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ABSTRACT

Introduction: Aberrant growth of blood vessels, neovascularization is a key
feature of vision-threatening eye diseases, including retinopathy of prematurity,
diabetic retinopathy, neovascular age-related macular degeneration, and corneal
neovascularization related diseases. Although vascular endothelial growth factor
(VEGF) is the main pro-angiogenic factor to drive ocular neovascularization and
anti-VEGF treatment is the standard therapy for ocular neovascularization, its
application still has challenges due to ocular and systemic side effects. In this study,
therapeutic effects against disease phenotypes in representative vison-threatening
ocular diseases mouse models were investigated as they were administered through
intraocular drugs injection.

Methods: 1) With a developed antibody-drug conjugate (ADC) targeting mouse
platelet-derived growth factor receptor P (mPDGFRp), experiments were
performed including in vitro flow cytometry, cell viability test, and confocal
microscopy using mouse brain vascular pericytes (MBVP) and in vivo the mouse
models of oxygen-induced retinopathy and laser-induced choroidal
neovascularization to assess the internalization and cytotoxic effect of ADC, and
suppressive  effect of retinal and choroidal neovascularization. 2)
Immunocytochemistry, real-time polymerase chain reaction (RT-PCR), western
blot analysis, flow cytometry, trans-epithelial permeability test, and trans-epithelial
electrical resistance measurement, enzyme-linked immunosorbent assay were
conducted to investigate the additional effect of structural and functional integrity
of adult retinal pigment epithelial cell line-19 (ARPE-19) according to modulation

of macrophage polarization under the co-culture conditions. Immunofluorescence



staining and fluorescence-labeled dextran vascular leakage test and RT-PCR were
conducted to evaluate whether M2 macrophage polarization suppresses outer
blood-retinal barrier disruption and vascular leakage in streptozotocin (STZ)-
induced diabetic mouse model.

3)  Experiments were  performed including immunocytochemistry,
immunofluorescence staining, western blot analysis, measurement of reactive
oxygen species in the transforming growth factor-p1 (TGF-B1)-treated ARPE-19
cells and intravitreally TGF-B1-treated mouse model to evaluate preventive effect
of activator of AMP-dependent protein kinase, 5-aminoimidazole-4carboxamide
ribonucleotide (AICAR) or nicotinamide adenine dinucleotide phosphate oxidase
(NOX) 4 inhibitor, GKT137831 against TGF-Bl-induced morphometric change
and epithelial mesenchymal transition (EMT) of retinal pigment epithelium (RPE).
4) Immunocytochemistry, angiogenesis assay, and western blot analysis of human
dermal lymphatic endothelial cells (HDLECs) were conducted to assess the
involvement of substance P (SP)/neurokinin-1 receptor (NKI1R) system in
lymphangiogenesis. Immunohistochemistry, corneal fluorescein staining, and
phenol red thread test, and RT-PCR were used to evaluate the effect of SP
signaling blockade in the corneal lymphangiogenesis.

Results: 1) ADC targeting mPDGFR} is effectively internalized into MBVPs and
showed cytotoxicity. Specific removal of PDGFR-overexpressing pericytes using
ADC significantly inhibits pathologic retinal and choroidal neovascularization in
mouse models of oxygen-induced retinopathy and laser-induced choroidal
neovascularization.

2) Alteration of macrophage polarity additionally influenced the structural and

functional integrity of APRE-19 cells under high glucose conditions. Intravitreal
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IL-10 injection induced M2 microglia/macrophage polarization and effectively
suppresses outer blood retinal barrier disruption and vascular leakage in the early-
stage of STZ-induced diabetic mouse model.

3) Inhibition of the mammalian target of rapamycin complex 1 or NOX4 signaling
pathway by treatment with AICAR or GKT137831 attenuated EMT of RPE and
improved morphological stability of RPE the in vitro and in vivo.

4) Blockade of SP signaling with L733,060, an antagonist of NKIR, or NK1R-
targeted siRNA significantly inhibited lymphangiogenesis and expression of
vascular endothelial growth factor (VEGF) receptor 3 stimulated by SP in
HDLECs. NKIR antagonist also suppressed pathological corneal
lymphangiogenesis and ameliorated the clinical signs of dry eye in vivo. NK1R
antagonist effectively suppressed the lymphangiogenic factors, including VEGF-C,
VEGF-D, and VEGF receptor 3 in the corneal and conjunctival tissues of dry eye
disease.

Conclusions: Intraocular injection of therapeutic modalities such as ADC, small
molecules, and protein effectively suppressed pathologic neovascularization and
vascular abnormalities in the retina, choroid, and cornea. Meticulous toxicity
studies to minimize the potential ocular toxicity on these drugs and further studies
to rull out confounding factors might facilitate biomedical application of

therapeutics against vison-threatening ocular diseases.

* A part of this work is based on published articles in Communications medicine

(1), FASEB J (2), Ocular surface (3).
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GENERAL INTRODUCTION

1.1. Study Background

Angiogenesis is the formation of new blood vessels from preexisting vasculature. It has
fundamental importance in the diseases of various organs and health (4). The ocular
angiogenesis can occur in anterior segment including cornea, conjunctiva, iris as well as
posterior segment including retina, choroid. The pathologic ocular angiogenesis and vascular
abnormalities are related to a broad spectrum of vison-threatening disorders such as retinopathy
of prematurity (ROP), diabetic retinopathy (DR), age-related macular degeneration (AMD),
corneal neovascularization related diseases secondary to hypoxia, ischemia, infection or
inflammatory processes or genetic variations (5).

Angiogenesis is the process regulated by a dynamic balance between endogenous pro-
angiogenic and anti-angiogenic factors. When this balance is disturbed by various stimuli, the
angiogenic switch turn on for ocular neovascularization progression. These newly formed blood
vessels are exudative, resulting in the accumulation of extracellular fluid to the intraretinal or
subretinal space subsequent to impairment of retinal function (6) and interfering with normal
corneal tissue structure, leading to recurrent corneal erosion, corneal opacity, and corneal edema
(7, 8).

The representative pro-angiogenic growth factors in ocular angiogenesis related
diseases are vascular endothelial growth factor (VEGF), platelet-derived endothelial growth
factor (PDGF), angiopoietin, fibroblast growth factor, and matrix metalloproteinases, whereas
anti-angiogenic factors are pigment epithelium-derived factor, endostatin, and angiostatin (5).
Modulating the pro- and anti-angiogenic factors has been examined to control the pathologic
ocular neovascularization using various therapeutic modalities such as small molecule, peptide,
protein, polymer, nanoparticle, gene therapy (9-12).

Among the various factors, VEGF is the most effective angiogenic factors that drives
neovascularization common to corneal, retinal, and choroidal vascular beds and regulates
vascular endothelial cellular proliferation, migration, tube formation and permeability (9, 13,
14). Clinical studies have confirmed that high VEGF levels in ocular fluid and tissues are found

in several ocular diseases, including ROP (15-17), DR (18-20), AMD (21-23), cc_)mrneall:
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neovascular diseases (24, 25). Intravitreal injection of anti-VEGF agents for suppressing retinal
or choroidal neovascularization in ROP (26-28), diabetic macular edema (DME) (29-31), AMD
(32-34) and subconjunctival/intrastromal/topical treatment of anti-VEGF agents for suppressing
corneal neovascularization (35-37) significantly improves anatomical outcomes and visual
development in patients.

Although anti-VEGF treatment is the mainstream therapy for ocular neovascularization,
its application still has challenges. First, some patients still show ocular side effects including
recurrence or progression of neovascular lesion (38-41), geographic atrophy (42), ocular
hypertension (43), retinal vascular occlusion (44), hemorrhagic macular infarction (45), and
tractional retinal detachment (46) despite anti-VEGF treatment. Second, systemic side effects
from repeated use of anti-VEGF agents associated with cardio-/cerebrovascular accidents,
hypertension, proteinuria and non-ocular hemorrhage (47-49) can still occur even though anti-
VEGEF therapy is locally administered into the eye and the dosage is more than 100-fold lower
than that used in oncology (50). Finally, as VEGF plays an important role in maintaining
healthy cardiovascular, renal, and ocular system including retinal and choroidal vasculature,
retinal neurons, glial cells, and corneal nerves, chronic suppression of VEGF may lead to
inhibitory VEGF’s trophic effects (51-55). Given these challenges, there are still unmet needs to

develop novel molecular targets and therapeutics.

1.2. Purpose of Research

In this study, we tried to investigate potential therapeutic targets to suppress pathological
neovascularization and vascular abnormalities of the retina, choroid, and cornea utilizing

pathologic vision-threatening ocular disease mouse models.

Retinopathy of prematurity (ROP)

ROP is a leading cause of childhood vision loss worldwide. The development of ROP
progression is characterized by incomplete vascularization and abnormal neovascularization,
leading to vitreous hemorrhage, intraocular fibrosis, and retinal detachment.

Oxygen-induced retinopathy (OIR) mouse model is a well-established model to study

2 -':l'\-\."i _.i_._ -I-.!i _.-'.:g



not only ischemia-induced pathological retinal neovascularization but also physiologic retinal
revascularization of the previous ischemic area (56, 57). This model is based on the exposure of
mouse pups to hyperoxia during a phase when their retinal vasculature is still developing. This
leads to vascular obliteration, and upon return to room air, results in retinal ischemia and
proliferative vascular formation.

We have interested in the role of pericytes in developing pathologic retinal
neovascularization and physiologic revascularization of previous ischemic area in OIR mouse
mouse model. Pericytes are contractile cells that interact with endothelial cells stabilizing the
newly formed pathologic neovessels. Especially, the ligand/receptor pair of platelet-derived
growth factor BB (PDGF-BB) and PDGF receptor B (PDGFRp), primarily expressed by
vascular endothelial cells and pericytes in the ocular system, respectively induces the
recruitment of pericytes to neovessels and secretion of VEGF and other cell survival factors
from pericytes. Subsequently, these protective functions of pericytes are considered to enable
endothelial cell survival independent of VEGF, rendering anti-VEGF therapy less efficient.

In this study, we investigated a pericyte-targeting antibody-drug conjugate (ADC) in
which a protein that can target a specific antigen on the cell surface is chemically linked to a
cytotoxic drug that kills target cells for its ability to suppress retinal neovascularization

formation.

Diabetic retinopathy (DR)

DR is a highly specific neurovascular complication of both type 1 and type 2 diabetes (31).
Vision loss due to diabetic retinopathy is generally induced by macular edema because of the
increased permeability of retinal and choroidal vessels. These microvascular lesions have been
regarded as central to the pathogenesis of DR and diabetic macular edema (DME) (6).

However, in recent years, studies reported that retinal neurovascular units composed of
retinal neurons, glial cells, and vascular cells have undergone pathological changes such as
retinal ganglion cells death, pericyte loss, astrocyte loss, and microglia/macrophage activation
implicated in inner or outer blood-retinal barrier (BRB) breakdown preceding retinal vascular
injury (58). Thus, neuroinflammation as well as microvascular injury has been involved in the

pathogenesis of DME. )
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Especially, retinal microglia/macrophage activation and phenotypic change have been
observed in diabetic animal models (59-62) and DR patients (63), indicating that the activation
of microglia/macrophages is a specific feature of DR. Although studies regarding the role of
microglia/macrophages in inner and outer BRB breakdown resulting in vascular leakage and
macular edema are rarely addressed, there are some reports that microglia/macrophages release
pro- and anti-inflammatory cytokines in response to the progression of diabetes and the cytokine
balance is disrupted in favor of a pro-inflammatory milieu.

In this study, we aimed to investigate whether the microglia/macrophage polarity
change by intravitreal interleukin 10 (IL-10), M2 inducer injection could suppress outer BRB

disruption in the early stage of streptozotocin (STZ)-induced diabetic mouse model.

Age-related macular degeneration (AMD)

AMD is the leading cause of vision loss in individuals >55 years of age in developed countries,
affecting the complex of photoreceptors, retinal pigment epithelium (RPE), Bruch’s membrane,
and choroid. AMD is classified as non-neovascular (dry type AMD) or neovascular (wet type
AMD) forms (64). AMD is a multifactorial disease comprising a complex interplay between
aging, genetic susceptibility such as complement factor H (CFH), age-related maculopathy
susceptibility 2/high-temperature requirement protein A1, ARMS2/HTRA1, and environmental
risk factors (12, 65).

Although the pathogenesis of diseases is not fully understood, RPE dysfunction is one
of the important pathologic triggers to progress AMD. RPE cells perform various essential
functions in retinal homeostasis, including phagocytosis of photoreceptor outer segments,
formation of outer BRB, transport of nutrients, ions, water, and lipid homeostasis. In the aging
process with affected by genetics and environmental factors, physiologic actions of RPE
gradually decline. Dysfunction of lipid homeostasis, proteostasis and mitochondrial failure are
the primary inducers of RPE dysfunction, leading to accumulation of drusen, morphometric
change such as change of cell size and cell density, dysregulation of extracellular matrix,
epithelial-mesenchymal transition (EMT), RPE and outer retinal cell atrophy (geographic

atrophy), and pathologic choroidal neovascularization in dry and wet type AMD (65, 66).
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In this study, we investigated whether the intravitreal injection of TGF-B1 triggers
morphometric changes and EMT of RPE observed in the process of normal aging and AMD
patients for establishing a screening model for AMD therapeutics and examined if these
processes can be prevented by suppressing mammalian target of rapamycin complex 1
(mTORC1) or NADPH oxidase (NOX) signaling. In another study, we examined whether
removing PDGFRp-overexpressing pericytes by an ADC targeting PDGFR could suppress
choroidal neovascularization in laser-induced choroidal neovascularization (LI-CNV) mouse

model simulating the neovascular (wet type) AMD in humans.

Dry eye disease (DED)

DED is a multifactorial disorder of the ocular surface initiated by desiccating stress, ocular
surface inflammation, tear film instability, hyperosmolarity, and neurosensory abnormalities
causing a visual disturbance and ocular discomfort (67). Corneal neovascularization is a
common endpoint in different ocular surface diseases such as chemical burns, trauma,
autoimmune disease, infectious corneal diseases, and DED (68). Notably, DED involves a
unique form of selective corneal lymphangiogenesis without associated hemangiogenesis in
experimental and clinical settings (69, 70). These newly formed lymphatic vessels in the cornea
provide potential pathway by which inflammatory cells including antigen-presenting cells
migrate from the ocular surface to draining lymph nodes ultimately leading to ocular surface
inflammation and visual disturbance (71).

The abundant supply of sensory and autonomic nerve fibers on the ocular surface plays
an imperative role in maintaining healthy corneal layers and serves as the main source of
neurogenic inflammation (72). The neuropeptides released from ocular surface epithelial cells,
lacrimal gland tissues, and nerve endings at the inflammatory sites involve in ocular surface
inflammation by pro-inflammatory cytokines and chemokines secreted by immune cells, corneal
neovascularization, and wound healing, causing reflex tearing and ocular discomfort (73-75).

Substance P (SP) is an 11-amino acid neuropeptide produced by neuronal cells and
inflammatory cells, exerting its inflammatory and immunological activity via a high-affinity

neurokinin-1 receptor (NK1R) (76, 77). There has been reported that the relationship between
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SP/NKIR system and corneal lymphangiogenesis in diverse corneal inflammatory conditions
(78,79).

In this study, we evaluate the role of the SP/NKIR system in the regulation of
pathologic corneal lymphangiogenesis in DED utilizing a controlled environment chamber-

induced dry eye mouse model.



CHAPTER 1-1
Regulation of Retinal Neovascularization in
Retinopathy of Prematurity via

Intravitreal Antibody-Drug Conjugate Injection



INTRODUCTION

Retinopathy of prematurity (ROP) is defined as immature retinal abnormalities characterized by
an arrest of physiologic retinal vascularization (NV) and an increase in pathologic retinal
neovascularization in premature infants, which typically occurs in two postnatal phases (80-83).
In the first phase, immediately after birth up to 32 weeks’ postmenstrual age (PMA),
suppression of vascular endothelial growth factor (VEGF) and insulin growth factor-1 (IGF-1)
due to relative hyperoxia and loss of the maternal-fetal interaction after preterm birth result in
cessation of retinal vascularization, which leads to capillary obliteration and partial regression
of existing vessels (83-85). In the second phase which generally begins between 32 and 34
weeks” PMA, incomplete vascularization and an increase in metabolic burden cause the retina to
become hypoxic, stimulating an increase in hypoxia-inducible factor-1 (HIF-1) that triggers the
release of various angiogenic factors including VEGF, IGF-1, and erythropoietin (86).
Subsequently, this causes an increase in pathologic retinal vaso-proliferation, leading to retinal
hemorrhage, fibrovascular proliferation, and retinal detachment, which can result in blindness
(87).

