International Journal of Nanomedicine Dove

The Xaliproden Nanoscale Zirconium-Porphyrin
Metal-Organic Framework (XAL-NPMOF)
Promotes Photoreceptor Regeneration Following
Oxidative and Inflammatory Insults

Yajie Wang'*, Bo Yuan®*, Wei Liu(@>%, Jianlin Cui?, Xueyan Zhou@®?, Liyun Yuan?, Zihao Deng®,
Yuhao Li®>¢, Xiaoyong Yuan'?

'Tianjin Eye Hospital, Tianjin Key Laboratory of Ophthalmology and Visual Science, Tianjin Eye Institute, Tianjin, People’s Republic of China; 2School
of Medicine, Nankai University, Tianjin, People’s Republic of China; 3Tianjin Zhonghe Gene Technology Limited Company, Tianjin, People’s Republic of
China; “Cancer Center, Capital Medical University, Beijing, People’s Republic of China; *Central Laboratory, Xuanwu Hospital Capital Medical
University, Beijing Geriatric Medical Research Center, Beijing, People’s Republic of China; ®Optometry Institute, Nankai University, Tianjin, People’s
Republic of China

*These authors contributed equally to this work
Correspondence: Xiaoyong Yuan, Tianjin Eye Hospital, Tianjin key Laboratory of Ophthalmology and Visual Science, Tianjin Eye Institute, Tianjin,

People’s Republic of China, Email yuanxy cn@hotmail.com; Yuhao Li, Central Laboratory, Xuanwu Hospital Capital Medical University, Beijing
Geriatric Medical Research Center, Beijing, People’s Republic of China, Email liyuhao@xwhosp.org

Background: Age-related macular degeneration (AMD) is becoming the leading cause of blindness in the aged population. The death
of photoreceptors is the principal event which is lack of curative treatment. Xaliproden, a highly selective synthetic 5-OH-tryptamine
(5HT) 1A receptor agonist, has the neuroprotective potential. However, its application has been limited by the insoluble formulation,
low utilization efficiency and side effects caused by systemic administration.

Methods: Nanoscale zirconium-porphyrin metal-organic framework (NPMOF) was used as a skeleton and loaded with xaliproden
(XAL) to prepare a novel kind of nanoparticle, namely, XAL-NPMOF. The human umbilical vein endothelial cells, zebrafish embryos
and larvae were used to test the biotoxicity and fluorescence imaging capability of XAL-NPMOF both in vitro and in vivo.
A photoreceptor degeneration model was generated by intense light injury in adult zebrafish and XAL-NPMOF was delivered to
the injured retina by intraocular injection. The photoreceptor regeneration, inflammatory response and visual function were explored
by immunohistochemistry, quantitative real-time polymerase chain reaction and optomotor response analysis.

Results: Following a single XAL-NPMOF intraocular injection, the injured retina underwent the faster photoreceptor regeneration
with a recovery of visual function via promoting cell proliferation, suppressing the inflammatory responses and increasing the
expression of antioxidases.

Conclusion: As an amplifier, NPMOF can enhance the anti-inflammatory efficacy and neuroprotective effect of xaliproden. XAL-
NPMOF could be a novel and convenient option for the treatment of AMD.

Keywords: nanoscale zirconium-porphyrin metal-organic framework, xaliproden, photoreceptor, anti-inflammatory effect,

regeneration

Introduction

Due to longer life expectancies and the general aging of populations, the prevalence of age-related macular degeneration
(AMD) is constantly increasing worldwide, and AMD is likely to become the leading cause of blindness in individuals
aged more than 50 years."? Clinically, advanced AMD is classified into two forms, dry and wet AMD; the dry form
manifests as drusen deposits or choroidal atrophy, while the wet form reveals exudation or choroidal
neovascularization.®* As a progressive chronic disease of the fovea, AMD, especially its wet form, features degeneration
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of photoreceptors, which directly leads to impaired vision or blindness.” The pathophysiologic process of AMD primarily
involves the photoreceptor-retinal pigment epithelium (RPE)-Bruch’s membrane-choriocapillaris complex in the macular
region. Because of the increased oxidative stress, mitochondrial destabilization, complement dysregulation-related
inflammation, and proangiogenic state associated with AMD, all components of this complex interact, resulting in
drusen formation, RPE hyperpigmentation or atrophy, photoreceptor degeneration, Bruch’s membrane thickening, and
choroid angiogenesis.*®

Although various therapies are being tested in preclinical studies and clinical trials,’ the major challenges in the
treatment of AMD are the limited options for photoreceptor protective agents and the short retention time of ophthalmic
drugs, which are anticipated to be resolved. Moreover, the existing therapies mainly focus on neovascularization in the
intermediate and late stages of AMD, which provides little help in improving visual acuity.'® The cellular pathology of
AMD is increasingly associated with oxidative stress and inflammation.®’ Antioxidative and anti-inflammatory therapies
may be beneficial for the regeneration of degenerative photoreceptors and the recovery of visual function in the early
stage of AMD.

