing amount of evidence indicating that
binding to ocular melanin could affect the intraocular distribution and
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Fig. 5. Characterization of intraocular drug concentrations after topical dosing with SunitiGel or HR97-SunitiGel in rats and rabbits. (A) Brown Norway rats were
dosed unilaterally with SunitiGel or HR97-SunitiGel once daily for 7 days, and ocular tissues were collected 14 days after the last dose (consistent with the 2-week
dosing regimen shown in Fig. 4A). Combined levels of sunitinib and N-desethyl sunitinib were reported per tissue sample. Data are presented as mean + SEM (n = 6
per group). (B) Dutch Belted rabbits were dosed unilaterally with SunitiGel or HR97-SunitiGel once daily for 7 days, and ocular tissues were collected 2 h after the
last dose. Combined levels of sunitinib and N-desethyl sunitinib were reported per tissue sample. Data are presented as mean + SEM (n = 4 per group). (For
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pharmacodynamics of small molecule drugs. For example, studies have
shown that in pigmented rabbits atropine had prolonged residence time
[22], and pilocarpine induced a sustained miotic response [23]. Further,
drug-melanin interactions and the amount of free versus melanin-bound
drug have been characterized in retinal pigment epithelium cells
[7,24-26], so have the correlation between in vitro cell uptake and in
vivo intraocular pharmacokinetics [9,27]. Additionally, machine
learning models have been applied to melanin binding data comprised of
3400 small molecule drugs to predict how structural properties impact
melanin binding [9].

Cell-penetrating peptides, including TAT, penetratin, and poly-
arginine (R6 or R8), have been utilized for delivering drugs to the
anterior or posterior segments of the eye [28-32]. In a recent study,
researchers developed a novel peptide-dexamethasone conjugate
composed of a cell-penetrating peptide, an enzyme-cleavable linker, and
dexamethasone conjugated via a hydrazone bond. Following intravitreal
injection, the conjugate remained stable in the vitreous, and the dexa-
methasone was released via intracellular interaction with cathepsin D,
thus offering a distinctive approach for sustained drug delivery to the
posterior segment of the eye [32]. In our previous work, we leveraged a
super learning-based methodology to engineer multifunctional peptides
that are cell-penetrating, melanin binding, and have low cytotoxicity
[10]. We demonstrated that conjugating the IOP lowering drug, bri-
monidine tartrate, to an engineered multifunctional peptide (HR97)
significantly increased the IOP lowering efficacy for up to 18 days, with
a 17-fold increased area under the curve compared to brimonidine so-
lution after a single intracameral injection in rabbits [10]. We also
showed that SunitiGel effectively protected RGCs in the rat optic nerve
head crush model with once weekly dosing with no evidence of toxicity
in healthy eyes [6]. Here, by conjugating HR97 peptide to sunitinib,
topical delivery of HR97-SunitiGel effectively protected RGCs for at least
2 weeks after the last topical dose.

RGC identification and quantification are often employed in studies
investigating cell and vision loss in glaucoma [4,5,33,34]. The cell
quantification has often been conducted manually by masked in-
dividuals hand-counting the cells [5,6] or using the Image J software
[35,36]. Recently, the open-source CellProfiler and CellProfiler Analyst
have received considerable attention for quantification of the cells
because of its user-friendly interface, flexible analysis module, and
integration of machine learning algorithms [37,38]. Although CellPro-
filer provides an automatic pipeline for quantifying cells, the accuracy is
heavily reliant on image quality. Commercial software, such as Meta-
morph (BioVision, Waltham, MA), Cellomics (Thermo Fisher), or TruAl
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deep-learning technology (Olympus) provide a convenient user inter-
face and pre-designed modules to process and quantify cell images, but
with annual subscription fees. The RGC quantifier developed in this
study is based on the open source TensorFlow deep learning object
detection system with the Faster R-CNN model. Although the model was
trained on a relatively small image set, our cell counting program pro-
vided a high accuracy with increased flexibility to detect cells in images
with varying cell densities and image qualities. Moreover, the model
could be further trained with more confocal images in the future to
accommodate different RGC staining qualities or expand to various
systems of glaucoma animal models via transfer learning.

Although promising, our study is not without limitations. Previously,
the cell culture model system highlighted the increase in uptake and
retention provided by the HR97 peptide in vitro [10], yet the effects were
less prominent here with a drug that is intrinsically melanin binding.
Similarly, the in vitro melanin binding assay showed significant but
relatively minor increases in melanin binding capacity and affinity.
However, the increased melanin binding capacity of the HR97-sunitinib
conjugate paired with the increased potential for cell-penetration did
sustain the pharmacokinetic and pharmacodynamic effects of sunitinib
in the ONH rat model in vivo. Though the pharmacokinetic analysis
revealed higher sunitinib concentrations in the ocular tissues of rats than
in rabbits, the sunitinib concentrations achieved in the retina of rabbits
with topical HR97-SunitiGel dosing were similar to what was previously
found to be efficacious in the rat ONH crush model [6]. The data support
the frequently described phenomenon that rodent models are not suf-
ficient for predicting drug delivery to the posterior segment with topical
eye drops, and that confirmation in larger species is necessary [3].
Further, the choice of a cathepsin-labile linker was based on the fact that
cathepsins are mainly found intracellularly, and they are only present in
minute quantities in extracellular fluids such as vitreous and aqueous
humor [39-42]. However, characterization of the linker cleavage and
sunitinib release rate in cells and potential refinement of the linker
chemistry may further prolong the therapeutic effect. Additionally,
though we did demonstrate delivery of therapeutically relevant drug
concentrations in rabbits, therapeutic efficacy has yet to be confirmed.
Further, confirming the potential sustained therapeutic effects of the
loading dosing approach followed by the intermittent dosing regimen (e.
g, once daily dosing for seven days followed by dosing once every 2
weeks) should be confirmed in large animals. Similarly, though we did
not see any evidence of toxicity with intracameral injections of HR97-
brimonidine and HR97 alone in rabbits [10], more thorough studies of
intraocular biocompatibility would be an important next step in the



H.T. Hsueh et al.

development of HR97-SunitiGel. The intrinsic melanin binding capacity
of sunitinib limited the potential margin of benefit that could be
observed for the duration of therapeutic effect provided by the HR97
conjugation, though we anticipate that more drastic improvements may
be achievable for other drugs with low intrinsic melanin binding.

5. Conclusion

The development of innovative drug delivery systems that can
overcome ocular barriers and enhance drug retention in the eye is
essential for successful treatment of posterior segment diseases. Our
study demonstrated that the HR97-sunitinib conjugate delivered via gel-
forming eye drops (HR97-SunitiGel) provided increased sunitinib de-
livery to the posterior segment of rats and rabbits and prolonged neu-
roprotective effect for up to two weeks after the last dose in rats. Overall,
the results obtained here demonstrate the benefits of increasing the
melanin binding and cell penetration of small molecule drugs in the eye.
The potential for developing topical eye drop delivery systems that can
not only provide effective drug delivery to the posterior segment of the
eye, but also require less frequent application, would be of high value
clinically and in improving patient quality of life.
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