Over the past several decades, peripheral retinal ablation by cryotherapy (88, 89) or
laser (90, 91) has been the standard treatment for inhibiting aberrant pathologic retinal NV to
prevent fibrovascular retinal detachment. Although these retinal ablations showed an
improvement in anatomical outcomes and visual development, the side effects of ablation of the
avascular retina such as refractive errors, early emmetropization, astigmatism, and visual field
constriction have remained (92-96).

The intravitreal anti-VEGF therapy is a recent development in the treatment of ROP
(97) based on the experimental evidence that downregulation of intraocular VEGF
concentration to physiologic level locally could both inhibit retinal neovascularization and
facilitate physiologic retinal vascular development of the previous avascular retina by
reorienting proliferating vascular endothelial cells (98-100). Despite promising outcomes of
anti-VEGF treatment in various clinical studies (26, 28, 97, 101, 102), there are concerns about
anti-VEGF therapy, including reports that reactivation, ROP recurrence is seen more frequently

than spontaneous regression, and completed laser photocoagulation (27, 38, 40, 103).
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Furthermore, the impact on physiologic angiogenesis in other organs, and potential adverse
effects on the neural retina in developing preterm infants cannot be ignored after anti-VEGF
therapy.

In addition to VEGF, several molecules participate in the development of retinal NV,
including platelet-derived growth factor (PDGF), placental growth factor, erythropoietin, IGF-1,
and erythropoietin. Among them, PDGF is a multifunctional peptide with a biologically active
form composed of A, B, C, and D chain dimers and a heterodimer composed of A and B.
PDGF-BB is the predominant isoform in the ocular system, which is mainly expressed by
vascular endothelial cells and is involved in sprouting angiogenesis and vasculogenesis during
embryonic development (104, 105). PDGF receptors (PDGFRs) are receptor tyrosine kinase
homo- or heterodimeric proteins composed of o and [ subunits that activates downstream
pathways through binding with PDGF (106), which are mainly expressed on the pericytes,
smooth muscle cells in the ocular system. The crosstalk between PDGF-BB/PDGFRJ facilitates
vessel maturation under pathologic conditions by promoting pericyte recruitment to NV in the
retina and supporting pericyte-endothelial interaction (107). Based on these previous studies, we
hypothesized that the strong pericytes-endothelial cells interaction enables for endothelial cells
to survive despite intravitreal anti-VEGF treatment, resulting non-responder for anti-VEGF
drugs in ROP patients. We wondered whether specific delivery of cytotoxic reagents to
PDGFRp-overexpressing cells such as pericytes are effective in suppressing pathologic retinal
NV.

Antibody-drug conjugates (ADCs) are monoclonal antibodies covalently linked to a
potent cytotoxic agent that induce cell death upon binding and internalization of the antibody by
the target cell (108). In a series of studies, we have developed a unique ADC by combining
bispecific anti-mouse PDGFRPB (mPDGFRf) % cotinine single-chain variable fragment (scFv)-
human kappa constant (Cy)-scFv fusion protein and cotinine-conjugated duocarmycin and
demonstrated it could specifically induce cytotoxicity toward PDGFRp-expressing pericytes
(109). In the current study, we tested whether this ADC could ablate pericytes and suppress

retinal NV in an oxygen-induced retinopathy (OIR) mouse model.




MATERIALS AND METHODS

1. Cell culture

Mouse brain vascular pericytes (MBVPs) were obtained from iXCells Biotechnologies (San
Diego, CA, USA) and maintained in mouse pericyte growth medium (MD-0092; iXCells
Biotechnologies) supplemented with 1% penicillin/streptomycin (Gibco, Grand Island, NY,

USA).

2. Preparation of bispecific scFv-Ck-scFv fusion protein and ADC targeting mPDGFRp

Anti-mPDGFRp x cotinine was expressed and purified as described previously (109). Clone
PRb-CNO1 developed in our previous study was used for anti-mPDGFRf scFv. As a control, we
also prepared anti-HER2 x cotinine bispecific scFv-Ck-scFv fusion protein (anti-HER2 x
cotinine), where anti-HER scFv was derived from trastuzumab (109). The expression vectors
encoding these bispecific scFv-Ck-scFv fusion proteins were transfected into Expi293F cells
(Thermo Fisher Scientific Inc., Waltham, MA, USA), and the scFv-Ck-scFv fusion proteins
were purified using KappaSelect resin (GE Healthcare, Buckinghamshire, UK) following the
manufacturer’s instructions. ADC targeting mPDGFRf was prepared by mixing antimPDGFRf
x cotinine (1 pM) with cotinine-duocarmycin (1 pM) at a 1:1 molar ratio as described
previously (109). The complex was then incubated for 30 minutes at room temperature (RT) to
allow complex formation before being used. Control ADC was prepared in the same way. The
schematic diagrams of a bispecific antibody, cotinine-duocarmycin, and the conjugation process
are represented in Fig. 1.2A and B. The RP-HPLC analysis that empirically determine the drug-
to-antibody ratio were performed by Levena Biopharma (San Diego, CA, USA) and the data are

shown in in Fig. 1.2C.

3. Flow cytometry
MBVPs were incubated with either anti-mPDGFRp x cotinine (100 nM) or control scFv-Ck-
scFv fusion protein in flow cytometry buffer (1% [w/v] BSA in Phosphate buffered saline

(PBS) containing 0.05% [w/v] sodium azide) at 4 °C for 1 h. After washing four times with the
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flow cytometry buffer, the cells were probed with APC-conjugated anti-human Ck antibody
(1:100 dilution, clone TB28-2; BD Biosciences, San Jose, CA, USA). For each sample, the data
were acquired from 10,000 cells, and the results were analyzed using FlowJo (Tree Star,

Ashland, OR, USA).

4. Immunocytochemistry

MBVPs were incubated with mouse pericyte growth medium containing anti-mPDGFR x
cotinine (10 pg/mL) with or without mPDGF-BB (50 ng/mL; 315-18; Peprotech, Rocky Hill,
NJ, USA) for 30 minutes at 37 °C as described previously51-53. Next, the cells were blocked
by incubation with 0.1% Triton X-100 and 5% horse serum (GIBCO) in PBS for 30 minutes.
Subsequently, the cells were incubated with FITC-conjugated anti-human Cx antibody (2
pg/mL; TB28-2; BD Biosciences) for 30 minutes at room temperature. Early endosomes were
imaged by incubating the cells with 1:200 diluted anti-Rab5 antibody (#C8B1; Cell Signaling
Technology, Danvers, MA, USA) and Alexa Fluor 546-conjugated goat anti-rabbit IgG (#A-

11035; Invitrogen, Carlsbad, CA, USA). To detect cellular DNA, 4',6- diamidino-2-

phenylindole (DAPI, 0.2 pg/mL) was used. Confocal images were acquired using a Zeiss LSM
880 microscope at Ewha Fluorescence Core Imaging Center, and the images were processed

with Zen software (Carl Zeiss, Thornwood, NY, USA).

5. Cytotoxicity assay

MBVPs (4x10° cells) in 50 uL mouse pericyte growth medium were seeded in 96-well plates
(#CLS3595; Corning Inc., Corning, NY, USA) and incubated overnight at 37°C in a humidified
atmosphere with 5% CO2. ADCs (2 uM) were diluted by 5 folds (0.024 nM to 2 uM) and mixed
1:1 with medium with or without mPDGF-BB (8 nM). ADCs [0.012 nM to 1 uM] with or
without mPDGF-BB (4 nM), at a total volume of 50 pL, were added to the pre-seeded cells in
50 pL of medium, yielding a total volume of 100 puL.. ADCs [0.006-500 nM] with or without
mPDGF-BB (2 nM) were then incubated with the cells for 72 hours at 37°C in a humidified

atmosphere with 5% CO2.
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6. Mice

C57BL/6J mice were maintained in a specific pathogen-free facility at Seoul National
University. The mice (aging-matched: 6- week-old, weight range: 2024 g) were allocated into
experimental groups. The total number of mice used in each experiment was determined based
on the preliminary result of the OIR mouse study using ADC. No statistical methods were used
to predetermine sample size. All animal procedures were approved by the Seoul National
University Animal Care and Use Committee (Permit Number: SNU-171203-1-2) and were
conducted following the guidelines of the Association for Research in Vision and

Ophthalmology Statement for the use of Animals in Ophthalmic and Vision Research.

7. Imnmunofluorescence staining

The eyes from 6-week-old wild-type C57BL/6J male mice were enucleated and fixed with 4%
paraformaldehyde (#P2031; Biosesang, Seongnam, Gyeonggi-do, Korea) for 15 minutes at
room temperature. After washing with PBS, the eyes were gently dissected to remove all
components except the retina. The retinas were whole mounted and incubated in Perm/Block
solution (0.2% Triton X-100 and 0.3% BSA in PBS) at room temperature for 1 hour. Next, the
samples were incubated overnight at 4°C with rabbit anti-PDGFRp antibody (1:100; #3169, Cell
Signaling Technology, Danvers, MA, USA). After washing with PBS, the samples were
incubated at room temperature for 2 hours with Alexa Fluor 647- labeled donkey anti-rabbit IgG
antibody (1:400; #A31573; Invitrogen, Carlsbad, CA, USA). After washing with PBS, the
samples were stained with Alexa Fluor 568-conjugated anti-IB4 antibody (1:400; #I121412;
Invitrogen, Carlsbad, CA, USA) and Alexa Fluor 488-conjugated anti-NG2 antibody (1:400;
#AB5320A4; Sigma- Aldrich, St. Louis, MO, USA) at room temperature for 2 hours. After
washing with PBS, the samples were counterstained with 10 mg/ml of DAPI (1:1000; #D9542;
Sigma-Aldrich, St. Louis, MO, USA) at room temperature for 15 minutes. After washing with
PBS, the retina and RCS complexes were mounted with Fluoromount™ Aqueous Mounting
Medium (#F4680, Sigma-Aldrich, St. Quentin, France) and observed under a confocal

microscope (Leica TCS STED; Leica Microsystems Ltd., Wetzlar, Germany)
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8. Induction of oxygen-induced retinopathy

OIR was induced in C57BL/6J wild-type mice. Briefly, newborn pups (male and female) and
their nursing dam were placed in 75 £ 0.5% oxygen in an O2-regulated chamber with an oxygen
controller (Pro-Ox 110 Chamber Controller; Biospherix, Redfield, NY, USA) from P7 to P12
and then returned to room air. On P14, each group received an intravitreal injection of PBS as a
vehicle control, control ADC (66.77 pg), ADC targeting mPDGFR (66.77 pg) or bevacizumab
(1 pg/eye, bevacizumab, Avastin®; Genentech Inc., San Francisco, CA). To administer the
indicated reagents intravitreally, a microliter syringe with a 33G blunt needle (Hamilton
Bonaduz AG, Bonaduz, Switzerland) was inserted into the vitreous cavity through the 6 o’clock
position of the limbus with a 45° injection angle for the right eye, followed by gently loading
the solutions under the surgical microscope (Leica Microsystems, Ltd., Wetzlar, Germany).
Intravitreal injection was only conducted in the right eye. After euthanization of the mice on
P17, the retina was isolated, fixed, and mounted. After immunofluorescence staining with Alexa
Fluor 568-conjugated anti-IB4 antibody (1:200; #121412; Invitrogen, Carlsbad, CA, USA) and
Alexa Fluor 488 conjugated anti-NG2 antibody (1:200; #AB5320A4; Sigma-Aldrich, St. Louis,
MO, USA) as described previously, manifestations of oxygen-induced vascular pathology
(avascular area and neovascular tufts) were visualized and imaged using a confocal microscope.
Area quantification was performed using ImageJ 1.42 software (National Institutes of Health,
Bethesda, MD, USA). For analyzing NG2 or PDGFR coverage to neovascular tufts and
peripheral retinal vasculature, we randomly choose a sampling box of four sites per eye at the
mid-periphery region (neovascular tufts area) and peripheral region (peripheral vascularized
area), respectively in the whole-mounted retinas and converted to 3D immunofluorescence
image format using a built-in measuring tool of the LAS X system (Leica Microsystems Ltd.,

Wetzlar, Germany).

9. Histologic evaluation of retinas from mice treated with ADC targeting mPDGFRJ
ADC targeting mPDGFRPB (667.7 pg), control ADC (667.7 pg), or PBS was injected
intravitreally into 6- week-old wild-type C57BL/6J male mice (n = 6 per group, n = 18 in total).

One week after the injection, the eyes were enucleated, fixed in 4% paraformaldehyde, and
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embedded in paraffin. After 4-um-thick paraffin sections were prepared, the sections were
deparaffinized and hydrated by sequential immersion in xylene substitutes and graded ethyl
alcohol solutions. Next, the sections were processed by either hematoxylin and eosin (H&E) or
terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining. To evaluate
changes in the retinal layers, the retinal layer thickness ratio was calculated as follows: retinal
thickness from the internal limiting membrane to the inner nuclear layer/retinal thickness from
the internal limiting membrane to the outer nuclear layer. This was compared with the ratio in
control mice. TUNEL staining was performed using an in-situ cell death detection kit
(#1164795910; Sigma-Aldrich, St Louis, MO, USA). The nuclei were counterstained with
DAPI, and TUNEL-positive cells were counted in five randomly selected fields in each slide

(x200) under a fluorescence microscope.

10. Electroretinography

To assess the retinal function by electroretinography (ERG), the mice were dark-adapted for
over 16 hours before electroretinogram monitoring. After deep anesthesia and dilatation of the
pupils with an eye drop containing phenylephrine hydrochloride (5 mg/ml) and tropicamide (5
mg/ml), the mice were placed on a heating pad in a Ganzfeld dome to maintain their body
temperature. The contact lens electrode was placed in the center of the cornea after instilling
artificial tears. The reference electrode was located at the forehead, and the ground electrode
was located at the tail. Full-field ERG was recorded using the universal testing and
electrophysiologic system (UTAS E-3000; LKC Technologies Inc., Gaithersburg, MD, USA).
In the dark-adapted condition, the scotopic responses were recorded using a series of white
flashes of increasing intensities ranging from —5.0 to 0.0 log (cd-s/m2) using a notch filter at 60
Hz and a digital bandpass filter ranging from 0.3 to 500 Hz. After the completion of the dark-
adapted stimulus series, the mice were projected with a steady field of light (20 cd-s/m2) for 15
minutes to desensitize rods. In the light-adapted condition with 1.3 log (cd-s/m2) background,
the photopic responses were recorded ranging from 0.39 to 1.39 log (cd-s/m2) with the filter
ranging from 2 to 200 Hz. After averaging the signals, the amplitudes were measured by the

built-in software (UTAS visual electrodiagnostic system with EMWin, LKC Technologies Inc.,

=
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Gaithersburg, MD, USA) and used for analysis.

11. OptoMotry test

A virtual optomotor system (OptoMotry apparatus; CerebralMechanics Inc., Lethbridge, Alberta,
Canada) was used to assess visual function. Briefly, the mice were placed on an elevated
platform positioned in the middle of an arena created by four inward-facing display monitors.
Spatial frequency thresholds were assessed using a video camera to monitor the elicitation of the
optokinetic reflex through virtual stimuli projected with sine-wave gratings (100% contrast) on
the computer monitors. Experimenters were blinded to the treatment and each animal’s

previously recorded thresholds.

12. Statistics and reproducibility

Statistical analyses were performed using SPSS software version 22.0 (SPSS Inc., Chicago, IL,
USA) and GraphPad Prism v.8.0.1. The experimental data were presented as mean + standard
error of the mean. P values were determined using one-way ANOVA and Tukey post-hoc tests
for multiple groups. All the data in our manuscript were repeated at least three times
independently with similar results. The experiments were not randomized, and the investigators

were not blinded to allocation during experiments and outcome assessment.

15 Ay



RESULTS

PDGFRp is highly expressed on pericytes in pathologic neovessels of oxygen-induced
retinopathy mouse model.

Immunofluorescence staining of the whole mounted retina in wild-type mice and OIR mice on
postnatal day 17, was performed to determine the expression patterns of PDGFRJ in the retina
of OIR mice. The whole mounted retina was stained with anti-PDGFR, anti-isolectin B4 (IB4),
or anti-neural/glial antigen 2 (NG2) antibodies. We found that PDGFR was present mainly in
the retinal perivascular area from the superficial vascular plexus to the deep vascular plexus and
co-localization of the vascular endothelial cell marker IB4 and PDGFRf} was negligible in wild-
type mice (Fig. 1.1A). In OIR mice, PDGFRP was significantly overexpressed around the
pathologic neovessels and the pericyte marker NG2 was remarkably co-localized with PDGFRJ

in neovascular tufts (Fig. 1.1B), confirming that PDGFR[ was mainly expressed by pericytes.

Preparation and characterization of ADC targeting mPDGFRS in vitro.