Xaliproden (XAL), a highly selective synthetic 5-OH-tryptamine (SHT) 1A receptor agonist, is a serotonin pathway
drug that has been widely studied for its neuroprotective function in the treatment of amyotrophic lateral sclerosis,
Alzheimer’s disease, Parkinson’s disease and chemotherapeutic-associated allodynia via oral administration.'* '
Recently, XAL was reported to provide good protection against phototoxic injury and to protect RPE cells from oxidative
and inflammatory injury.'*'* These studies indicated that XAL could eventually be an approved and effective medication
for treating AMD.'* However, confined to its insoluble formulation, XAL has not been widely used in clinical medicine.
In addition, oral administration of this agent results in low utilization efficiency and a high rate of adverse events.'>'®

To overcome this limitation, in this study, XAL was loaded with a nanoscale zirconium-porphyrin metal-organic
framework (NPMOF) to prepare an NPMOF-based intraocular delivery system, namely, XAL-NPMOF, which we used
in an aim to penetrate physiological barriers and deliver the loaded drug to the damaged retina. NPMOF is a kind of
porous material, composed of zirconium ions and porphyrin organic ligands. NPMOF has large surface area, tunable
porosity, robust stability and fluorescent imaging ability. In our previous study, NPMOF had been verified as an excellent
ocular drug delivery carrier, which enabled prolongation of the drug retention time in the vitreous chamber with
favorable biosafety and biocompatibility.'” A light-induced photoreceptor degeneration model was established in
zebrafish to simulate the pathological changes in photoreceptors in AMD. Specifically, the following properties were
determined: 1) the uptake-release properties and biosafety of XAL-NPMOF; 2) microglial invasion and inflammation
following XAL-NPMOF treatment; 3) the proliferation of retinal progenitor cells following intraocular injection of XAL-
NPMOF; and 4) the degeneration-regeneration of photoreceptors and functional changes following intraocular injection
of XAL-NPMOF. Our results provide evidence for the ocular utilization of XAL-NPMOF and expand the understanding
of the underlying mechanisms involved in AMD therapy.

Methods
XAL-NPMOF Preparation

NPMOF was synthesized by a modified solvent thermal method as previously described.'” It was constructed of 5,10,15,20-
tetrakis(4-carboxyl)-21H,23H-porphine (TCPP; TCI Shanghai chemical industry, China) and ZrCl, (Alfa-Asia, Tianjin,
China). Benzoic acid (BA, 98.5%; Guangfu Fine Chemical Research Institute, Tianjin, China), cetyltrimethylammonium
bromide (CTAB; Fuchen Reagent, Tianjin, China) and PEG-6000 (Fuchen Reagent) were chosen as the auxiliary ligand,
surfactant and capping agent, respectively. N, N-dimethylformamide (DMF; Concord Reagent, Tianjin, China) was selected
as the solvent. The suspension was heated at 120 °C for 12 h. The morphology of the NPMOF was observed using
transmission electron microscopy (TEM, accelerating voltage=200 kV; Tecnai G2 F20, FEI, Hillsboro, USA). The structure
of NPMOF was characterized by X-ray diffraction (XRD, obtained by a D/max-2500 diffractometer, Rigaku, Tokyo, Japan)
and N, adsorption-desorption (Tristar 3000, Micromeritics Instrument Corporation, GA, USA). The UV-Vis absorbance of
xaliproden (XAL; Sigma, USA) in DMF and fluorescent emission of XAL in 0.5% hyaluronic acid aqueous solution was
monitored using a UV-2450-visible spectrophotometer (Shimadzu, Kyoto, Japan) and FL-4600 Fluorescence Spectrometer
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(Hitachi, Tokyo, Japan) to obtain the standard curve, respectively. Then, 10 mg of XAL and 5 mg of NPMOF were added to
10 mL of DMF and stirred for 72 h to load XAL into the NPMOF (XAL-NPMOF). A total of 0.5 mL of the mixture was
sampled and centrifuged at 2, 4, 8, 12, 24, 48, and 72 h of agitation; the supernatant was diluted and analyzed by UV—Vis
spectrophotometry (UV-2450, Shimadzu) at 266.5 nm. The loading efficiency (LE) was calculated with equation (1), where
W4 is the mass of XAL loaded in the NPMOF and W, is the original mass of the NPMOF.

LE = —=2= x100% (D

After 72 h, the solution was centrifuged, evaporated and dissolved in PBS (0.1 M, pH 7.4) to obtain XAL-NPMOF at
a concentration of 2 mg/mL.

To determine the release rate of XAL, 5 mg of XAL-NPMOF was incubated in 5 mL of 0.5% hyaluronic acid
aqueous solution for 72 h to simulate the environment of the vitreous body. The amount of released XAL in the
supernatant was measured by fluorescence spectrophotometry (FL-4600, Hitachi) at 336 nm after 4, 8, 12, 24, 48, and
72 h of agitation. The release efficiency (RE) was calculated with equation (2), where Wy represents the mass of
released XAL and Wy,; represents the mass of XAL loaded into NPMOF.