In a series of studies, we have developed a unique ADC composed of hapten-conjugated drugs
and bispecific single-chain variable fragment (scFv)-human kappa constant (Ck)-scFv fusion
protein that can bind simultaneously to hapten and antigen of interest. Cotinine, a major
metabolite of nicotine, was used as a hapten due to its non-toxicity, physiological inertness, and
exogeneity. This ADC, bispecific anti-mouse platelet-derived growth factor receptor p x
cotinine scFv-Ck-scFv fusion protein (anti-mPDGFRP x cotinine) and cotinine-conjugated
duocarmycin, can be formed by simply mixing cotinine-conjugated drug and bispecific antibody
with drug-to-antibody ratio (DAR) 4 determined by Reverse phase-high performance liquid
chromatography (RP-HPLC) (Fig.1.2).

Then, we first confirmed that mouse brain vascular pericytes (MBVPs) express a high
level of PDGFR by western blotting (Fig. 1.3). Next, we incubated the MBVPs with bispecific
anti-mPDGFRJ x cotinine and probed with allophycocyanin (APC)-conjugated anti-human Ck
antibody to evaluate internalization of the bispecific fusion protein into target cells. In parallel,

the MBVPs were stained with anti-Rab5 reactive endosome-specific antibody. We found that
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Figure 1.1. PDGFRp is highly expressed on pericytes in pathologic neovessels of OIR
mouse model.

(A) Representative immunofluorescence images of the retinal vasculature in wild-type (control)
mice. Immunofluorescence images of anti-isolectin B4 (IB4, red), anti-neural/glial antigen 2
(NG2, green), platelet-derived growth factor receptor p (PDGFRp, gray), and 4°6’-diamidino-2-
phenylindole (DAPI, blue) showing that PDGFRJ expression is mainly localized in the retinal
vessels and surrounding tissue.

(B) Representative immunofluorescence images of the retinal vasculature in an oxygen-induced
retinopathy (OIR) mouse. PDGFR is highly overexpressed in the neovascular tufts.

bispecific antibody with drug-to-antibody ratio (DAR) 4 determined by Reverse phase-high

performance liquid chromatography (RP-HPLC) (Fig.1.2).
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Figure 1.2. Schematic diagrams depicting the structure of a bispecific scFv-Ck-scFv
antibody and its conjugation process with cotinine-duocarmycin to generate ADCs.

(A) The structures of a bispecific single-chain variable fragment (scFv)-human kappa constant
(Ck)-scFv antibody (left) and the drug, cotinine-duocarmycin (right).

(B) The schematic representation of the conjugation process of a bispecific scFv-Ck-scFv
antibody and cotinine-duocarmycin. Incubation of the two molecules at room temperature for 30
minutes yields a drug-to-antibody ratio (DAR) 4 ADC.

(C) Reverse phase-high performance liquid chromatography (RP-HPLC) analysis. The RP-
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HPLC analysis shows a single peak at >99% purity according to peak area integration at 220 nm

absorbance. No other peaks indicating DAR < 4 or DAR >4 is detected by RP-HPLC.
* Figure 1.2 data was prepared by Soohyun Kim and Professor Junho Chung.

* The RP-HPLC analysis that empirically determine the drug-to-antibody ratio were performed

by Levena Biopharma (San Diego, CA, USA).
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Figure 1.3. Comparison of the expression level of PDGFRf in MBVP and NIH3T3.
(A) Western blot analysis of mouse platelet-derived growth factor receptor f (mPDGFRp) from
mouse brain vascular pericyte (MBVP) cells and NIH3T3 cells. The expression level of

mPDGFRp in MBVP cells was higher than that in NIH3T3 cells.

* Figure 1.3 data was prepared by Soohyun Kim and Professor Junho Chung.
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anti-mPDGFRP x cotinine was co-localized with an endosome-specific antibody, confirming
that bispecific fusion protein was internalized via the classical endocytosis pathway (Fig. 1.4A).
Thereafter, we demonstrated that internalized ADC targeting mPDGFRp could effectively exert
cytotoxicity against PDGFRp expressing mouse pericytes compared with the control ADC in
the absence or presence of mPDGFRp-BB, showing a half maximal inhibitory concentration

value of 0.19 nM (P-value < 0.001, Fig. 1.4B).

ADC targeting mPDGFRp significantly suppresses retinal neovascularization and
promotes retinal revascularization.

To investigate whether the ADC targeting mPDGFRp could effectively ameliorate retinal
neovascularization in the oxygen-induced retinopathy mouse model, newborn C57BL/6J wild-
type mice were exposed to hyperoxia (75% O,) for five days from postnatal day 7 (P7) to P12 to
suppress physiologic vascular development. When the mice were returned to room air
(normoxia), the relative hypoxia led to retinal NV, which began between P12 and P17. ADC
targeting mPDGFRp was administered into vitreous cavity on P14 and the retina was retrieved
from the mice on P17 (Fig 1.5A) when the retinal NV was the most prominent (110, 111).

ADC targeting mPDGFR reduced areas of retinal NV and avascular zone, compared
with the retina of mice injected with vehicle control or control ADC (P-value < 0.01, Fig 1.5B
and C). The expression level of NG2 at retinal neovascular tufts was also significantly
decreased in mice treated with ADC targeting mPDGFRp, confirming that a reduction in the
number of pericytes (P-value < 0.01, Fig 1.5B and D), whereas no significant differences were
found in NG2 expression at peripheral vascularized retina among the ADC group and two
control groups (P-value = 0.482, Fig 1.5B and D). These results suggest that pericytes in the
neovascular tuft are more vulnerable than pericytes in the peripheral retinal vasculature against
ADC targeting mPDGFRB. We reconfirmed this tendency in the additional experiments
comparing against ADC targeting mPDGFRp with conventional anti-angiogenic agent (1 pg/eye,
bevacizumab, Avastin®) (P-value = 0.482, Fig 1.6 and 1.7). This result is likely due to
overexpression of PDGFRP of the pericytes in the neovascular tufts than pericytes in the

peripheral retinal vasculature, increasing efficiency of ADC targeting mPDGFRp.
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Figure 1.4. Preparation and characterization of ADC targeting mPDGFRB.

(A) Confocal microscopy of the internalization of anti-mouse platelet-derived growth factor
receptor B x cotinine scFv-Ck-scFv fusion protein (anti-mPDGFR x cotinine). Bispecific anti-
human epidermal growth factor receptor 2 (HER2) x cotinine was used as a control fusion
protein. Mouse brain vascuclar pericyte (MBVP) cells were incubated with bispecific scFv-Ck-
scFv fusion proteins and probed APC-conjugated anti-human Ck antibody with or without
mouse platelet-derived growth factor BB (mPDGF-BB). Scale bars in the image correspond to
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(B) Cytotoxicity of ADC targeting mPDGFRB. MBVP cells were incubated with ADC in the
absence (-) or presence (+) of mPDGF-BB. The relative cell viability was measured by the
cellular ATP level. Anti-HER2 x cotinine complexed with cotinine-duocarmycin was used as a
control ADC and drug only refers to cotinine-duocarmycin in fresh media. The results are

shown as means + standard deviation (SD).

* Figure 1.4 data was prepared by Su Ree Kim, Soohyun Kim and Professor Dongmin Kang,

and Junho Chung.
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Figure 1.5. ADC targeting mPDGFRp ameliorates retinal neovascularization in the OIR
mouse model.
(A) Schematic experimental timeline of the oxygen-induced retinopathy (OIR) mouse model.

Phosphate-buffered saline was used as the vehicle control. Anti-human epidermal growth factor
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receptor 2 (HER2) x cotinine complexed with cotinine-duocarmycin was used as a control
antibody-drug conjugate (ADC); anti-HER2 scFv was derived from trastuzumab.

(B) Representative immunofluorescence images of whole-mounted retina stained with isolectin
B4 (IB4, red) and neural/glial antigen 2 (NG2, green) to visualize the retinal vessels and
pericytes. Scale bars on the top, middle, and bottom correspond to 500 um, 100 pm, and 150 pm,
respectively.

(C) Quantification of the avascular area and neovascular tuft area. All data were analyzed using
NIH ImagelJ software, and values are presented as percentages of the mean + standard error of
the mean (SEM) (n = 6 mice for each data set). *P < 0.01, **P < 0.001, obtained using one-way
analysis of variance (ANOVA) and Tukey’s post-hoc tests.

(D) Quantification of NG2 coverage of IB4 + vessels at the mid-peripheral region (pathological
neovascular tuft area, left) and peripheral region (peripheral vascularized area, right),
respectively in the whole-mounted retinas. Error bars represent SEM (n =6 mice for each data

set). **P < 0.001, obtained using one-way ANOVA and Tukey’s post-hoc tests.

25 A 'I':::' 1..5



A

Vehicle control Bevacizumab ADC targeting mPDGFRB

3

A
o
1

]
=
1

wn
1

cofse

-
=]
1

Avascular area
(% of total retina)
]
]
i~
Neovascular tuft
(% of total retina)

Fe

)
s

wn
L
(L]
I
.

=
=

T T T L] T L]
Vehicle Bevacizumab ADC Vehicle Bevacizumab ADC
control targeting control targeting

mPDGFRB mPDGFRP

Figure 1.6. ADC targeting mPDGFRp and bevacizumab treatment effectively reduce
retinal neovascularization in OIR mouse model.

(A) Representative immunofluorescence images of whole-mounted retinas stained with isolectin
B4 (IB4, red) to detect the retinal vessels. Scale bar, 500 um. The avascular area and
neovascular tuft area were quantified and presented as percentages of the total area of the retina.
All data were analyzed using NIH Imagel software, and values are presented as percentages of
the mean + standard error mean (SEM, n=6 mice for each group set). *P<0.01, obtained using

one-way ANOVA and Tukey's post-hoc tests.
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Figure 1.7. ADC targeting mPDGFRp and bevacizumab treatment effectively reduce
NG2"PDGFR" pericytes around retinal NV in OIR mouse model.

(A) Representative immunofluorescence images of the mid-peripheral region (pathological
neovascular tuft area) stained with isolectin B4 (IB4, red), neural/glial antigen 2 (NG2, green),
platelet-derived growth factor receptor B (PDGFRp, gray). Scale bar, 200 pm.

(B) Representative immunofluorescence images of peripheral region (peripheral vascularized
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area) stained with IB4, NG2, and PDGFRp. Scale bar, 200 pm.
(C) Quantification of NG2 and PDGFRJ coverage of IB4+ vessels. Error bars represent SEM

(n=6 mice for each group set).
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ADC targeting mPDGFRp does not induce anatomic or functional toxicity in the retina.

To figure out whether ADC targeting mPDGFR induces retinal anatomic toxicity, ADC (667.7
pg) was intravitreally injected into 6-week-old male wild-type C57BL6/J mice. PBS or control
ADC was injected on the same day as the control groups. Seven days after injection, the
eyeballs were enucleated and embedded in paraffin. Next, tissue sections were prepared and
hematoxylin and eosin (H&E) stain and Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay were performed. No significant differences were found in retinal
thickness or number of apoptotic cells between the ADC group and the two control groups (Fig
1.8A).

To evaluate functional toxicity in the retina, we performed electroretinography (ERG)
and OptoMotry test. No significant differences were detected in the not only amplitudes of
scotopic and photopic ERG (Fig 1.8B and C) but also the spatial frequency of the sing-wave
gratings in OptoMotry test (Fig 1.8D) between the ADC group and two control groups. These
results suggest that ADC targeting mPDGFRp does not induce anatomic or functional retinal
toxicity. To further examine retinal vessel toxicity that could be induced by using ADC
targeting mPDGFR, different doses of ADC targeting mPDGFRp (dose range:667.7 pg ~
333.85 ng per eye) were intravitreally injected into 6-week-old wild-type C57BL/6J male mice.
ADC targeting mPDGFRp treatment up to 1000 times higher dose of than therapeutic dose
(66.77 pg/eye) in the OIR mouse model did not affect retinal integrity although ADC targeting
mPDGFR treatment of 5000 times higher dose induced a significant reduction in the number

of pericytes and inner blood-retinal barrier leakage (Figure 1.9 and 1.10).

29 AME-T :E



Vehicle Control ADC targeting
control ADC mPDGFRp
A/B ratio Apoptotic cell count
6
w
o3
T
4
2
-
]
5 0
Vehicle Control ADC Vehicle Control ADC
centrol ADC Targeting control ADC Targeting
mPDGFRp mPDGFRp
Vehicle Contrel ADC targeting Vehicle Control ADC targeting Vehicle Control ADC targeting
control ADC mPDGFRp control ADC mPDGFRp control ADC mPDGFRp
0.0 S r a . E- N R
. V J : 95 139
2 ) . e
B0 S . Dark-adapted 3.0 ERG 23
SE o ) Scotopic white flash o “E 089
EF 20 ) (rod-cone response) -
w3 28 o
2530 . - e ke EE - Light-adapted ERG
ES Dark-adapted 3.0 Photopic white flash
n 40 Oscillatory potentials (cone response)
5.0 e E 14

Dark-adapted ERG ng;;lt-:mpf:ie:ksfe

Scotopic white flash
(rod response)

500 i I
. [ Vehicle control g
T Control ADC o
S 0 } [ Contro 8 0.5
2 " Il ADC targeting mPDGFRp T 04 e -
(%]
S 300 4 i 3
3 i 0.3
2 200 - 302
< .. ® o0
©
100 - 3 00
- Vehicle Control ADC
0 - r control ADC targeting
Step1 Step2 Step3 Stepd4 Step5 mPDGFRp

Figure 1.8. Retinal safety evaluation in mice receiving ADC targeting PDGFRp.

(A) Representative hematoxylin and eosin (H&E) staining images and Terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay images of retinal tissues
at seven days after injection of vehicle control, control antibody-drug conjugate (ADC), or ADC
targeting mouse platelet-derived growth factor receptorf (PDGFRp). Scale bar, 500 um. A/B
ratio, the ratio of the thickness from internal limiting membrane to inner nuclear layer (“A”) to
that from internal limiting membrane to outer nuclear layer (“B”). Apoptotic cell count was
determined at X200 magnification sectional images under a fluorescence microscope in five
randomly selected fields in each slide. Each value represents the mean + standard error mean
(SEM, n = 6 mice per data set).

(B) The overall stimulus parameters used in this study of averaged dark-adapted and light-
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adapted electroretinography (ERG) waveforms were as follows: step 1: scotopic white flash;
step 2: scotopic white flash 3.0 cd-s/m2; and step 3: oscillatory potential, 3.0 cd-s/m2; step 4:
photopic white flash; and step 5: 30.3 Hz flicker.

(C) Quantitative analyses of amplitudes of the b-wave by steps at seven days after injection of
vehicle control, control ADC, or ADC targeting PDGFRp in ERG test. Each value represents
the mean = SEM (n = 6 mice per data set).

(D) Quantitative analyses of visual acuity (spatial frequency thresholds, in cycle per degree) in

OptoMotry test. Each value represents the mean + SEM (n = 6 mice per data set).
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Figure 1.9. Evaluation of blood-retinal barrier leakage in mice receiving ADC targeting
mPDGFRB.

(A) Representative fluorescence images of retinas comparing fluorescein isothiocyanate (FITC)-
dextran staining pattern as measurement of inner blood-retinal barrier leakage at seven days
after injection of vehicle control, antibody-drug conjugate (ADC) targeting mouse platelet-
derived growth factor receptorf (PDGFR). Dose range: 667.7 pg ~ 333.85 ng per eye. Scale
bar, 500 pm.

(B) Quantitative analyses of retinal vessel permeability by measuring the fluorescence
intensities of FITC-dextran in retina samples. Each value represents the mean + standard error
mean (SEM, n=3 mice for each group set). ¥*P<0.01, obtained using one-way ANOVA and

Tukey’s post-hoc tests.
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Figure 1.10. Evaluation of pericyte ablation in mice receiving ADC targeting mPDGFRp.
(A) Representative immunofluorescence images of retina samples stained with anti-isolectin B4
(IB4, red), anti-neural/glial antigen 2 (NG2, green), PDGFRp (gray) to visualize the retinal
vessels and pericytes. Dose range: 667.7 pg ~ 333.85 ng per eye. Scale bar, 100 pm.

(B) Quantitative analyses of NG2 (top) and PDGFRp (bottom) coverage of IB4+ vessels and
values are presented as percentages of the mean + standard error mean (SEM, n=3 mice for each

group set). ¥P<0.01, obtained using one-way ANOVA and Tukey's post-hoc tests.

33



DISCUSSION

VEGEF is critical for pathological angiogenesis and physiological retinal vascular development.
VEGEF is a major mediator of intraocular retinal NV and microvascular complications in retinal
ischemia-related diseases, such as ROP, diabetic retinopathy, and retinal vascular occlusion (18,
112, 113). Anti-VEGF agents are standard therapeutics for targeting NV in ischemic retinopathy
(114). Although the current standard treatment option for ROP is laser ablation of the peripheral
avascular retina (91, 115), intravitreal anti-VEGF treatment has drawn attention in recent years
and has shown an effect on the inhibition of retinal NV and extension of physiologic retinal
vascularization of the previous avascular retina (115, 116). Despite the promising outcomes of
anti-VEGF treatment in ROP, there are still concerns about anti-VEGF therapy, including a lack
of information about the effect on physiologic vascular angiogenesis of other organs in
developing preterm infants and increased reactivation rate of ROP compared with other
treatment options (27, 38, 40, 103). Therefore, there is still an unmet need for the development
of novel therapeutics to suppress ocular NV in ROP. In this study, we demonstrated that an
ADC targeting PDGFRp selectively ablates PDGFRp-expressing pericytes and inhibits
pathologic retinal NV in an OIR mouse model, the most widely used animal model of ROP.
During vascular development, endothelial cells release PDGF-BB, most of which binds
to PDGFR in perivascular cells (106). PDGF-BB facilitates vessel maturation by promoting
pericyte recruitment and supporting pericyte-endothelial interactions. Pericyte recruitment is
dependent on PDGF-BB/PDGFR] signaling. In the absence of PDGF-BB or PDGFRJ, near-
complete loss of pericytes is observed in organs, such as those in the central nervous system
(117). Pericytes directly contact the vascular endothelial cells and share a common basement
membrane (118). This biological trait provides extra stability to the vascular endothelial cells
and prevents vascular leakage. It has been known that the period of VEGF dependence
corresponds to the period followed new vessels acquire a pericyte coating (119, 120). Pericytes
also secrete VEGF and other cell survival factors to protect the vascular endothelial cells (121).
These protective functions of pericytes on endothelial cells could also render the reactivation of

retinal NV resistant to anti-VEGF therapy in ROP.
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Physiological retinal vascularization after preterm birth probably depends on the
timing and availability of pro- and anti-angiogenic factors. This idea is supported by findings in
neonates (122) with and without ROP and in rats (123) with different ratios of pro-angiogenic
VEGF and anti-angiogenic pigment epithelial-derived factor. It has been reported that
intraocular levels of PDGF-BB are upregulated in the OIR mouse model and there is excessive
coverage of PDGFRB-positive cells in the NV region in OIR mice (124).

Preclinical studies have been conducted to suppress intraocular pathologic NV by
inhibiting intraocular PDGF or PDGFRp, targeting pro-angiogenic activity of pericytes (125,
126). However, none of these agents are currently available in clinical settings, demonstrating
no visual or anatomic advantages (127). Therefore, we considered the use of ADC that directly
target PDGFRp-expressing pericytes and selectively induce cell death as an alternative
therapeutic strategy. As sufficient target molecules should be preferentially present on the target
cell surface, compared with the non-target cell surface, ADC should be effective and non-toxic
(128, 129). In our experiment, PDGFRP was significantly overexpressed in retinal NV
compared to the control retina in the OIR model (Fig. 1.1).

Based on this observation, we hypothesized that ADC targeting PDGFRJ might induce
cytotoxicity specifically toward pericytes of neovessels and inhibit retinal NV. We found that
the cotinine-duocarmycin conjugate was the most potent and that drug-to-antibody ratio (DAR)
4 cotinine-cytotoxic drugs were more potent than DAR 1 cotinine-cytotoxic drugs (Fig. 1.2).
Furthermore, duocarmycin is hydrophilic, minimizes the bystander effect and hence has fewer
nonspecific off-target effects (130). For these reasons, we used only cotinine-duocarmycin for
detailed studies. In the current study, we first confirmed that ADC targeting mPDGFRf
efficiently killed MBVP cells, and verified that its internalization and cytotoxicity were not
affected by the presence of PDGF-BB in an in vitro setting (Fig. 1.4). We then established an
OIR mouse model and showed that ADC targeting mPDGFRp remarkably promoted retinal
revascularization in the previous avascular area and inhibited retinal NV (Fig. 1.5-1.6).

Under the ischemic retinal conditions of OIR, neovascular tufts covered by pericytes
grow toward the vitreous body (124, 131, 132). In our study, both bevacizumab and ADC
targeting mPDGFRp treatment significantly reduced NG2- and PDGFRp positive area

; %
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compared to vehicle control at the boundary between the vascular and avascular areas of the
retina, whereas there were no differences of NG2 and PDGFRJ positive area at the peripheral
vascularized retina. We considered that pericytes in the neovascular tufts are more vulnerable
than pericytes in the peripheral retinal vasculature from these data (Fig. 1.7). This result is likely
due to overexpression of PDGFRJ of the pericytes in the neovascular tufts than pericytes in the
peripheral retinal vasculature, increasing efficiency of ADC targeting mPDGFR. In another
study, pericyte-specific deletion of CCN1, an extracellular matrix protein, during angiogenesis
under ischemic conditions results in reduced neovascular tufts and increased revascularization
(131). Another group reported that NCK1/2 signaling downstream of PDGFRJ in pericytes was
related to OIR progression, and its inhibition suppressed pericyte recruitment to the tip cells,
preventing neovascular tuft formation and promoting revascularization (124). These findings
suggest an important role of pericytes in the progression of normal angiogenesis, as well as in
the regression of neovascularization in OIR.

Immunohistochemical experiments showed a marked difference in expression levels of
PDGFRp between normal retinal vessels and neovessels (Fig. 1.1), which would limit the
toxicity of ADC targeting mPDGFRp toward normal retinal vessels. This lack of toxicity by
ADC targeting mPDGFRp was confirmed in both anatomic and functional aspects. The retinal
layer thickness ratio was not changed, and TUNEL assays were negative (Fig. 1.8A). The
results of ERG and the OptoMotry test were also normal (Fig. 1.8B-D). To further evaluate
retinal vessel toxicity, intravitreal injection of different doses of ADC targeting mPDGFRf
(dose range: 667.7 pg ~ 333.85 ng per eye) was administered to 6-week-old wild-type
C57BL/6J male mice. Although treatment of ADC targeting mPDGFR up to 1000 times higher
dose than the therapeutic dose in the OIR model did not affect retinal integrity, treatment of
ADC targeting mPDGFRJ of 5000 times higher dose induced a significant reduction in the
number of pericytes and inner blood-retinal barrier leakage (Fig. 1.9). There has been reported
that a sudden reduction of pericytes from stabilized vessels is not sufficient to disrupt the
integrity of retinal vessels (133); limited toxicity toward pericytes in normal vessels could be
endured without causing pathologic changes in the retina. According to our toxicity test by

different doses of ADC, we require meticulous evaluation to minimize the potential retinal
T Fat 1 |
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vessel toxicity when determining the optimal dose of ADC targeting mPDGFRp for clinical
trials. Since the ADC was not purified after the conjugation, an unpurified payload could have
contributed to the non-specific killing. However, considering systemic toxicity, the risk would
be very minimal because the amount of ADC administered is quite limited, and the ADC is
injected locally via the intravitreal route. In our experiments, mice injected with ADC targeting
mPDGFRJ showed no behavioral change or weight loss.

In conclusion, the removal of PDGFRpB-overexpressing pericytes in neovessels with
ADC effectively suppressed pathologic ocular NV in an OIR mouse model. At therapeutic doses,
ADC targeting PDGFRp did not induce morphological or functional abnormalities in the retina
or cause systemic toxicity. We believe that ADC targeting PDGFRP could be a therapeutic

option for ocular NV.
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CHAPTER 1-2

Regulation of Retinal Vascular Abnormalities in

Diabetic Retinopathy via Intravitreal IL-10 Injection
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INTRODUCTION

Diabetic macular edema (DME), a complication of diabetic retinopathy (DR), can occur at any
stage of DR and is caused by uncontrolled leakage of vascular fluid, proteins, and lipids, leading
to structural and functional damage to the retina, further resulting in visual impairment (134).

The inner and outer blood-retinal barrier (BRB), formed by tight junction complexes of
vascular endothelial cells and retinal pigment epithelium (RPE), respectively, contributes to the
control of fluid entry and exit to the retina from retinal and choroidal vessels and maintains
ocular immune privilege by preventing immune cells from entering the retinal tissue under
physiological conditions (134, 135). Therefore, inner and outer BRB disruption is considered an
important phenomenon in the pathogenesis of DME, resulting in fluid accumulation and
recruitment of inflammatory cells to the retina. For several decades, most studies on DME
pathogenesis have focused on microvascular leakage induced by inner BRB disruption through
damage to neurovascular unit composed of vascular endothelial cells, pericytes, astrocytes, and
Miiller cells (136-141). Although outer BRB disruption has received less attention than inner
BRB disruption, the contribution of the outer BRB to DME cannot be overlooked, considering
that the accumulated retinal fluid in DME is a mixture of leakages from both inner and outer
BRB disruptions (142, 143). Furthermore, there is evidence of tight junctional barrier
breakdown of the RPE as well as fluid leakage through the paracellular space to the retina both
diabetic animal models (144-147) and patients (6, 148, 149).

Among the possible mechanisms regarding hyperglycemia-induced outer BRB
breakdown, we and others have revealed that microglia/macrophages could be an early driver
for neuroinflammation, considering its pivotal role in the repair of damaged tissue through
secretion of various cytokines, chemokines, and growth factors that can affect junctional
complexes of RPE (62, 150-152). Furthermore, activated microglia in the retina and recruited
macrophages from retinal and choroidal vessels have migrated and accumulated in the RPE (62,
153) and shown an imbalance in the pro-inflammatory (M1-like microglia/macrophage) and
anti-inflammatory phenotypes (M2-like microglia/macrophages) during DR progression (154),
suggesting that microglia/macrophage activation and alteration of its dynamics of polarization

could affect junctional complexes of the RPE. However, it is still unknown_whether
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modulation of the polarization phenotype of microglia/macrophages during DR has a
protective effect against BRB disruption and vascular leakage associated with DR
progression.

In the current study, we investigated whether the interaction between the RPE
and macrophages affects outer BRB disruption under high glucose conditions and
whether modulation of macrophage polarization switching from M1 to M2 suppresses
outer BRB breakdown. High glucose treatment directly induces tight junction disruption
in RPE cells and the pro-inflammatory state of macrophages. Alteration of macrophage
polarity significantly influenced tight junction expression in RPE cells under high
glucose conditions in  vitro. Furthermore, we found that recruited
microlgia/macrophages to the retina under hyperglycemia changed their polarity to a
pro-inflammatory state along with outer BRB disruption in the early period of the
streptozotocin (STZ)-induced diabetic mouse model. Using this mouse model, we
confirmed that modulation of macrophage polarization by treatment with IL-10, a
representative M2 inducer, effectively reduced the M1/M2 macrophage polarization
ratio in the RPE, inhibited outer BRB disruption and fluid leakage and ameliorated the
downregulation of junctional complexes of RPE. These results suggest that the
regulation of microglia/macrophage polarization could be a potential therapeutic

strategy to control outer BRB disruption and fluid leakage to the retina in DME.
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MATERIALS AND METHODS

1. Cell culture

The adult retinal pigment epithelial cell line-19 (ARPE-19) cells were obtained from American
Type Cell Culture (ATCC; CRL2302). Cells in the control group were maintained in DMEM/F-
12 medium (a mixture of Dulbecco’s Modified Eagle Medium [#11966025, Gibco, Thermo
Fisher Scientific] and Ham’s F-12 Nutrient Mix [#11765047, Gibco, Thermo Fisher Scientific])
with a normal glucose concentration (NG, 5 mM D-glucose) that was supplemented with 10%
of fetal bovine serum (FBS, #16000044, Gibco, Thermo Fisher Scientific), 1% penicillin-
streptomycin (#15140122, Gibco, Thermo Fisher Scientific) in a humidified 5% CO2 incubator
at 37°C. Cultured APRE-19 cells in experimental group were treated with a high glucose
medium (HG, 25 mM D-glucose). The human monocytic leukemia cells, THP-1, were
purchased from Korean Cell Line Bank and maintained in RPMI 1640 medium (#11879020,
Gibco, Thermo Fisher Scientific) with a NG concentration containing 10% FBS, 1% penicillin-
streptomycin (#15140122, Gibco, Thermo Fisher Scientific) in a humidified 5% CO2 incubator
at 37°C. Differentiation of THP-1 cells into MO macrophages was performed by incubating the
cells with 10 ng/mL phobol 12-myristate 13-acetate (PMA, #P8139, Sigma-Aldrich) for 24
hours and then resting for 5 days incubated with the PMA-free medium. Macrophages were
polarized into M1 macrophages by incubating the cells with 10 ng/mL PMA containing media
for 24 hours and then resting for 72 hours incubated with the PMA-free medium before
exposing the primed cells to 20 ng/ml of IFN-y (#285-IF, R&D systems) and 20 ng/ml of
lipopolysaccharides (LPS, #L.2630, Sigma-Aldrich) containing media for 48 hr. Macrophages
were polarized into M2 macrophages by incubating the cells with 10 ng/mL. PMA containing
media for 24 hours and then resting for 72 hours incubated with the PMA-free medium before
exposing the primed cells to 20 ng/ml of IL-4 (#204-IL, R&D systems) and 20 ng/ml of IL-10
(#217-IL, R&D systems) containing media for 48 hours. The condition for macrophage
differentiation and polarization was mainly referenced by the papers (155, 156). The

differentiated M0/M1/M2 macrophages were cultured in NG or or HG medium.
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2. Immunocytochemistry

The APRE-19 cells monolayers were fixed with 4% paraformaldehyde (PFA, #P2031;
Biosesang, Seongnam, Gyeonggi-do, Korea) for 10 min and permeabilized in 0.1% Triton X-
100. The cells were incubated with anti-ZO-1 antibody (1:200, #61-7300, Invitrogen), anti-
occludin antibody (1:200, #33-1500, Abcam) followed by incubation with Alexa Fluor 488- and
594-labeled secondary antibodies (1:400, #A-21202, #A-21207, Invitrogen). The nuclei were

stained using 0.1 pg/mL 4’6-diamidino-2-phenylindole (DAPI; #D9542, Invitrogen).

3. Quantitative real-time polymerase chain reaction (qQRT-PCR)

Total RNA was extracted using the TRIzol™ reagent (#15596018, Invitrogen). Isolated RNA (1
pg) was reverse transcribed using the High-Capacity RNA-to-cDNA kit (#4387406, Applied
Biosystems). qRT-PCR assays were performed in qPCR Master Mix for Power SYBR® Green
PCR Master Mix (#4367659, Applied Biosystems) using real-time PCR (Step one plus, Applied
Biosystems) and the following primer pairs: human [FN-y, 5’-GAGTGTGGAGACC A
TCAAGGAAG-3’ (forward) and 5’-TGCTTTGCGTTGGACATTCAAGT C-3’ (reverse);
human NFxB, 5-GCAGCACTACTTCTTGACCACC-3’ (forward) and 5’-TCTGCTCC
TGAGCATTGACGTC-3’ (reverse); mouse NFxB, 5’-GCTGCCAAAGAAGGACACGACA-3’
(forward) and 5’-GGCAGGCTATTGCTCATCACAG-3’ (reverse);  human /L-10, 5’-TCTCC
GAGATGCCTTCAGCAGA-3* (forward) and 5-TCAGACAAGGCTTGGCAACCCA-3’
(reverse); mouse [L-10, 5’-CGGGAAGA CAATAACTGCACCC-3’ (forward) and 5°-
CGGTTAGCAGTATGTTGTCCAGC-3’ (reverse);  human /L-13, 5’-ACGGTCATTGCTC
TCACTTGCC-3’ (forward) and 5’-CTGTCAGGTTGATGCTCCATACC-3’ (reverse); human
INF-a, 5-CTCTTCTGCCTGCTGCACTTTG-3 (forward) and 5’-ATGGGCTACAGG
CTTGTCACTC-3* (reverse); mouse ITNF-a, 5’-GGTGCCTATGTCTCAGCCTC TT-3’
(forward) and 5’-GCCATAGAACTGATGAGAGGGAG-3’ (reverse); human [L-6, 5’-
AGACAGCCACTCACCTCTTCAG-3’ (forward) and 5’-ATGGGCTA CAGGCTTGTCACT
C-3" (reverse); human [IL-18, 5-ACCTGCTGGTGTGTGA C GTT-3" (forward) and 5°-
TCGTTGCTTGGTTCTCCTTG-3" (reverse); human iNOS, 5’-GCTCTACACCTCCAATGT

GACC-3’ (forward) and 5’-CTGCCGAGA TTTGAGCCTCATG-3’ (reverse); human Arg-1,
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5’-TAACCTTGGCTTGCTTC GG-3* (forward) and 5’-GTGGCGCATTCACAGTCAC-3’
(reverse); GAPDH, 5-GTCTCCTCTGACTTCAACAGCG-3* (forward) and 5’-
ACCACCCTGTTGCTG TAGCCAA-3’ (reverse). The target mRNA expression levels were
analyzed using the AACt method and normalized to expression levels of GAPDH, used as an

internal control.