RE = VR 100% 2)
WxaL

Experimental Animals and Cells

Wild-type zebrafish (AB strain, 12—15 months) and transgenic zebrafish Tg (f/k:EGFP) (12—15 months) were maintained
in a fish facility under standard conditions with a 10 h dark:14 h light cycle at 28.5 °C. Embryos (AB strain) were
collected after natural spawning and incubated in 1xHolt buffer (60 mmol/L NaCl, 0.67 mmol/L KCI, 0.3 mmol/L
NaHCO3;, 0.9 mmol/L CaCl,, pH 7.2) under the same dark/light cycle at 28.5 °C. Protocols for all animal procedures
were approved by the Nankai University Animal Care and Use Committee and complied with National Institutes of
Health (NIH) guidelines.

Human umbilical vein endothelial cells (HUVECs) were purchased from American Type Culture Collection (ATCC,
Rockville, MD, USA) and cultured in Dulbecco’s modified Eagle’s medium (DMEM; Biological Industries [BI]; Kibbutz
Beit-Haemek, Israel) supplemented with 10% fetal bovine serum (BI) and 1% penicillin—streptomycin (Thermo Fisher
Scientific, Waltham, MA, USA) at 37 °C in a 5% CO, humidified incubator.

XAL-NPMOF Exposure

At 0.5 h post fertilization (hpf), wild-type embryos were placed in a 6-well plate (30 embryos/well) and exposed
continuously to 100 mg/L. XAL-NPMOF-Holt buffer until 96 hpf. Thirty embryos were raised in 1xHolt buffer as the
control group. Similarly, HUVECs were seeded in a 6-well plate (1 x 10* cells/mL) and treated with XAL-NPMOF culture
medium for 8 h at concentrations of 100, 50, 25 and 0 mg/L (control group). This experiment was repeated three times.

Cell Viability Analysis

The viability of HUVECs following XAL-NPMOF exposure was evaluated using the 3-(4,5-Di-2-yl)-2,5-ditetrazolium
bromide assay (MTT assay, Keygen Biotech, Jiangsu, China). Briefly, HUVECs (1 x 10* cells/mL) were seeded into
a 96-well plate, cultured for 24 h and treated with a series of concentrations of XAL-NPMOF (0, 25, 50 and 100 mg/L).
After 6 h of incubation, 1 mg/mL MTT solution was added, and the absorbance at 560 nm was measured in a microplate
reader (Promega, Madison, Wisconsin, USA). Cell viability was calculated as a percentage of that of the control (0 mg/L)
group. All assays were conducted in triplicate.

Photoreceptor Injury Model and Intravitreal Injection
A light-induced photoreceptor injury animal model was constructed by constantly exposing adult zebrafish to high-
intensity light from a mercury arc lamp (>180,000 lux, BH2-RFL-T3-W, Olympus Corporation, Tokyo, Japan) for
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45 min. Thirty minu after light exposure, the zebrafish were anesthetized with 0.1% MS-222 (3-aminobenzoic acid ethyl
ester methanesulfonate; Sigma, St. Louis, MO, USA), followed by injection of 1 uL of 0.1 M PBS (pH 7.4), 1 mg/mL
NPMOF, 1 mg/mL XAL, or 2 mg/mL XAL-NPMOF into the vitreous chamber via a microsyringe (Hamilton, 1701RN;
Reno, Nevada, USA). For each zebrafish, the left eye was injected with NPMOF, XAL or XAL-NPMOF, while the other
eye was used as a PBS-injected control in all experiments except for the behavioral test (in which both eyeballs were
injected with the same drugs). After injection, the fish were raised following standard procedures.

Immunofluorescence

Zebrafish were anesthetized in 0.1% MS-222 and euthanized. Eyes were harvested at 1, 2, 3, 4 and 7 days post lesion
(dpl). Eyes were then fixed in 4% PFA (paraformaldehyde, Sangon Biotech, Shanghai, China), dehydrated in 20%
sucrose in PBS for 1 h at room temperature, embedded in optimal cutting temperature compound (Sakura Finetek;
Torrance, CA, USA) and processed for cryosectioning at 10 pm with a cryostat (Leica CM1850, Wetzlar, Germany).
Immunofluorescence was performed using standard procedures. The primary antibodies used were 4C4 (1:200; a kind
gift from Dr. Hitchcock, Kellogg Eye Center, University of Michigan, USA), anti-proliferating cell nuclear antigen
(PCNA, 1:1000; clone PC-10, Sigma), Zprl (1:200; Zebrafish International Resource Center (ZIRC), Eugene, OR, USA)
and Zpr3 (1:200; ZIRC). For PCNA immunolabeling, slides were previously incubated in 0.01 M sodium citrate buffer
(pH 6.0) with 0.05% Tween-20 at 95-98 °C for 20 min for antigen retrieval.'” The secondary antibody was fluorescence-
labeled with Cy3 (1:500; Millipore, Billerica, MA). The sections were counterstained with 4°,6-diamidino-2-phenylin-
dole (DAPI, 1: 1,000, Sigma) to label the nuclei. Eight fish were examined in each group.

Quantitative Real-Time Polymerase Chain Reaction (QRT-PCR)

mRNA expression was measured by quantitative real-time polymerase chain reaction (QRT-PCR) using TransStart Top
Green qPCR SuperMix (TransGen Biotech, Beijing, China) with S-actin as the internal control in a LightCycler Real-
Time PCR system (Bio-Rad, Hercules, California, USA). Total RNA was extracted from zebrafish eye cups at 0, 6, 12,
24, 36, 48, 72, and 168 h post lesion (hpl) using TRIzol reagent (Life Technologies, Carlsbad, California, USA), and the
RNA was reverse transcribed to complementary DNA (cDNA) via the use of TransScript First-Strand cDNA Synthesis
SuperMix (TransGen Biotech) according to the manufacturer’s protocols. The relative gene expression levels were
calculated based on the comparative 27" method. All procedures were repeated in triplicate. The sequences of primers
used are listed in Supplemental Table 1.