4. Western blot analysis

The ARPE-19 cells and THP-1 cells were lysed in a lysis buffer containing 20 mM Tris (pH 7.5),
150 mM NaCl, 1% Triton X-100, and phosphatase inhibitor and protease inhibitor cocktail. For
mouse RPE preparation, RPE tissues isolated from enucleated eyes were put into
microcentrifuge tubes and homogenized in the lysis buffer. The RPE lysates were centrifuged to
clear debris, and the supernatant was used for the experiment. The lysates of the cells and RPEs
were separated on 6-10% SDS-PAGE gels for 2 hours and were transferred to nitrocellulose
membranes for 1 hour. After blocking in 5% of BSA in TBST for 30 minutes, the membranes
were incubated overnight at 4°C with primary antibodies for anti-ZO-1 antibody (1:1000, #8193,
Cell Signaling Technology), anti-occludin antibody (1:1000, #91131, Cell Signaling
Technology), anti-B-actin antibody (1:2000, #93668, Cell Signaling Technology). Anti-rabbit
IgG-HRP conjugate (1:5000, #7074, Cell Signaling Technology), and anti-mouse IgG-HRP
conjugate (1:5000, #7076, Cell Signaling Technology) were used as secondary antibodies for 2
hours at room temperature (RT). The membranes were incubated with Enhanced
Chemiluminescent Detection substrate (#34578, Thermo Fisher Scientific) and exposed to film
in ImageQuant LAS 4000 (GE Healthcare Life Sciences). The band density was analyzed with
Multi-Gauge software v.2.3 (Olympus), and the densities were quantified as the ratio of the

corresponding control densities.

5. Trans-epithelial permeability assay and trans-epithelial electrical resistance
measurement
The APRE-19 cells were seeded on transwell filters (6.5-mm diameter, 0.4-um pore, #3470,

Cornig Inc.) coated with laminin. After confluency was achieved, the monolayer was
% " I:
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maintained in DMEM/F12 with a normal glucose concentration (NG, 5 mM D-glucose)
containing 1% FBS to induce polarization. Monolayers incubated more than 2 weeks were
utilized for the analysis for barrier function. ARPE-19 cells were cultured in NG (5 mM
glucose) or HG (25 mM glucose) and/or co-incubated with differently polarized M0/M1/M2
THP-1 cells for 2 days Then, trans-epithelial permeability assay and trans-epithelial electrical
resistance measurement were conducted. To evaluate trans-epithelial permeabilization, transwell
inserts containing ARPE-19 cells were transferred to a new multi-well plate and add 500 pL
phenol red-free MEM to basolateral compartment. The media of apical compartment was
aspirated and replaced with 100 uL (1 mg/ml) Evans blue dye suspension with protection from
light for 1 hour at room temperature. Evans blue suspension at basolateral media was collected
in 1.5 mL Eppendorf tubes and vortexed. After that, 100 uL alliquots from each Eppendorf tube
containing Evans blue basolateral media or phenol-red free MEM serve as the blank control
were transferred to 96-well clear bottom black polystyrene microplates (#3603, Cornig Inc.) in
triplicate. The fluorescence intensity was measured 620 nm using a microplate reader (BioTek,
Epoch2). The trans-epithelial electrical resistance (TEER) was measured with an epithelial
voltohmmeter, EVOM3, (World Precision Instruments). The value of each individual transwell
was calculated by subtracting the value of a blank (laminin-coated transwell without cells) from
the experimental value. Resistance values for each transwell were normalized as the ratio of

measured resistance at each time point to baseline resistance.

6. Flow Cytometry

The THP-1 cells were stained with PE anti-CD11b (#555388, BD Biosciences), FITC anti-
CD64 (#560970, BD Biosciences), Alexa Fluor 647 anti-CD163 (#562669, BD Biosciences),
PE-anti-CD14 (#562691, BD Biosciences), PE-Cy7 anti-CD68 (#565595, BD Biosciences)
antibodies at 4°C for 1 hour. The stained cells were assayed for fluorescence using a BD
Accuri™ C6 cytometer (Becton, Dickinson and Company). The data were analyzed using the

FlowJo program (Tree Star).

7. Enzyme-linked immunosorbent assay (ELISA)
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The cell-free medium was collected from the co-culture of APRE-19 cells and differentiated
MO0/M1/M2 macrophages after centrifugation. Cytokine secretion in the co-culture medium was
assayed using an ELISA kit according to the procedure recommended by the supplier (TNF-a
[#DTAO0D, R&D systems], IL-10 [#D1000B , R&D systems]). The minimum protein levels of
detection calculated from the standard curves were as follows: 15.6 pg/mL for TNF-a and 31.2

pg/mL for IL-10.

8. Mice

All animal procedures were approved by the Seoul National University Animal Care and Use
Committee (Permit Number: SNU-200527-1-2) and were conducted following the guidelines of
the Association for Research in Vision and Ophthalmology Statement for the use of Animals in
Ophthalmic and Vision Research. Seven-week-old, pathogen-free male C57BL/6J mice were
allocated into experimental groups. After an 8-h fast, diabetes was induced by single
intraperitoneal injection of freshly prepared streptozotocin (STZ, #S-0130, Sigma-Aldrich) at a
concentration of 180 mg/kg body weight in 10 mmol/L citrate buffer (pH 4.5). Age-matched
controls received citrate buffer only. Mice with blood glucose levels > 300 mg/dL 4 days after
STZ injection were deemed diabetic. Glucose levels and body weight were monitored
consecutively before mice were sacrificed. The total number of mice used in each experiment
was determined based on the preliminary result of the streptozotocin-induced diabetic mouse

model. No statistical methods were used to predetermine sample size.

9. Intravitreal injection

The mice were fully anesthetized by intraperitoneal injection using the mixture (3:1 ratio, 1
mL/kg) of the zolazepam and tiletamine (Zoletil 50, Virbac) and xylazine (Rompun, Bayer
Korea) and pupils were dilated with tropicamide 1% (Tropherin, Hanmi. Pharm Co. Ltd.). Then,
microliter syringe with 33-gauge blunt needle (Hamilton Bonaduz AG) was inserted into the
vitreous cavity with a 60° injection angle for the eye followed by gently loading IL-6 (20

ng/eye) and IL-10 (50 ng/eye) under the surgical microscope (Leica Microsystems, Ltd.). Age-

matched controls were injected with citrate buffer only.
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10. Immunofluorescence

The eyes were enucleated and fixed with 4% PFA for 15 min at room temperature. After
washing with PBS, the eyes were dissected to remove all components except the retina and
RPE-choroid-scleral (RCS) complexes. The retina and RCS complexes were whole mounted
and incubated in Perm/Block solution (0.2% Triton X-100 and 0.3% BSA in PBS) at room
temperature for 1 hour. Next, the samples were incubated overnight at 4 °C with anti Iba-1
antibody (1:200, #MAS5-27726, Invitrogen), anti-iNOS antibody (1:200, #PA3-030A,
Invitrogen), anti-Arg-1 antibody (1:200, #NB-100-59740, Novus Biologicals). After washing
with PBS, the samples were incubated at room temperature for 2 hours with Alexa Fluor 350-
labeled donkey anti-rabbit IgG antibody (1:400; #A10039; Invitrogen), Alexa Fluor 488-labeled
donkey anti-mouse IgG antibody (1:400; #A21202; Invitrogen), Alexa Fluor 594-labeled
donkey anti-rabbit IgG antibody (1:400; #A21207; Invitrogen), Alexa Fluor 647-labeled donkey
anti-goat IgG antibody (1:400; #A21447; Invitrogen), and Alexa Fluor 594-conjugated anti-ZO-
1 antibody (1:250; #339194, Invitrogen).. After washing with PBS, the samples were
counterstained with 10 mg/ ml of DAPI (1:1000; #D9542; Sigma-Aldrich) at room temperature
for 15 minutes. After washing with PBS, the retina and RCS complexes were mounted with
Fluoromount™ Aqueous Mounting Medium (#F4680, Sigma-Aldrich) and observed under a

confocal microscope (Leica TCS STED; Leica Microsystems Ltd.).

11. Immunohistochemistry on cryostat ocular sections

Immunohistochemistry analysis was performed using frozen retinal sections. Briefly, sections
were fixed in 4% PFA at 4°C for 10 minutes. To permeabilize the tissue, the sections were
incubated in 0.1% Triton-X100 for 15 minutes at room temperature and blocked with 2% FBS
for 15 minutes at room temperature. Next, the samples were incubated overnight at 4°C with
anti F4/80 antibody (1:400, #MF-48000, Invitrogen), anti-Iba-1 antibody (1:200, #MAS5-27726,
Invitrogen), anti-iINOS antibody (1:400, #PA3-030A, Invitrogen), anti-Arg-1 antibody (1:400,
#NB-100-59740, Novus Biologicals), After washing with PBS, the samples were incubated at
room temperature for 2 hours with Alexa Fluor 488-labeled donkey anti-mouse IgG antibody
(1:400; #A21202; Invitrogen), Alexa Fluor 594-labeled donkey anti-rabbit IgG antibody (1:400;

; %
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#A21207; Invitrogen), Alexa Fluor 647-labeled donkey anti-goat IgG antibody (1:500;
#A21447; Invitrogen). After washing with PBS, the samples were counterstained with 10 mg/ml
of DAPI (1:1000; #D9542; Sigma-Aldrich) at room temperature for 15 minutes. After washing
with PBS, slides were mounted with Fluoromount™ Aqueous Mounting Medium (#F4680,
Sigma-Aldrich) and observed under a confocal microscope (Leica TCS STED; Leica

Microsystems Ltd.).

12. Analysis of outer blood-retinal barrier leakage with FITC-Dextran

To investigate the inner and outer blood-retinal barrier leakage, fluorescence-labeled dextran (60
kDa, 100 mg/kg, #FD70S; Sigma-Aldrich) was injected into the left ventricle of each mouse
while anesthetized, 1 hour before the sacrifice and the enucleated eyes were immediately frozen
and embedded in optimal cutting temperature (OCT) compound (Tissue-Tek) for cryosection.
Serial sections (5 pm) of whole eyes were cut sagittally. The area for outer BRB-specific
leakage was defined as the total pixels between the external limiting membrane and the outer
board of the leakage (retinal pigment epithelium) and observed under a fluorescence microscope.
Area quantification was performed using ImageJ 1.42 software (National Institutes of Health,

Bethesda, MD, USA)

13. Statistics and reproducibility

Statistical analyses were performed using SPSS software version 22.0 (SPSS Inc., Chicago, IL,
USA) and GraphPad Prism v.8.0.1. The experimental data were presented as mean + standard
error of the mean. P values were determined using one-way ANOVA and Tukey post-hoc tests
for multiple groups. All the data in our manuscript were repeated at least three times
independently with similar results. Differences were considered statistically significant at P

<0.05.
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RESULTS

High glucose induces tight junction disruption and secretomal change of APRE-19 cells.

High glucose treatment has been well known to induce structural and functional changes in cells
constituting the inner blood retinal barrier (BRB) such as vascular endothelial cells, pericytes,
and glial cells (139-141, 157, 158). Thus, we investigated whether the high glucose treatment
also affects structural change of retinal pigment epithelium (RPE) constituting the outer BRB.
We set out to determine the expression and localization of the tight junction proteins in the adult
retinal pigment epithelial cell line-19 (ARPE-19) cells by immunofluorescence staining and
western blotting under normal glucose (5 mM) and high glucose (25 mM) conditions. The high
glucose treatment induces downregulation of the tight junction complexes of APRE-19 cells,
demonstrated by immunopositivity and protein level of ZO-1 and occludin, which are the major
components of tight junction complexes constituting the outer BRB (Figure 1.11A). High
glucose treatment significantly reduced the protein levels of ZO-1 and occludin from 48 hours
after treatment (Figure 1.11B). To address whether high glucose influences the functional
integrity of outer BRB, we additionally examined the ARPE-19 cell monolayer integrity using
trans-epithelial permeability assay and trans-epithelial electrical resistance (TEER)
measurement. High glucose treatment significantly increased trans-epithelial permeability and
decreased TEER from 2 days after treatment (Figure 1.12).

Considering the RPE secretes various cytokines and growth factors both in the
physiological and pathological environment (159, 160), we examined the secretomal change of
APRE-19 cells which can affect structural and functional integrity of RPE. We incubated ARPE-
19 cells under normal and high glucose medium for 24, 48, and 72 hours and evaluated the
mRNA levels of IFN-y, NFxB, IL-10, IL-13, TNF-o., IL-6, IL-1f which are previously reported
as representative cytokines related to outer BRB breakdown and microglia (retina-resident
macrophages)/macrophage polarization (6, 161). High glucose treatment significantly
upregulated /FN-y, NFkB, IL-10, IL-13, TNF-a, IL-6, and IL-1 mRNAs compared to normal
glucose (Fig. 1.13), which means seretomoal change of RPE in response to high glucose could
affect tight junction integrity of RPE and microglia/macrophages polarization under
hyperglycemia-induced inflammatory environment. Taken together, these results sjugge.s_f that
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Figure 1.11. High glucose induces tight junction disruption of ARPE-19 cells.

(A) Representative immunofluorescence images stained with anti-zonula occludens-1 (ZO-1,
red), anti-occludin (green) in adult retinal pigment epithelial cell line-19 (ARPE-19) cells after
48 hours of normal glucose (5 mM) and high glucose (25 mM) treatment. Scale bar = 20 um.
(B) Representative western blot data showing the expression of ZO-1, occludin and beta-actin
(B-actin) after treating normal glucose (5 mM) and high glucose (25 mM) for 24, 48, 72 hours.
Quantitative analysis using densitometry was performed by measuring protein expression
relative to the loading control (B-actin). Each value represents the mean + standard error of the
mean (SEM). *P < 0.01 by one-way ANOVA and Tukey's post hoc tests.
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Transepithelial electrical resistance

Figure 1.12. High glucose decreases functional integrity of ARPE-19 cells.
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(A) Adult retinal pigment epithelial cell line-19 (ARPE-19) cells were treated with normal

glucose (5 mM) and high glucose (25 mM) for 24, 48, 72 hours. The ARPE-19 cells monolayer

integrity was evaluated by the trans-epithelial permeability test with Evans blue dye. The results

are fold changes versus control (normal glucose treatment) and plotted as the mean + standard

error of the mean (SEM) (n=3). *P < 0.01 by one-way ANOVA and Tukey's post hoc tests.

(B) Transepithelial electrical resistance was measured using EVOM3 voltohmmeter at 24, 48,

72 hours after the treatment of normal glucose (5 mM) and high glucose (25 mM). Each value

represents the mean + SEM (n=3). *P < 0.01 by one-way ANOVA and Tukey's post hoc tests.
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Figure 1.13. High glucose induces secretomal change of ARPE-19 cells related to tight
junction integrity and microglia/macrophage polarization.

(A) Adult retinal pigment epithelial cell line-19 (ARPE-19) cells were incubated under normal
(5 mM) and high glucose (25 mM) medium for 24, 48, 72 hours and analyzed mRNA levels of
interferon gamma (/F'N-y), nuclear factor kappa light chain enhancer of activated B cells (NFkB),
interleukin 10 (/L-10), interleukin 13 (/L-13), tumor necrosis factor alpha (TNF-a), interleukin 6
(IL-6), interleukin 1 beta (IL-15). Each value represents the mean = SEM (n=3). *P < 0.01 by

one-way ANOVA and Tukey's post hoc tests. D; day.
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high glucose treatment induces structural and functional change of RPE, leading to increasing

the RPE permeability and secretomal change of RPE.

High glucose induces macrophages into a pro-inflammatory state.

Infiltrating macrophages in response to progression of inflammatory diseases such as diabetes,
asthma, and atherosclerosis are considered to play an important role in regulation of tissue
inflammation through their polarity change and release of pro- and anti-inflammatory cytokines,
chemokines, and growth factors by affecting their surrounding cells (162, 163). In this point of
view, the microglia/macrophages also have been suggested having an essential role in
microvascular impairment and BRB breakdown in diabetic animal models (60, 61, 164, 165)
and DR patients (63, 161). Thus, we examined whether high glucose treatment have direct
effects on the macrophage activation and polarity change. We first confirmed human THP-1
monocytes were well differentiated into non-activated, resting (M0) macrophages by an
incubation in the presence of phorbol 12-myristate 13-acetate (PMA) which
is a widely used differentiation material to study human macrophage biology and function (166).
Cells became adherent assessed by light microscopy (Fig. 1.14A) and the expression of
representative common macrophage markers, clustered of differentiation 68 (CD68) and
clustered of differentiation 14 (CD14) has significantly increased demonstrated by flow
cytometry (Figure 1.14B).

Next, we incubated differentiated MO macrophages under normal and high glucose
medium for 24, 48, and 72 hours and evaluated polarity change assessed by flow cytometry
following stained with clustered of differentiation 64 (CD64) as a classically activated pro-
inflammatory (M1) macrophage marker, clustered of differentiation 163 (CD163) as an
alternative anti-inflammatory (M2) macrophage marker, and clustered of differentiation 11b
(CD11b) as common macrophage marker. High glucose treatment increased the proportion of
CDI11b'CD163" cells on the 1 day after treatment compared to normal glucose conditions, while
the proportion of CD11b+CD64+ cells increased from 48 hours after treatment. As a positive
control, we polarized M0 macrophages into M1 macrophages treated with IFN-y (20 ng/ml) and

LPS (20 ng/ml) or M2 macrophages treated with IL-4 (20 ng/ml) and IL-10 (20 ng/ml) under
¥ T Fat 1 |
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Figure 1.14. THP-1 monocytes differentiation in M0 macrophages.