Enzyme-Linked Immunosorbent Assay (ELISA)

The expression of Tnf-a, [11B, Sodl and Sod2 proteins was measured by enzyme-linked immunosorbent assay (ELISA)
using Zebrafish ELISA kits (FANKEW, Shanghai, China) according to the manufacturer’s instructions.'® Total protein
was extracted from the eye cups at 24 hpl and quantified following standard procedures.'® The extracted protein was
added to a 96-well plate, and after incubation and washing, the optical density (OD) was measured by a microplate reader
(Infinite 200 PRO, Tecan Company, Switzerland) at a wavelength of 450 nm.

Behavioral Test

The assessment of the optomotor response (OMR) of zebrafish from the normal (unlesioned and uninjected), 0.1 M PBS,
1 mg/mL XAL, 1 mg/mL NPMOF and 2 mg/mL XAL-NPMOF groups at 7 dpl was performed simultaneously between
14:00 and 18:00 to avoid the influence of circadian rhythms.?® The stimulus of the OMR apparatus was a ring-shaped
black and white grating, whose spatial and temporal frequencies were set at 0.03 cycles per degree (c/deg) and 30
rotations per min (rpm), respectively. Ten fish from each group were injected binocularly with the same treatments as
described above. Digital tracks were recorded by a camera (CX240, Sony, Japan) and analyzed using EthoVision XT
software (version 11.5, Noldus Information Technology, Wageningen, the Netherlands). A positive response was defined
as swimming following the grating direction. OMR performance was quantified by the positive proportion of distance or
time (the ratio of distance/time of positive response to total distance/time).
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Confocal Microscopy and Image Analysis

Images of the larvae were taken with an SZX10 dissecting microscope (Olympus). Images of immunofluorescence were
captured with an FV1000 confocal microscope (Olympus). Images of the XAL-NPMOF distribution and HUVECs
incubated with XAL-NPMOF were obtained with a BX51 microscope (Olympus). The images were converted to 8-bit
grayscale images prior to thresholding using ImageJ software (version 1.8.0, National Institute of Health, http://rsb.info.
nih.gov/ij/), after which the positive areas of XAL-NPMOF fluorescence and 4C4, PCNA, Zprl and Zpr3 immunostain-
ing were subsequently calculated.

Statistical Analysis

Statistical analysis was performed using SPSS software (version 20.0; IBM, New York, USA) and GraphPad Software
(version 8.0; GraphPad Software, La Jolla, USA). One-way analysis of variance (ANOVA) was used to compare multiple
groups. All the means are reported as SEMs, and the significance threshold was a p value < 0.05. Biological replicates
were used in all the experiments.

Results

Characterization, Uptake-Release Properties, Biosafety and Retinal Distribution of
XAL-NPMOF

According to the modified solvent-thermal method,?' nanosized particles of NPMOF were synthesized. Subsequently,
XAL was loaded into the NPMOF channels through coefficiencies of electrostatic and noncovalent interactions,
including 7-m stacking effects and hydrophobic interactions.'” Both of these spherical particles (NPMOF and XAL-
NPMOF) had similar diameters of approximately 100 nm (Figure 1A and B), and there was no difference in morphology.
Regardless of xaliproden loading, the porous NPMOF materials had defined structures. This robust stability ensured
NPMOF could be versatile in its application for drug encapsulation and delivery. The structure of NPMOF was tested by
XRD, with peaks at 4.90 and 7.08 due to reflections (200) and (201) of the planes of Porous Coordination Network-222
(PCN-222), respectively (Supplemental Figure 1A), which proved that NPMOF had a basic structure of PCN-222.
Supplemental Figure 1B showed the N, adsorption—desorption isotherm at 77 K. The calculated Brunauer-Emmett-Teller
(BET) surface of NPMOF was 491.4 m%/g. Figure 1C and D were UV-Vis absorbance and standard curve of XAL in
DMF, respectively. Figure 1E showed the high loading efficiency of XAL, which was 70.2% at 72 h. In vitro, XAL was
released in 0.5% hyaluronic acid (Figure 1F) and the standard curve was showed in Figure 1G, with a release efficiency
of 70.4% at 72 h (Figure 1H).

Larval phenotypes and HUVEC viability were used to assess the biological safety of XAL-NPMOF. Compared to
control group, no obvious malformation was found in the gross development from embryos or larvae in the 100 mg/L
XAL-NPMOF-exposed group at 6, 24, 48, 72 and 96 hpf (Figure 2A). To observe the in vitro distribution of XAL-
NPMOF, HUVECs were treated with XAL-NPMOF at concentrations of 25, 50 and 100 mg/L for 8 h. As shown in
Figure 2B, the blue fluorescence signals were nuclei, while the red fluorescence emanated from XAL-NPMOF. The

XAL-NPMOF-positive signals were accumulated in the cytoplasm and nuclei and intensified in a dose-dependent pattern
(Figure 2B). The viability of HUVECs was analyzed by the MTT assay following treatment with the same concentrations
of XAL-NPMOF for 6 h. There were no significant differences among the 0, 25, 50 and 100 mg/L XAL-NPMOF
exposure groups (Figure 2C, ANOVA, p > 0.05). The above data demonstrate that XAL-NPMOF has low biotoxicity and
excellent bioimaging ability.