(A) The human monocytic leukemia cells (THP-1 monocytes) were non-treated or incubated
with 10 ng/mL phobol 12-myristate 13-acetate (PMA) for 24 hours and then incubated with the
PMA-free medium. Scale bar = 400 pm.

(B) Representative flow cytometry cytograms of CD14°CD68" cells in THP-1 cells and resting
stage (MO) cells. Quantification of CD14"CD68 cells as analyzed by flow cytometry. The
numbers indicate % of total cells. Each value represents the mean = SEM (n=3). *P < 0.01 by

Student's t test.



normal glucose medium and confirmed intended polarization with statistically significant high
ratio of CD64/CD164 in M1 macrophages and low ratio of CD64/CD164 in M2 macrophages
(Fig 1.15A).

To investigate the secretomal change of macrophages under high glucose treatment,
which can affect outer BRB and macrophages polarization in DR, we incubated MO
macrophages under normal and high glucose medium for 24, 48, and 72 hours and evaluated the
mRNA levels of iNOS, Arg-1, IL-10, IL-13, TNF-a, IL-6, and IL-1f. High glucose treatment
significantly upregulated iNOS, M1 marker from the 2 days after treatment, and Arg-1, M2
marker on the 24 hours after treatment than those of normal glucose conditions. Among the pro-
inflammatory cytokines which are mainly secreted by M1 macrophages, we found that the
mRNA transcripts of TNF-a and IL-6 were remarkably increased, while /L-1f was not
significantly altered. The anti-inflammatory cytokines which are mainly secreted by M2
macrophages, the mRNA transcripts of /L-10 were increased, while /L-13 did not significantly
change. The representative M1/M2 mRNA expression ratio (iNOS/Arg-1) was meaningfully
increased at the 48 hours after treatment (Fig 1.15B). These results suggest that high glucose

treatment promotes pro-inflammatory M1 macrophage polarization.

Alteration of macrophage polarity additionally influences the structural and functional
integrity of ARPE-19 cells under the high glucose condition.
We next wondered whether the alteration of macrophage polarity could additionally affect the
structural and functional integrity of ARPE-19 cells under normal and high glucose conditions.
We cultured ARPE-19 cells for 14 days under the normal glucose conditions and differentiated
macrophages into MO/M1/M2 macrophages, respectively. Then, ARPE-19 cells and
macrophages were co-cultured in the transwell plate for 2 days under normal and high glucose
conditions (Fig 1.16) followed by immunocytochemistry, transwell permeability, TEER, western
blot (WB), and Enzyme-linked immunosorbent assay (ELISA).

Immunostaining data revealed that high glucose treatment remarkably reduced ZO-1
expression in the ARPE-19 alone group compared to normal glucose conditions. Co-culture

with ARPE-19 cells and MO or M1 macrophages under high glucose condition caused the
54 A . !..;



= CDE4
= CcD183

NG 24hr 4B hr T2he M1 M2
HG

CD163

INOS TNF-a IL-6 IL-1B8

nﬁﬁ - nAfAl..

HG 24hrdShe 7T2hr M1 M2 NG Zdhr d8hr T2he M1 M2 NG 24 hr 42 he T2hr M1 M2 Hﬁ?lhrd&h{??h: i Mz
HG HG HE

5
g
-

2
2

Ld L
—
2
|
Relative mRMNA expression
b -

Relative mRNA expression
Relative mRMA expression

Relative mRNA expression

-

Arg-1 iL-10 IL-13 M1/MZ ratio (iNOS/Arg-1)

-
L

=
=

G AL niigall Hlan Il

NG Z4hrd2hr T2he M1 M2 MG 24hr42he TZRhr M1 M2 NG Zanraghe 7Ihr M1 M2 MG :.u..-.uh,?zm M1 M2
HG

s

-

)

Relative mRMNA expression
Led

Relative mRNA expression
s
Relative mRMA expression

Relative mRMA expression

Figure 1.15. High glucose induces macrophages into a pro-inflammatory state.

(A) Representative flow cytometry cytograms of CD11b"CD64" and CD11b"CD163" cells in
resting stage (MO) cells after incubation under normal (5 mM) and high glucose (25 mM)
medium for 24, 48, 72 hours. Classically activated pro-inflammatory (M1) macrophages and
alternative anti-inflammatory (M2) macrophages were induced by treated with IFN-y (20 ng/ml)
and LPS (20 ng/ml) or IL-4 (20 ng/ml) and IL-10 (20 ng/ml) under normal glucose medium,
respectively as positive control group. Quantification of CD64'CD163cells as analyzed by flow
cytometry. The numbers indicate % of total cells. Each value represents the mean + SEM (n=3).
*P <0.01 by one-way ANOVA and Tukey's post hoc tests.

(B) The inducible nitric oxide synthase (iNOS), tumor necrosis factor alpha (TNF-a), interleukin
6 (IL-6), interleukin 1 beta (/L-1p), arginase-1 (4rg-1), interleukin 10 (/L-10), interleukin 13

(IL-13) mRNA transcription were analyzed. Each value represents the mean = SEM (n=3). *P <
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0.01 by one-way ANOVA and Tukey's post hoc tests.
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Figure 1.16. Timeline of co-culture experiments.

(A) Timeline of co-culture experiments of adult retinal pigment epithelial cell line-19 (ARPE-
19) cells with resting stage (MO0)/classically activated pro-inflammatory (M1)/alternative anti-
inflammatory (M2) macrophages. ARPE-19 cells were cultured for 14 days under the normal
glucose condition in DMEM/F-12 medium (a mixture of Dulbecco’s Modified Eagle Medium
and Ham’s F-12 Nutrient Mix) with a normal glucose concentration (NG, 5 mM).
Difterentiation of the human monocytic leukemia cells, THP-1 cells into MO macrophages was
performed by incubating the cells with 10 ng/mL phobol 12-myristate 13-acetate (PMA) for 24
hours and then resting for 5 days incubated with the PMA-free medium. M1 or M2
macrophages were polarized from MO macrophages by incubating the macrophages with 10
ng/mL PMA containing media for 24 hours and then resting for 72 hours incubated with the
PMA-free medium before exposing the primed cells to 20 ng/ml of interferon gamma (IFN-y)
and 20 ng/ml of lipopolysaccharides (LPS) containing media for M1 macrophages or 20 ng/ml
of interleukin 4 (IL-4) and 20 ng/ml of interleukin 10 (IL-10) for M2 macrophages. Thereafter,
ARPE-19 cells were co-cultured with differentiated M0/M1/M2 macrophages under normal

glucose (5 mM) and high glucose (25 mM) medium.
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additional reduction of ZO-1 expression than that of ARPE-19 alone group under high glucose
conditions, while co-culture with ARPE-19 cells and M2 macrophages notably recovered ZO-1
expression (Figure 1.17A). We also conducted WB analyses of the ARPE-19 cells, and our
results showed that co-culture with ARPE-19 cells and M2 macrophages prevented
downregulation of ZO-1 and occludin in the co-culture with ARPE-19 cells and MO or M1
macrophages under the high glucose conditions (Fig. 1.17B).

To address whether different types of macrophage polarization could additionally
affect functional integrity of APRE-19 cells, we examined transwell epithelial permeability and
TEER in co-culture model with ARPE-19 cells and M0/M1/M2 macrophages. When the APRE-
19 cells were co-cultured with MO or M1 macrophages, ARPE-19 cells permeability was
increased and TEER was decreased than those of under normal glucose conditions, while co-
culture with ARPE-19 cells and M2 macrophages under high glucose conditions significantly
reversed the effects of the co-culture conditions with APRE-19 cells and M1 macrophages (Fig.
1.18). ELISA analysis of the co-culture medium of ARPE-19 cells and MO or M1 macrophages
under high glucose conditions confirmed the increased level of TNF-o which is a mainly
secreted inflammatory cytokine by M1 macrophages and is also known to induce the disruption
of tight junction complexes between RPE cells (62, 167), while this effect was inhibited in the
co-culture conditions of ARPE-19 cells and M2 macrophages (Fig. 1.19A). We also examined
the ELISA analysis of IL-10 which is a mainly secreted anti-inflammatory cytokine by M2
macrophages and is known to inhibit nuclear factor kappa B (NFkB) activation that is related to
disruption of RPE integrity (62, 168, 169). We confirmed the increased level of IL-10 in the co-
culture conditions of ARPE-19 cells and M2 macrophages compared to co-culture conditions of
ARPE-19 cells and MO or M1 macrophages (Fig. 1.19B). These results demonstrate that
modulation of macrophage polarization additionally influences the structural and functional

integrity of APRE-19 cells under high glucose conditions.

The tight junction disruption along with increased number of microglia/macrophage
recruitment and secretomal change of RPE occur during the early-stage DR progression.

Clinical evidence of RPE barrier breakdown and an increased leakage of blood content which is
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Figure 1.17. Alteration of macrophage polarity additionally influences the structural
integrity of ARPE-19 cells under the high glucose condition.

(A) Representative immunofluorescence images stained with anti-zonula occludens-1 (ZO-1,
red) and 4’6’-diamidino-2-phenylindole (DAPI, blue) in adult retinal pigment epithelial cell
line-19 (ARPE-19) cells after 48 hours of co-culture with or without resting stage (MO) or
classically activated pro-inflammatory (M1) or alternative anti-inflammatory (M2) macrophages
under normal glucose (5 mM) or high glucose (25 mM) medium. Scale bar =20 um.

(B) Representative western blot data showing the expression of ZO-1, occludin, and beta-actin
(B-actin) in different co-culture groups. Quantitative analysis using densitometry was performed
by measuring protein expression relative to the loading control (f-actin). Each value represents
the mean + standard error of the mean (SEM). *P < (0.01 by one-way ANOVA and Tukey's post

hoc tests.

59



*%

i

W
(e

K

Transwell permeability
S
i

(1 hr after Evans blue treatment)

=
=Y

Glucose 5 5 5 25 25 25 (mM)

Macrophage
co-culture o M1

M2 MO M1 M2

100+

754 Dé-

[ ]
50- .

[ ]
[ ]
[ ] * L
25- ¢ ﬂ
0 T T T T
25 25 25

Glucose 5 5 5

L ]
‘

Q) em@)
L L]

Transepithelial electrical resistance

(mM)

Macrophage
coculture MO M1 M2 Mo M1 M2

Figure 1.18. Alteration of macrophage polarity additionally influences the functional
integrity of ARPE-19 cells under the high glucose condition.

(A) The adult retinal pigment epithelial cell line-19 (ARPE-19) cells monolayer integrity was
evaluated by the trans-epithelial permeability test with Evans blue dye. ARPE-19 cells were co-
cultured with resting stage (MO) or classically activated pro-inflammatory (M1) or alternative
anti-inflammatory (M2) macrophages under normal glucose (5 mM) and high glucose (25 mM)
medium for 48 hours. Each value represents the mean + standard error of the mean (SEM) (n=4).
*P < 0.01 by one-way ANOVA and Tukey's post hoc tests.

(B) Transepithelial electrical resistance was measured using EVOM3 voltohmmeter at 48 hours
after co-culture with ARPE-19 cells and M0/M1/M2 macrophages under the treatment of
normal glucose (5 mM) or high glucose (25 mM). Each value represents the mean + SEM (n=7).

*P<0.01, **P <0.001 by one-way ANOVA and Tukey's post hoc tests.
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Figure 1.19. Relative amounts of TNF-a and IL-10 in the co-cultured medium from ELISA
analyses
(A) The tumor necrosis factor alpha (TNF-a) protein amounts in the supernatant media were
determined by ELISA (n=3).
(B) The interleukin 10 (IL-10) protein amounts in the supernatant media were determined by
ELISA (n=3). Each value represents the mean =+ standard error of the mean (SEM). *P < 0.01,

**P < (0.001 by one-way ANOVA and Tukey's post hoc tests.
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capable of causing diabetic macular edema has been observed in human DR (170, 171) and
diabetic rat (144, 147, 172). Furthermore, recruitment of microglia/macrophages in the RPE
layer of the diabetic mouse (62) and subretinal accumulation of microglia/macrophages through
transcellular pores within RPE of the diabetic rat (147, 153) and human DR (173) also have
been observed. Based on these observations, we hypothesized that recruited
microglia/macrophages in the RPE layer could involve outer BRB disruption.

We first examined whether the outer BRB disruption is observed in the streptozotocin-
treated DR mouse model, representative of type 1 diabetes which almost patients develop DR
(174). We confirmed the intense fluorescent signals in the outer retina, between outer nuclear
layer and RPE layer and significant tight junction disruption of RPE monolayer sheets at 2-week
and 4-week streptozotocin-induced diabetic mice, which was not present in control mice (Fig.
1.20A and C). In addition, the tight junction disruption and immunopositivity area of ionized
calcium binding adaptor molecule 1 (Iba-1), microglia/macrophage-specific marker in the RPE
layer were significantly increased at 2-week and 4-week streptozotocin-induced diabetic mice
than that in control mice, and these recruited microglia/macrophages to the RPE layer
correspond to locations where tight junction disruption occurs (Fig. 1.20B and C).
Furthermore, QRT-PCR analyses in RPE-choroid-scleral (RCS) complexes of STZ-treated mice
demonstrated a significant increase in the level of TNF-a, IL-10, NFkB mRNA, which are
important factors related to RPE integrity (Fig. 1.21). These results demonstrated that not only
outer BRB disruption along with the increased number of microglia/macrophage recruitment but
also secretomal change of RPE occur during the early stage of streptozotocin-induced DR

progression.

The polarity changes of recruited microglia/macrophages occur during the early-stage of
streptozotocin-induced DR progression.

Based on the previous reports about microglia/macrophage polarity change during the
progression of db/db mice, representative of type 2 diabetes and increased mRNA level of Iba-1
(microglia/macrophage marker) and inducible nitric oxide synthase (iNOS as pro-inflammatory

M1 marker), Arginase-1 (Arg-1 as anti-inflammatory M2 marker) in post-mortem diabetic
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Figure 1.20. Breakdown of the retinal pigment epithelium barrier and vascular leakage in
retinal section and microglia/macrophage recruitment in the whole-mounted RPE layer of STZ-
induced diabetic mice.

(A) Imaging of vascular leakage in retinal sections from mice injected with fluorescence-labeled
dextran (FITC-dextran, 60 kDa, 100 mg/kg) intracardiaclly. Arrows indicate microvascular
leakage induced by inner blood-retinal barrier (BRB) disruption. Arrowheads indicate RPE
barrier break points (outer BRB disruption) with vascular hyperpermeability at the subretinal
space between photoreceptor layer and RPE layer. Scale bar = 100 um. GCL = ganglion cell
layer; INL = inner nuclear layer; ONL = outer nuclear layer; RPE = retinal pigment epithelium.
(B) Whole-mounted RPE layer stained with zonular occludens-1 (ZO-1, red) and ionized

calcium binding adaptor molecule 1 (Iba-1, green). In controls, ZO-1 labeled the regular
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hexagonal membrane of RPE cells, whereas in STZ-induced diabetic conditions, we observed
some enlarged RPE cells with irregular ZO-1 labelling showing loss of tight junctions (asterisk)
and numerous recruited Iba-1 positive cells mainly on the locations where the tight junction
disruption occurs. Scale bar = 100 pm.

(C) Quantitative analyses for vascular leakage in retinal section, percentage of cells with intact
Z0-1 in RPE sheets, and relative fluorescence intensity of Iba-1 positive area. All quantitative
data were analyzed with NIH ImageJ software, and each value represents the mean + standard
error of the mean (SEM) (n = 6 mice for each data set). *P < 0.01 by one-way ANOVA and

Tukey's post hoc tests.
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Figure 1.21. The mRNA expression of TNF-a, [L-10, and NF«kB in the RCS complexes of STZ-

induced diabetic mice.

(A) The level of tumor necrosis factor alpha (TNF-a), interleukin 10 (IL-10), nuclear factor

kappa light chain enhancer of activated B cells (NF-kB) mRNA expression was analyzed in the

retinal pigment epithelium-choroid-sclera complexes of at 1-week, 2-week and 4-week

streptozotocin-induced diabetic mice. Each value represents the mean standard error of the

mean (SEM, n=3 mice for each group set). *P < 0.01 by one-way ANOVA and Tukey's post hoc

tests.
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donor (154), we examined the expression and distribution of M1 and M2 markers (iNOS and
Arg-1, respectively) to determine microglia/macrophage polarity change in the retinas of STZ-
induced diabetic mice during DR progression. The immunofluorescence analysis in retinal
sections revealed increased iNOS Tba-1" specific immunostaining both in inner retina and outer
retina at 2-week and 4-week STZ-induced diabetic mice and increased Arg-1'Tba-1" specific
immunostaining in inner retina at 1-week, 2-week, and 4-week and in outer retina at 2-week and
4-week STZ-induced diabetic mice compared to control mice. Furthermore, the ratio of positive
fluorescence area (iNOS/Arg-1) was significantly increased in inner retina at 2-week, and 4-
week and in outer retina at 1-week, 2-week, and 4-week STZ-induced diabetic mice compared
to control mice (Fig. 1.22). Taken together, the pre-dominant polarity changes of recruited

microglia/macrophages occur during the early stage of streptozotocin-induced DR progression.