To monitor the retention and accumulation of XAL-NPMOF in vivo, XAL-NPMOF was injected intravitreally into
the Tg(fIk:EGFP) zebrafish, which had undergone light exposure. At 3, 7, 14 and 28 dpl, retinal sections were observed
immediately after two washes with 0.1 M PBS. The green fluorescence localized to ocular vessels, and the red
fluorescence emanated from the porphyrin of the NPMOF formulation. A small amount of XAL-NPMOF aggregated
in the light injury area at 3 dpl (Figure 3A), and massive amounts of nanoparticles were derived in the repaired
photoreceptor layer at 7 dpl (Figure 3B), subsequently gathered in the retina pigment epithelium layer at 14 dpl
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Figure | The loading efficiency and release efficiency in NPMOF of XAL. (A) TEM image of NPMOF with an average size of 100 nm. (B) TEM image of XAL-NPMOF. (C)
UV-Vis absorbance and (D) standard curve of XAL in DMF. (E) The loading performance of XAL at 2, 4, 8, 12, 24, 48, and 72 h. (F) Fluorescence and (G) standard curve of
XAL in 0.5% hyaluronic acid. (H) The release performance of XAL at 4, 8, 12, 24, 48, and 72 h. Scale bars in (A) and (B), 100 nm.

(Figure 3C) and passed into the choroid layer at 28 dpl (Figure 3D). These data verified that XAL-NPMOF had a long
retention time when administered by ocular delivery.

The Anti-Inflammatory Effects of XAL-NPMOF in Ocular Phototoxic Injury

To examine the inflammatory response in eyes after light injury, an anti-4C4 antibody was used to evaluate the
distribution and number of microglia. In the PBS, NPMOF, XAL, and XAL-NPMOF injection groups at 1 dpl, massive
amounts of 4C4-positive cells infiltrated all the retinal layers in the region of light-induced injury, especially in the outer
nuclear layer (ONL) and outer segment layer (OSL). Subsequently, the 4C4-positive cells surged and migrated around the
cellular debris in the OSL at 2 dpl, and these cells were enlarged and had irregular ameboid shapes, which indicated the
phagocytosis and clearance of the apoptotic photoreceptors. At 3 dpl, the number of amoeboid 4C4-positive cells in OSL
was reduced. Microglia spread out across the retinal pigment epithelium layer (RPE), inner and outer nuclear layers,
inner and outer plexiform layers and ganglion cell layer (GCL) (Figure 4A). The microglial distribution and 4C4-positive
area did not significantly differ among the four groups during the first 3 days, while the XAL-NPMOF group had fewer
4C4-positive cells than did the PBS and NPMOF groups at 4 dpl (Figure 4B, ANOVA, *p < 0.05).
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Figure 2 The biological safety of XAL-NPMOF in zebrafish larvae and HUVECs. (A) Phenotypes of larvae after exposure to XAL-NPMOF. (B) Images of HUVECs incubated
for 8 h with XAL-NPMOF. Note that the red spots are XAL-NPMOF. (C) Viability of HUVECs cultured with XAL-NPMOF. The dorsal region is up, and the rostral region is
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Abbreviation: hpf, hours post fertilization.

Figure 3 The distribution of XAL-NPMOF in ocular tissue at 3, 7, 14 and 28 dpl. The distribution of XAL-NPMOF (arrowheads) around the lesioned (rectangle) or renewed
retina at 3 (A), 7 (B), 14 (C) and 28 dpl (D). Red fluorescence indicates XAL-NPMOF, bright green indicates blood vessels, and dark green indicates background

fluorescence. Scale bar: 20 pum.
Abbreviations: dpl, days post lesion; CL, choroid layer; RPE, retinal pigment epithelium; PL, photoreceptor layer.

To further explore the real-time changes in inflammatory reactions in light-induced retinal injury, the expression of
four cytokines, tnfo, il1f, sodl and sod2, in the retinas of the 0.1 M PBS injection group was analyzed at 0, 6, 12, 24, 36,
48, 72 and 168 hpl. The expression of all four cytokines peaked at 24 hpl (Supplemental Figure 2; ANOVA, *p < 0.05).
Compared with that in the unlesioned eyes, tnfa expression increased at 12, 24, 36, 48 and 168 hpl; i//f increased from 6
to 72 hpl; sodl, from 12 to 36 hpl; and sod2, from 6 to 168 hpl (Supplemental Figure 2; ANOVA, *p < 0.05). Thus,
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Figure 4 Microglial invasion and anti-inflammatory effects following treatment with XAL-NPMOF. (A) 4C4 staining of sections taken from retinas in the PBS, NPMOF, XAL
and XAL-NPMOF groups at |, 2, 3 and 4 dpl. The 4C4-positive cells are shown in red. (B) Quantification of the area of microglia in the lesioned retina (ANOVA, *p < 0.05).
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Abbreviations: dpl, days post lesion; RPE, retinal pigment epithelium; OSL, outer segment layer; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer.

ocular tissues from the PBS, NPMOF, XAL and XAL-NPMOF groups were collected at 24 hpl to examine the mRNA
expression of tnfa, il1f, sodl and sod2 via qRT—PCR and protein quantitation via ELISA. Compared with that in the PBS
group, the mRNA expression of mfa in the XAL-NPMOF group was significantly lower (Figure 4C; ANOVA, *p <
0.05). 111 mRNA expression significantly decreased in the NPMOF, XAL and XAL-NPMOF groups at the same time
compared to that in the PBS group, and the XAL-NPMOF group had lower i//f mRNA expression than the XAL group
(Figure 4C; ANOVA, *p < 0.05). Regarding TNF-a and IL-1f protein expression, no obvious difference was found
among the PBS, NPMOF and XAL groups; however, TNF-a and IL-1f protein expression was significantly lower in the
XAL-NPMOF group (Figure 4D; ANOVA, *p < 0.05). Moreover, the XAL-NPMOF group had the highest mRNA
expression of sodl and sod2 among the four groups, and the mRNA expression significantly increased in the XAL group
compared with that in the PBS and NPMOF groups (Figure 4E; ANOVA, *p < 0.05). Similar findings were obtained for
protein expression. Compared with those in the other three groups, the Sod1 and Sod2 expression in the XAL-NPMOF
group significantly increased (Figure 4F; ANOVA, *p < 0.05). The XAL group exhibited greater expression than did the
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PBS group (Figure 4F; ANOVA, *p < 0.05). The above results elucidate the proinflammatory functions of microglia
under pathological conditions in phototoxic injury. Although XAL had limited effects on microglial activity and the
expression of antioxidases, XAL-NPMOF did have strong anti-inflammatory and antioxidative effects after light injury.
XAL-NPMOF functions as a powerful anti-inflammatory agent to inhibit the expression of inflammatory cytokines and
increase the expression of antioxidases, which verifies that the NPMOF-loading formulation enhances the anti-
inflammatory and antioxidant effects of XAL.

The Proliferation-Promoting Effects of XAL-NPMOF in Ocular Phototoxic Injury

PCNA-specific antibody immunofluorescence staining and asc//a and sox2 mRNA expression analysis were used to
indicate the proliferation of Miiller glial-derived progenitors in light-induced ocular injury. Moreover, the area of PCNA-
positive cells in every section was calculated to quantify the proliferation of precursor cells. At 1 dpl, in the PBS group,
the PCNA-positive cells resided in the retinal INL, and in the NPMOF group, the cells sporadically diffused in the outer
plexiform layer (OPL). However, in the XAL and XAL-NPMOF groups, PCNA-positive cells migrated to the retinal
ONL (Figure 5A). At 2 dpl, the number and length of short-spindle PCNA-positive cells increased (Figure 5A). In
addition, retinas acquired from XAL-NPMOF-injected zebrafish were infiltrated with the most PCNA-positive cells
among the groups at 1 and 2 dpl (Figure 5B; ANOVA, *p < 0.05). There were more PCNA-positive cells in the retinas of
the XAL group at 1 dpl than in those of the PBS or NPMOF group and more at 2 dpl than in those of the PBS group
(Figure 5B; ANOVA, *p < 0.05). Subsequently, strip-shaped PCNA-positive cells migrated across the INL and ONL at 3
dpl. The positive cells in the NPMOF, XAL and XAL-NPMOF groups were densely arranged, while in the PBS group,
the cells were loosely arranged (Figure 5A). At 4 dpl, the proliferative cells were still distributed in the INL and ONL,
while the number of these cells was lower than that at 3 dpl (Figure 5A and B). Compared with those in the PBS group,
larger areas of PCNA-positive cells were observed in the NPMOF, XAL and XAL-NPMOF groups at 3 and 4 dpl
(Figure 5B; ANOVA, *p < 0.05). Moreover, there was a greater percentage of fluorescence-positive cells in the XAL-
NPMOF group than in the NPMOF group at 4 dpl (Figure 5B; ANOVA, *p < 0.05). The mRNA expression of the
proliferative cytokines asc/la and sox2 was examined by qRT-PCR. According to the mRNA expression results at 0, 6,
12, 24, 36, 48 and 72 hpl, the expression of asc//a and sox2 in the retina of the PBS group increased with time, and there
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Figure 5 Cell proliferation of phototoxicity-injured retinas following injection of XAL-NPMOF. (A) PCNA staining in sections taken from retinas at I, 2, 3 and 4 dpl. (B)
Statistical analysis of the area of PCNA-positive cells. There was a significantly larger area in the XAL-NPMOF group than in the PBS, NPMOF and XAL groups at | and 2 dpl
(ANOVA, *p < 0.05). There were more PCNA-positive cells in the retinas of the NPMOF, XAL and XAL NPMOF groups than in those of the PBS group at 3 and 4 dpl
(ANOVA, *p < 0.05). (C and D) The expression of asclla and sox2 mRNA at 36, 48 and 72 hpl (ANOVA, *p < 0.05). Scale bar in (A): 50 um.