Intravitreal IL-10 injection significantly decreases M1/M2 polarization ratio and
effectively suppresses outer BRB disruption in the early-stage of streptozotocin-induced
diabetic mouse.

Given that not only the significant change of outer BRB breakdown and M1/M2 marker ratio at
outer retina has been found between 1-week and 2-week hyperglycemia in STZ-induced
diabetic mice compared to normal mice and but also changes of inner BRB breakdown such as
retinal vascular leakage, pericyte loss and astrocyte loss has been reported begun between 3- to
8-week hyperglycemia in STZ-induced diabetic mice (140, 141, 175, 176), we evaluated
whether modulation of recruited microglia/macrophages polarization in the retina from M1 to
M2 could affect integrity of outer BRB at the early-stage of STZ-induced diabetic mice.

We conducted intravitreal 1L-10 (50 ng/eye), M2 inducer injection at 11 days STZ-
induced diabetic mice and examined the outer BRB disruption and microglia/macrophage
polarity change at 14 days STZ-induced diabetic mice (Fig. 1.23). Three days after the
intravitreal injection of mouse IL-10, the fluorescence leakage in outer retina was significantly
decreased compared to that of the STZ-induced diabetic mice without IL-10 administration (Fig.
1.24). The IL-10 treatment also ameliorated the tight junction disruption of RPE tissues along

with decreased ratio of iNOS'Iba-1"/Arg-1" Iba-1" area (Fig. 1.25). These results
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Figure 1.22. Analysis of M1 and M2 markers in retinas from STZ-induced diabetic mice
during DR progression.

(A) Representative immunofluorescence images in retinal sections stained with ionized calcium

)
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binding adaptor molecule 1 (Iba-1 as microglia/macrophage marker, green), inducible nitric
oxide synthase (iNOS as pro-inflammatory M1 marker, red), Arginase-1 (Arg-1 as anti-
inflammatory M2 marker, grey), and 4’6’-diamidino-2-phenylindole (DAPI, blue). Scale bar,
100 um. The inner retina consists of the internal limiting membrane through to the inner nuclear
layer, and the outer retina consists of the outer nuclear layer through to the retinal pigment
epithelium (RPE). GCL = ganglion cell layer; INL = inner nuclear layer; ONL = outer nuclear
layer; RPE = retinal pigment epithelium.

(B) Quantitative analyses of the Iba-1, iNOS, and Arg-1-positive area at inner retina and outer
retina in the retinal section of control and streptozotocin-treated mice. Each value represents the
mean standard error of the mean (SEM, n=8 mice for each group set). *P < 0.01 by one-way

ANOVA and Tukey's post hoc tests.
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Figure 1.23. Experimental timeline of IL-10 administration and tissue preparation in STZ-
induced diabetic mouse model.
(A) Timeline of interleukin 10 (IL-10, 50 ng/eye), M2 inducer administration in streptozotocin

(STZ)-induced diabetic mouse model.
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Figure 1.24. Evaluation of blood-retinal barrier leakage in retinal section of STZ-induced
diabetic mice receiving IL-10, M2 inducer.

(A) Representative fluorescence images of retinal section comparing fluorescence-labeled
dextran (FITC-dextran, 60 kDa, 100 mg/kg) staining pattern as measurement of outer blood-
retinal barrier leakage at 3 days after intravitreal injection. Age-matched control mice were
administered with vehicle control (citrate buffer) and streptozotocin-induced diabetic mice were
administered with or without interleukin 10 (IL-10, 50 ng/eye). Scale bar = 500 pm. Each value
represents the mean standard error of the mean (SEM, n=8 mice for each group set). *P < 0.01
by one-way ANOVA and Tukey's post hoc tests. GCL = ganglion cell layer; INL = inner nuclear

layer; ONL = outer nuclear layer; RPE = retinal pigment epithelium
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Figure 1.25. Intravitreal IL-10 injection decreases M1/M2 polarization ratio and
effectively suppresses outer BRB disruption in the early-stage of streptozotocin-induced
diabetic mouse.

(A) Representative immunofluorescence images stained with anti-zonula occludens-1 (ZO-1,
red), ionized calcium binding adaptor molecule 1 (Iba-1 as microglia/macrophage marker,
green), inducible nitric oxide synthase (iNOS as pro-inflammatory M1 marker, blue), Arginase-
1 (Arg-1 as anti-inflammatory M2 marker, grey) in retinal pigment epithelium (RPE) tissues of
age-matched control mice administered with vehicle control (citrate buffer) and streptozotocin-

induced diabetic mice administered with or without interleukin 10 (IL-10, 50 ng/eye). Scale bar
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=100 pm.

(B) Quantitative analyses of percentage of cells with intact ZO-1 in RPE sheets.

(C) Quantitative analyses of relative fluorescence intensity of Iba-1 positive area.

(D-F) Quantitative analyses of Iba-1, iNOS, and Arg-1-positive areca at RPE tissues. All
quantitative data were analyzed with NIH ImagelJ software, and each value represents the mean
+ standard error of the mean (SEM) (n = 6 mice for each data set). *P < 0.01 by one-way

ANOVA and Tukey's post hoc tests.
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suggest that intravitreal injection of IL-10 effectively induces M2 polarization of recruited
microglia/macrophage in the RPE layer and effectively suppressed outer BRB disruption in the

early-stage of STZ-induced diabetic mice.

73 A

&1



DISCUSSION

In this study, we observed a decrease in the structural and functional integrity of RPE cells and
the transition to the pro-inflammatory state of macrophages under high glucose conditions.
Furthermore, we confirmed that tight junction expression in RPE cells was additionally
influenced by changes in macrophage polarity under co-culture conditions. Based on these in
vitro results, this study was planned to conduct in vivo studies using STZ-induced diabetic mice
to evaluate the relationship between disruption of the outer BRB, vascular leakage, and
microglia/macrophage polarity change. We found not only outer BRB disruption and increased
vascular leakage at the outer retina but also increased recruitment of microglia/macrophages,
mainly at the locations where tight junction disruption of RPE occurs and increased M1/M2
microglia/macrophage polarity ratio during the progression of STZ-induced diabetes. Thereafter,
we confirmed that the intravitreal IL-10, M2 inducer injection induced a decrease of M1/M2
polarization ratio and significantly suppressed outer BRB disruption and vascular leakage.

RPE is a polarized and pigmented monolayer epithelium located between the
neurosensory retina and choroidal vessel, exerting numerous essential functions in retinal
homeostasis such as absorption of light, phagocytosis, participation in the visual cycle, secretion
of various cytokines, chemokines, growth factors, and maintenance of the outer BRB (159, 160,
177). Although the contribution of the RPE to the pathogenesis of DR remains largely unknown,
there have been reports of diabetes-induced alteration on the RPE, including tight junction
disruption, vascular leakage, and change of organelles in diabetic animal models (145, 146, 148,
178) and changes in RPE thickness of DR patients (179-181). We first investigated whether high
glucose treatment affects structural and functional integrity and secretomal changes in APRE-19
cells. High glucose treatment significantly induced tight junction disruption and decreased
functional integrity of APRE-19 cells (Fig. 1.11 and 1.12) and induced secretomal changes
related to outer BRB disruption and microglia/macrophage polarization (Fig. 1.13). These
results were consistent with previous reports on high glucose treatment-induced RPE integrity
(62, 182) and secretomal changes in the RPE (160).

DR is a representative inflammatory retinal disease that includes uveitis, retinal
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vascular occlusion, age-related macular degeneration, infectious retinitis, and retinitis
pigmentosa (183). Inflammation refers to the invasion of immune cells to resolve tissue damage.
It is well known that microglia/macrophages can modulate inflammatory processes through
release of various cytokines, chemokines, and growth factors, which depend on phenotype
change of their polarity. In hyperglycemia-induced inflammatory conditions,
microglia/macrophage activation and phenotypic changes in the retinal layers including RPE,
have been observed in diabetic animal model (59-62) and DR patients (63). These findings
indicate that the activation of microglia/macrophages is a specific feature of DR and could
influence outer BRB disruption and RPE leakage by releasing secretory factors. Thus, we
examined the polarity change as well as the secretomal changes in macrophages under high
glucose conditions. We confirmed that high glucose treatment leads macrophages to a pro-
inflammatory state with increased release of pro-inflammatory cytokines rather than anti-
inflammatory cytokines (Fig. 1.14 and 1.15)

Although the processes related to RPE barrier alteration in vivo are not fully
understood, the release of several pro-inflammatory cytokines including TNF-a, IL-1p (184,
185), vascular endothelial growth factors (186, 187), matrix metalloproteinase (188, 189),
cytoskeleton regulatory proteins (147, 190), and mast cell degranulation (191), is involved in
RPE barrier dysfunction. In this regard, we co-cultured APRE-19 cells and macrophages with
different polarization phenotypes under normal and high glucose conditions to evaluate the
additional effects on the structural and functional integrity of APRE-19 cells. It was found that
co-culture of ARPE-19 cells with M2 macrophages enhanced the structural and functional
integrity of APRE-19 cells under high glucose conditions (Fig. 1.17 and 1.18). These results
may be attributed to M2 macrophages secreting less pro-inflammatory cytokines such as TNF-a,
IL-1B, and IL-6, and more anti-inflammatory cytokines, such as IL-4, IL-10, and IL-13, as
demonstrated by RT-PCR (Fig. 1.15B) and ELISA (Fig. 1.19).

Using a streptozotocin-induced diabetic mouse model, representative of type 1 diabetes,
in which almost all patients develop DR, we examined whether outer BRB disruption occurs
and when it occurs. We confirmed the leakage of blood content confined to the outer retina,

which is likely to be more associated with outer BRB disruption than inner BRB disruption and
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significant tight junction disruption of the RPE layer at 2-week and 4-week of STZ-induced
diabetic mice (Fig. 1.20). The levels of pro- and anti-inflammatory cytokines linked with outer
BRB disruption were significantly elevated corresponding to the period of outer BRB disruption
in STZ-induced diabetic mice (Fig. 1.21). Furthermore, we also found increased recruitment of
microglia/macrophages to the RPE layer at 2-week and 4-week of STZ-induced diabetic mice,
implying a positive relationship between outer BRB disruption and microglia/macrophage
recruitment (Fig. 1.20 B and C).

Next, we examined the polarity change of the microglia/macrophages recruited to the
retina during the early stage of DR progression. We confirmed that the polarity changes of
recruited microglia/macrophages occurred with an increased M1/M2 ratio during the early stage
of DR progression (Fig. 1.22). Thereafter, we evaluated whether modulation of
microglia/macrophages polarization from M1 to M2 affects the integrity of the outer BRB at
early stage of STZ-induced diabetic mice. To exclude the confounding effect of other retinal
cells such as neurovascular units composed of inner BRB against outer BRB disruption under
diabetic conditions, we intravitreally injected IL-10, a representative M2 inducer, at 11 days in
STZ-induced diabetic mice and confirmed outer BRB disruption and microglia/macrophage
polarity change at 14 days in STZ-induced diabetic mice (Fig. 1.23). We demonstrated that
intravitreal IL-10 injection significantly decreased the M1/M2 polarization ratio and effectively
suppressed outer BRB disruption in the early stages of STZ-induced diabetic mice (Fig. 1.24
and Fig. 1.25).

This is the first study to demonstrate the relationship between the polarity regulation of
microglia/macrophage and outer BRB disruption in the early stage of STZ-induced diabetic
mouse as far as we know. The limitations of our study are as follows. Given that DR and DME
are multifactorial diseases with complex pathophysiology involved by various retinal cells, our
study did not completely exclude the effect on outer BRB disruption by other retinal cells such
as retinal vascular endothelial cell, pericyte, astrocyte, Miiller cells under high glucose
conditions. Instead, we found the timepoint that was only observed in the outer BRB disruption,
while no change was observed in the inner BRB and neurovascular units in the STZ-induced

diabetic mouse and focused on the effect of microglia/macrophage polarity change against outer
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BRB disruption. Another important limitation was the use of diabetic mice, in which the fovea,
the region composed of closely packed photoreceptor cells responsible for central vision in
DME patients is lack. Instead, conventional mice with STZ-induced diabetes have the well-
known disease phenotypes of vascular permeability and BRB disruption observed in patients
with DME. As shown in Fig.1.24 and Fig.1.25, administration of IL-10 suppressed the increase
in vascular permeability of the outer retina and increased in the outer BRB disruption,
accompanied by a decreased MI1/M2 polarization ratio and decreased number of
microglia/macrophages. It is also necessary to consider that our results show a positive effect on
outer BRB disruption of IL-10 only at a very early period of DR. Given that DR is an
inflammatory retinal disease affected by chronic hyperglycemic damage, further comprehensive
studies that consider the therapeutic effect of macrophage polarity modulation on inner and
outer BRB disruption not only in the early period of DR but also intermediate and long periods
of DR will be helpful in determining its translational value.

Despite the above limitations, this study experimentally showed that the modulation of
the polarization phenotype of microglia/macrophages by IL-10 administration during early stage
of DR has the potential to protect against outer BRB disruption and vascular leakage. These
results suggest that microglia/macrophages are involved in the disruption of the outer BRB
function in DR, supporting our proposal that modulation of microglia/macrophage polarization

provides a novel therapeutic target and insights for early intervention of DR.
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CHAPTER 2-1

Regulation of Choroidal Neovascularization in Age-
Related Macular Degeneration via Intravitreal

Antibody-Drug Conjugate Injection
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INTRODUCTION

As intraocular VEGF secreted by vascular/extravascular components is one of the strongest
inducers of ocular angiogenesis and vascular abnormalities including choroidal
neovascularization (CNV) and abnormal vascular leakage, intravitreal anti-vascular endothelial
growth factor (VEGF) drugs are the standard treatment for neovascular age-related macular
degeneration (AMD) (18, 192-195). Although many patients benefit from injection into the eye
of anti-VEGF drugs such as such as brolucizumab (Beovu®, Novartis), aflibercept (Eylea®,
Regeneron), or ranibizumab (Lucentis®, Roche/Genentech), approximately up to 30% patients
suffer from incomplete to anti-VEGF therapy due to inadequate choroidal neovascularization
response, progression of atrophy, and subretinal fibrosis and scar formation (44, 196, 197). As a
result, more than half of patients may have vision worse than 20/40 that limit their life activities
with long-term follow-up (198). Therefore, there is an unmet need for more effective
therapeutic agents.

Among the several molecules that are involved in the development of ocular
neovascularization (NV), platelet-derived growth factor-BB (PDGF-BB) is the predominant
isoform of PDGF in the ocular system, which is primarily expressed on vascular endothelial
cells (104, 105, 199), and PDGF receptor f (PDGFRp) is commonly expressed on pericytes,
smooth muscle cells, vascular endothelial cells, and retinal pigment epithelium (RPE) (200-
202). The ligand/receptor pair of PDGF-BB/PDGFRp not only induces the recruitment of
pericytes to neovessels, which then cover these vessels (203) but also the secretion of VEGF
and other cell survival factors from pericytes (105, 118, 121). These protective functions of
pericytes enable endothelial cell survival independent of VEGF, rendering anti-VEGF therapy
less efficient (119, 204-2006).

In the laser-induced CNV animal model which is the most implemented method in
multiple species to study neovascular AMD, laser injury promotes the recruitment of pericyte-
like cells into the CNV lesions and induces their proliferation, leading to the expression of
markers such as smooth muscle actin and PDGFRB (207, 208). These infiltrated pericyte-like
cells form a scaffold for subsequent vascular endothelial cell infiltration to complete the NV

process (126). In this animal model, PDGF-BB/PDGFRp signaling inhibitors , have
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demonstrated additive benefits for suppressing CNV when employed in combination with anti-
VEGF agents (125, 126). However, in the human studies, PDGF and PDGFRp targeting
medications in CAPELLA phase 2 trial with rinucumab/aflibercept combination as well as in
phase 3 trial investigating the efficacy of E10030 and ranibizumab combination, have not
provided visual or anatomical advantages in combination with anti-VEGF agents over anti-
VEGF monotherapy.

There is no clear reason to explain these failures. However, previous studies reported
an inverse correlation between concentrations of PDGF/PDGFRp and VEGF during anti-VEGF
treatments (22, 209, 210) as well as excessive coverage of PDGFRp-positive cells in CNV
lesions of patients resistant to anti-VEGF therapy (211). Thus, we hypothesized that therapy
combining PDGF/PDGFRS signaling inhibitors with anti-VEGF drugs is insufficient to ablate
pericytes and inhibit the PDGF/PDGFRp-related signaling pathway in the pathologic ocular
environment.