Abbreviations: dpl, days post lesion; hpl, hours post lesion; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer.
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were significant differences among the expression levels at 36, 48 and 72 hpl compared to those in the unlesioned retina
(0 hpl) (Supplemental Figure 3; ANOVA, *p < 0.05). Therefore, the changes in cytokine expression in the PBS, NPMOF,
XAL and XAL-NPMOF groups at 36, 48, and 72 hpl were analyzed (Figure 5C and D). Asc/la expression increased
consistently from 36 to 72 hpl in the XAL-NPMOF and NPMOF groups. However, in the XAL and PBS groups, asc/la
expression increased from 36 to 48 hpl and then decreased. This change occurred more sharply in the XAL group. The
XAL-NPMOF group had the highest expression of asc//a from 36 to 72 hpl. Compared to that in the PBS group, the
expression of asc//a mRNA in the NPMOF group was greater from 36 to 72 hpl, whereas the XAL group only exhibited
greater expression at 36 and 48 hpl (Figure 5C; ANOVA, *p < 0.05). From 36 to 72 hpl, the four groups showed
a continuous increase in sox2 mRNA expression. As for asclla, the XAL-NPMOF group had the highest sox2
expression, and the XAL group had greater sox2 expression than the PBS group at 48 hpl (Figure 5D; ANOVA, *p <
0.05). The above results indicate that NPMOF, XAL and XAL-NPMOF partially promoted Miiller glia reprogramming
and proliferation. Here, XAL-NPMOF exhibited superior efficacy compared with free XAL.

The Photoreceptor Regeneration of Light-Injured Retinas Following XAL-NPMOF

Treatment

To investigate whether the anti-inflammatory and proliferation-promoting effects of XAL-NPMOF could promote the
regeneration of photoreceptors and the recovery of visual function, Zprl and Zpr3 antibodies were used to double-label
cones and rods, respectively, by immunofluorescence. At 3 dpl, a massive deficiency of Zprl-positive cells in the light-
injured area was detected in the PBS, NPMOF and XAL groups, and sporadic positive cells were scattered in the retinal
OSL. The deficiency and disruption of Zprl-positive cells in the XAL-NPMOF group were alleviated compared with
those in the PBS, NPMOF and XAL groups (Figure 6A and B; ANOVA, *p < 0.05). The results for Zpr3-positive cells
were consistent with those for Zprl-positive cells. Red fluorescence was hardly observed in the PBS group at 3 dpl,
indicating severe deficiency. Spots of fluorescence-positive cells scattered in the NPMOF and XAL groups. However,
there were significantly more Zpr3-positive cells in the XAL-NPMOF group than in the PBS, NPMOF and XAL groups,
and the positive cells maintained a preferable ordered arrangement (Figure 6A and B; ANOVA, *p < 0.05). Moreover, at
3 dpl, the XAL group had more Zpr3-positive cells than did the NPMOF group (Figure 6B; ANOVA, *p < 0.05). The
above results indicate that there were more remnant cones and rods in the retinas of the XAL-NPMOF-injected group
than in the control group. XAL-NPMOF helps to attenuate the damage to photoreceptor architecture caused by high-
intensity light. At 7 dpl, regeneration of Zprl- and Zpr3-positive cells was obvious in all four groups. In the PBS,
NPMOF and XAL groups, the arrangement of Zprl-positive cells was loose and uneven, whereas the fluorescence in the
XAL-NPMOF group was compact and exhibited an ordered arrangement. In addition, a loose pattern of regenerated
Zpr3-positive cells was detected in the PBS group; this regeneration was inclined to orderliness in the NPMOF and XAL
groups, and the cells were arrayed tightly in the XAL-NPMOF group (Figure 6C). According to the statistical analysis,
compared with those in the PBS, NPMOF and XAL injection groups, the retinas after XAL-NPMOF injection had more
regenerative cones and rods (Figure 6D; ANOVA, *p < 0.05). To evaluate the function of the regenerated photoreceptors,
zebrafish aged 12—15 months from the normal, PBS, NPMOF, XAL and XAL-NPMOF groups were collected for OMR
analysis at 7 dpl. The parameters of the normal group were used as a baseline. A positive reaction was defined as the fish
moving consistently with the direction of the grid rotation. According to the behavioral results, the proportions of patients
in the PBS, NPMOF and XAL groups were significantly lower than those in the baseline group (Figure 6E; ANOVA,
*p < 0.05), while the XAL-NPMOF group approached the baseline, but the difference was not significant (Figure 6E;
ANOVA, p > 0.05). These data suggest that retinas in the XAL-NPMOF group produced well-differentiated photo-
receptors at 7 dpl, and individuals receiving XAL-NPMOF also exhibit a certain recovery of visual function at 7 dpl.

Discussion

Loading free drugs into NPMOF can significantly penetrate biological barriers, prolong the drug retention time and
amplify the drug effect in eyeballs.'” In the present study, to verify whether XAL promotes the recovery and regeneration
of photoreceptors after light injury and to determine the mechanism of its protective function, an XAL-NPMOF drug
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Figure 6 Degeneration-regeneration of photoreceptors and changes in visual function following treatment with XAL-NPMOF. (A) Zpr| and Zpr3 staining in sections taken
from retinas of zebrafish in the PBS, NPMOF, XAL and XAL-NPMOF groups at 3 dpl. (B) Quantification of the number of cones and rods in the lesioned retina at 3 dpl.
More photoreceptors remained in the XAL-NPMOF group than in the PBS, NPMOF and XAL groups (ANOVA, *p < 0.05). (C) Zpr| and Zpr3 staining in sections taken
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than in the PBS, NPMOF and XAL groups (ANOVA, *p < 0.05). (E) Statistical analysis of the positive correlations of distance and time at 7 dpl. Note that there was
a significant decrease in the PBS, NPMOF and XAL groups compared to the normal group in terms of the positive correlation between distance and time (ANOVA, *p <
0.05), while there was no obvious difference between the normal and XAL-NPMOF groups (ANOVA, p > 0.05). Scale bar in (A) and (C): 50 um.

Abbreviations: dpl, days post lesion; RPE, retinal pigment epithelium; OSL, outer segment layer; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer.

delivery system was established. In addition to the nanoscale size and major constituent porphyrin particles,?'** XAL-
NPMOF quickly distributed throughout the retina, resided in the eyeball for 28 days and was eventually absorbed into the
bloodstream by intraocular injection. Moreover, the drug release of XAL-NPMOF in 0.5% hyaluronic acid was
sustained. Both of the above properties ensure sustained therapeutic action and reduce additional suffering caused by
repeated injections.

Zebrafish have the ability to repair and regenerate all types of retinal cells by proliferating and differentiating into
progenitor cells.”® After high-intensity light exposure, photoreceptors inflict damage and Miiller glia are the first cells
to respond to photoreceptor stress and act as the major contributors to gliosis, which is an initial protective response to
generate growth factors and antioxidants and provides a scaffold underpinning the recruitment, migration and
regeneration of other cells, including microglia.**** As one of the predominant inflammatory cells residing in the
retina, activated microglia migrate to the damaged region and participate in phagocytosis and clearance of cellular
debris.”® Moreover, activated microglia influence the morphology and function of Miiller glia and promote gliosis via
cytokine secretion.”” However, continuous gliosis and reactive inflammation are believed to impair the process of

retinal repair through the formation of glial scars and the prevention of retinal remodeling.*®*° Therefore, the control
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of hyperactive inflammation and oxidation is vital to retinal regeneration after light-induced injury. In the light-
damaged retina, there is a great change in the gene expression of different cytokines, such as pro-inflammatory

30,31
4,7

cytokines il-1f, tnfo, anti-inflammatory cytokines, il-10, gpx and pluripotency genes sox2, ascll, lin28 and

stat3.*> An imbalance between the production of reactive oxygen species and antioxidant capacity results in retinal
damage.*> TNF-o and IL-1B are two of the cytokines that participate in the inflammatory response in organisms,*
while Sod1 and Sod2 are involved in modulating and balancing the oxidative-antioxidative response in vivo.** In our
study, a light injury model was used to simulate the pathological lesions of photoreceptors, and inflammation and
oxidative stress were shown to participate in AMD. These results revealed that XAL-NPMOF had a direct anti-
inflammatory effect on the inhibition of TNF-a and IL-1p expression. Moreover, increased expression of Sodl and
Sod2 was found after intravitreal injection of XAL and XAL-NPMOF, and the latter had better antioxidative effects
than the free drug. The pro-proliferative effects of XAL-NPMOF relied on the dampening of harmful microglial
activity, which consequently promoted photoreceptor survival. By downregulating proinflammatory cytokines and
upregulating antioxidants, the injured retina can be effectively repaired.

In morphology, this retina repair was evaluated by PCNA, Zprl, Zpr3-staining and ascl/a and sox2 expression.
Asclla and sox2 genes were required for the Miiller glia’s reprogramming and proliferation.”> PCNA antibody was
used as an indicator of precursor cells and cell proliferation.”**> The XAL-NPMOF group had more PCNA-positive
cells, more asclla and sox2 mRNA expression and acquired more photoreceptors compared with other groups. These
results revealed that XAL-NPMOF can promote the regeneration of cones and rods. OMR analysis was used to
evaluate the visual function of the zebrafish. Healthy zebrafish are prone to swimming in the same direction as

3839 the individuals

a moving stimulus.>®*” Because the reparative capacities of zebrafish are inversely related to age,
we selected were relatively old to mitigate the progression of regeneration. The ultimate outcome after XAL-NPMOF
treatment was better recovery of visual function (approximately equal to that of normal individuals), which confirmed
the potential of XAL-NPMOF for AMD therapy. The mechanism of the synergistic action needs further exploration in

the future.

Conclusions

In the present study, through the analysis of cytokine expression, retinal progenitor cell proliferation, photoreceptor
regeneration and behavioral changes after light injury, we found that XAL-NPMOF promoted the retinal regeneration and
recovery of visual function after high-intensity light-induced retinal degeneration through modulating the rebalancing of
the biological activities of microglia and Miiller glia. Our results provide novel and helpful evidence for the use of XAL-
NPMOF as a drug option for more efficient and convenient clinical treatment of AMD.
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