Antibody-drug conjugates (ADCs) are monoclonal antibodies linked to cytotoxic
effector molecules that induce cell death upon binding and internalization of antibody by the
target cell. In the current study, we tested whether specific delivery of ADCs targeting PDGFRf
could ablate pericytes and effectively in reduce pathologic CNV in the laser-induced CNV
mouse model. ADC targeting PDGFRJ effectively removed PDGFRf-expressing pericytes and
led to the suppression of CNV lesions, with no visible signs of anatomical and functional

toxicity.
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MATERIALS AND METHODS

1. Mice

C57BL/6J mice were maintained in a specific pathogen-free facility at Seoul National
University. The mice (aging-matched: 6- week-old, weight range: 2024 g) were allocated into
experimental groups. The total number of mice used in each experiment was determined based
on the preliminary result of the LI-CNV mouse study using ADC. No statistical methods were
used to predetermine sample size. All animal procedures were approved by the Seoul National
University Animal Care and Use Committee (Permit Number: SNU-171203-1-2) and were
conducted following the guidelines of the Association for Research in Vision and

Ophthalmology Statement for the use of Animals in Ophthalmic and Vision Research.

2. Immunofluorescence staining

The eyes were enucleated and fixed with 4% paraformaldehyde (#P2031; Biosesang, Seongnam,
Gyeonggi-do, Korea) for 15 minutes at room temperature (RT). After washing with PBS, the
eyes were gently dissected to remove all components except the RPE-choroid- scleral (RCS)
complexes. The RCS complexes were whole mounted and incubated in Perm/Block solution
(0.2% Triton X-100 and 0.3% BSA in PBS) at room temperature for 1 hour. Next, the samples
were incubated overnight at 4°C with rabbit anti-PDGFRJ antibody (1:100; #3169, Cell
Signaling Technology, Danvers, MA, USA). After washing with PBS, the samples were
incubated at room temperature for 2 hours with Alexa Fluor 647- labeled donkey anti-rabbit IgG
antibody (1:400; #A31573; Invitrogen, Carlsbad, CA, USA). After washing with PBS, the
samples were stained with Alexa Fluor 568-conjugated anti-IB4 antibody (1:400; #I21412;
Invitrogen, Carlsbad, CA, USA) and Alexa Fluor 488-conjugated anti-NG2 antibody (1:400;
#AB5320A4; Sigma- Aldrich, St. Louis, MO, USA) at room temperature for 2 hours. After
washing with PBS, the samples were counterstained with 10 mg/ ml of DAPI (1:1000; #D9542;
Sigma-Aldrich, St. Louis, MO, USA) at room temperature for 15 minutes. After washing with
PBS, the retina and RCS complexes were mounted with Fluoromount™ Aqueous Mounting
Medium (#F4680, Sigma-Aldrich, St. Quentin, France) and observed under a confocal

microscope (Leica TCS STED; Leica Microsystems Ltd., Wetzlar, Germany).

3. Induction of laser-induced choroidal neovascularization

Six-week-old wildtype C57BL/6J male mice (n = 6 per group, n = 18 in total) were fully

anesthetized by intraperitoneal injection using a mixture (3:1 ratio, 1 mL/kg) of zolazepam and
T Fat 1 |
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tiletamine (Zoletil 50®, Virbac, Carros, France) and xylazine (Rompun®, Bayer Korea, Seoul,
Korea). After dilating the pupils with tropicamide 1% (Tropherin®, Hanmi. Pharm Co. Ltd.,
Seoul, Korea), a laser photocoagulator with an indirect headset delivery system (Ilooda, Suwon,
Gyeonggi-do, Korea) was used to visualize the retina. The laser parameters were as follows:
wavelength: 810 nm; spot size: 200 um; power: 1W; and exposure time: 100 msec. Sufficient
laser energy was delivered to four locations for each eye (the 3, 6, 9, and 12 o’clock positions of
the posterior pole around the optic disc) to induce rupture of Bruch’s membrane. Only burns
that produced a bubble without vitreous hemorrhage were included in the study. The mice were
then divided into three groups (six mice per group). On day 7 after laser photocoagulation, the
six mice in each group received an intravitreal injection of PBS as a vehicle control, control
ADC (667.7 pg), and ADC targeting mPDGFRp (667.7 pg). To evaluate the effect of ADC on
choroidal neovascularization, the eyes were enucleated, fixed in 4% paraformaldehyde, and then
prepared for whole-mounted RCS complex formation. After immunofluorescence staining
described above, CNV area and volume, NG2 volume, and PDGFRf volume of all the laser
burn sites (four laser burn sites for each eye) were quantitatively analyzed using a built-in

measuring tool, the LAS X systems (Leica Microsystems Ltd., Wetzlar, Germany).

4. Preparation of bispecific scFv-Ck-scFv fusion protein and ADC targeting mPDGFRp

Anti-mPDGFRp x cotinine was expressed and purified as described previously (109). Clone
PRb-CNO1 developed in our previous study was used for anti-mPDGFRp scFv. As a control, we
also prepared anti-HER2 X cotinine, where anti-HER scFv was derived from trastuzumab (109).
The expression vectors encoding these bispecific scFv-Ck-scFv fusion proteins were transfected
into Expi293F cells (Thermo Fisher Scientific Inc., Waltham, MA, USA), and the scFv-Ck-scFv
fusion proteins were purified using KappaSelect resin (GE Healthcare, Buckinghamshire, UK)
following the manufacturer’s instructions. ADC targeting mPDGFRf was prepared by mixing
anti-mPDGFRp x cotinine (1 puM) with cotinine-duocarmycin (1 uM) at a 1:1 molar ratio as
described previously (109). The complex was then incubated for 30 minutes at room
temperature to allow complex formation before being used. Control ADC was prepared in the

same way. The schematic diagrams of a bispecific antibody, cotinine-duocarmycin, and the
T Fat I:
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conjugation process are represented in Fig. 1.2A and B. The RP-HPLC analysis that empirically
determine the drug-to-antibody ratio were performed by Levena Biopharma (San Diego, CA,

USA) and the data are shown in in Fig. 1.2C.

5. Statistics and reproducibility

Statistical analyses were performed using SPSS software version 22.0 (SPSS Inc., Chicago, IL,
USA) and GraphPad Prism v.8.0.1. The experimental data were presented as mean + standard
error of the mean. P values were determined using one-way ANOVA and Tukey post-hoc tests
for multiple groups. All the data in our manuscript were repeated at least three times
independently with similar results. The experiments were not randomized, and the investigators

were not blinded to allocation during experiments and outcome assessment.

83 P



RESULTS

PDGFRS is highly expressed on pericytes in pathologic neovessels of LI-CNV mouse model.
To evaluate the expression patterns of PDGFR in retinal pigment epithelium (RPE) of laser-
induced choroidal neovascularization (LI-CNV) mouse model, eyeballs were retrieved after
inducing choroidal neovascularization (CNV). The whole mounted RPE in wild-type mice and
LI-CNV mice was stained with anti-PDGFR, IB4, or NG2 antibodies. The CNV lesion showed
highly increased levels of PDGFR, compared with control RPE (Fig. 2.1A and B). The pericyte
marker NG2 was dramatically co-localized with PDGFRf in the CNV lesion, confirming that

PDGFRp was mainly expressed by pericytes.

ADC targeting mPDGFRf significantly suppresses CNV in LI-CNV mouse model and
shows no anatomical functional toxicity in retina.
As the CNV lesion of LI-CNV mouse model is quite variable depending on operators and
consistent laser scar formation requires meticulous hand-eye-foot coordination skills to operate
laser (212, 213), we first evaluated the CNV size pattern at different times after laser induction.
We confirmed that the optimum time point to assess CNV formation in our laser setting is at day
7 or day 10 after laser induction (Fig. 2.2).

In LI-CNV mouse model, laser photocoagulation was performed to induce CNV.
Seven days later, ADC targeting mPDGFRp (667.7 pg) was intravitreally injected into mice. In
parallel experiments, PBS, or control ADC (667.7 PG) were intravitreally injected. At ten days
after laser photocoagulation, RPE-choroid-sclera (RCS) complexes were retrieved from the
mice and stained with anti-IB4, anti-PDGFRp, or anti-neural/glial antigen 2 (NG2) antibodies
(Fig. 2.3A). The volume and area of CNV and the volume of NG2- and PDGFRp-positive tissue
were remarkably decreased in mice treated with ADC targeting mPDGFRJ (Fig. 2.3B and C).
In the retinal toxicity test of ADC, ADC targeting PDGFRp did not induce anatomical or

functional abnormalities of the retina at the therapeutic dose (Fig 1.7).

ADC targeting mPDGFRf in combination with anti-VEGF agent shows additional benefit
in the suppression of CNV in LI-CNV mouse model.

To evaluate additional anatomical benefit of ADC targeting mPDGFRf in combination with
conventional anti-vascular endothelial growth factor (VEGF) agent in wet-type AMD
(aflibercept, EYLEA®; BAYER AG, Leverkusen, Germany) over aflibercept alone in LI-CNV
mouse model, ADC targeting mPDGFRp (667.7 pg) alone, ADC targeting mPDGFRp (667.7
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Figure 2.1. PDGFR§ is highly expressed on pericytes in pathologic neovessels of LI-CNV
mouse model.

(A) Representative immunofluorescence images of the retinal pigment epithelium (RPE) in a
wild-type (control) mouse. Immunofluorescence images of anti-platelet-derived growth factor
receptor [ (PDGFRP, green), zonular occludens-1 (ZO-1, red), and 4’6’-diamidino-2-
phenylindole (DAPI, blue). Scale bar, 20 um

(B) Representative immunofluorescence images of the RPE in LI-CNV mouse.
Immunofluorescence images of anti-neural/glial antigen 2 (NG2, green), anti-isolectin B4 (IB4,
red), and anti-PDGFRp (PDGFRp, gray). The CNV lesion in the LI-CNV mouse shows strong
PDGFR expression. Scale bar, 200 pm
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Figure 2.2. IB4+ labeled choroidal neovascularization at different times after laser
induction.

(A) Representative immunofluorescence images of isolectin B4 (IB4) positive labeled choroidal
neovascularization (CNV) at day 1 to day 14 in laser-induced CNV mouse model. The laser
photocoagulation was performed on 6-week-old wild-type C57BL/6J male mice, rupturing
Bruch’s membrane (the innermost later of the choroid) to induce CNV. Scale bar, 200 um

(B) Quantification of the surface area of IB4+ CNV. All quantitative data were measured using
the built-in tools, the LAS X systems (Leica Microsystems, Wetzlar, Germany). Error bars
represent standard error mean (SEM, n =6 mice for each data set). *P < 0.01, **P < 0.001,
obtained using one-way ANOVA and Tukey’s post-hoc tests.

compared with mice injected with vehicle control or control ADC (P-value < 0.01, Fig 2.3B and

O).
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Figure 2.3. ADC targeting mPDGFRJ effectively inhibits LI-CNV.

(A) Schematic experimental timeline of the laser-induced choroidal neovascularization (LI-
CNV) mouse model. Six-week-old wild-type C57BL/6] male mice received laser
photocoagulation and were treated with vehicle control, control antibody-drug conjugate (ADC),

or ADC targeting mouse platelet-derived growth factor receptor f (mPDGFRp) through
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intravitreal injection at seven days after laser photocoagulation. Phosphate-buffered saline was
used as the vehicle control. Anti-human epidermal growth factor receptor 2 (HER2) x cotinine
complexed with cotinine-duocarmycin was used as a control ADC; anti-HER2 single-chain
variable fragment (scFv) was derived from trastuzumab.

(B) Representative immunofluorescence images of CNV at ten days after laser photocoagulation
and immunostaining with anti-isolectin B4 (IB4, red), anti-neural/glial antigen 2 (NG2, green),
and anti-PDGFRp (pink). Scale bar, 200 pm.

(C) Quantitation of CNV volume, CNV area, NG2 volume, and PDGFRJ volume. All
quantitative data were measured using the built-in tools, the LAS X systems (Leica
Microsystems, Wetzlar, Germany). Each value represents the mean + standard error mean (SEM,
n = 6 mice for each group set). *P < (.01, obtained using one-way analysis of variance

(ANOVA) and Tukey’s post-hoc tests.
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pg) with aflibercept (2 pg), aflibercept alone were intravitreally injected into mice. In parallel
experiments, vehicle control was intravitreally injected. Interestingly, the combination treatment
of ADC targeting mPDGFRp with aflibercept were superior to monotherapy for the decrease of

the CNV volume, CNV area, NG2 volume, and PDGFRp volume (P-value < 0.01, Fig 2.4).
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Figure 2.4. The combination treatment of ADC targeting mPDGFRp with aflibercept
shows additional benefit in the suppression of CNV in LI-CNV mouse model.

(A) Representative immunofluorescence images of retinal pigment epithelium-choroid-sclera
(RCS) complex stained with isolectin B4 (IB4) to visualize choroidal neovascularization (CNV)
at ten days after laser photocoagulation. Scale bar, 500 pum.

(B) Representative immunofluorescence images of CNV at ten days after laser photocoagulation
and immunostaining with anti-IB4 (red), anti-neural/glial antigen 2 (NG2, green), and anti-
platelet-derived growth factor receptor p (PDGFRp, gray). Scale bar, 200 um.

(C) Quantitation of CNV volume, CNV area, NG2 volume, and PDGFRJ volume. Each value
represents the mean + standard error mean (SEM, n = 8-10 mice for each group set). *P < 0.01,

**P < (0.001 obtained using one-way analysis of variance (ANOVA) and Tukey’s post-hoc tests.
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DISCUSSION

Anti-VEGF drugs are standard therapeutics for neovascular AMD. Recently, new research has
been bringing longer lasting anti-VEGF drugs, like brolucizumab (214, 215), and anti-VEGF
gene therapy (216-218) such as RGX-314 (phase 2, Regenxbio) that produces ranibizumab
following either subretinal or suprachoroidal injection, ADVM-022 (phase 1, Averum
Biotechnologies) that produces aflibercept following intravitreal injection, which could enable
the anti-VEGF effect to last longer, so patients may not need to have frequent injections.
However, repeated intravitreal injection of anti-VEGF agents to reduce intraocular VEGF levels
lead to intraocular complications, such as vitreous hemorrhage, fibrosis, inflammation, and
atrophy of the retina and choroid (44, 196, 219). Therefore, there are still unmet needs for the
development of novel therapeutics for neovascular AMD.

In the eye, PDGFs has been reported to be another imperative pro-angiogenic factors
involved in choroidal and retinal NV via activation of the tyrosine kinase receptors, PDGFRs in
both VEGF-dependent and -independent manners (220, 221). Some studies have reported that
patients who respond poorly to anti-VEGF therapy have elevated levels of PDGFs/PDGFRs
indicating the alternative pro-angiogenic effect of the PDGFs/PDGFRs axis (22, 209, 210, 222).
Other study described excessive coverage of PDGFRB-positive cells in the NV region in LI-
CNYV (126). Furthermore, in a patient with bilateral CNV, the neovascular membrane of the eye
unresponsive to bevacizumab exhibited increased numbers of pericytes, whereas the eye that
responded to treatment had a limited number of these cells (211). These findings suggest that
inhibition of PDGFs/PDGFRs might be a promising therapy for suppressing angiogenesis,
either alone or in combination with anti-VEGF therapy.

In preclinical studies, pegpleranib, an aptamer that binds to PDGF-AB and PDGF-BB
and inhibits their interaction with PDGFRa and PDGFR, showed efficacy in inhibiting CNV
(126), and an anti-PDGFRJ antibody, rinucumab, also inhibited mouse CNV. However, neither
pegpleranib nor rinucumab have exhibited additive therapeutic effects when used in
combination with anti-VEGF agents in clinical trials(127). A few small-molecule tyrosine

kinase inhibitors of both VEGF and PDGF receptors, including DE-120 and vorolanib, have
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been tested clinically. However, none of these agents are unavailable due to failure to improve
the pathologic anatomy of the retina and choroid or enhance visual acuity. We hypothesized that
therapy combining PDGF/PDGFR signaling inhibitors with anti-VEGF agents is not enough to
ablate pericytes and inhibit the PDGF/PDGFR-related pro-angiogenic effect in the pathologic
ocular environment. In the current study, we considered the use of ADC that specificically
deliver the cytotoxic reagents to PDGFRp-overexpressing cells for reducing pathologic ocular
NV.

To date, nine ADCs targeting HER2, CD22, CD30, CD33, CD79B, Nectin-4, and
Trop-2 are clinically available for the treatment of HER2-positive metastatic breast cancer, B-
cell acute lymphoblastic leukemia, Hodgkin’s lymphoma, acute myeloid leukemia, B-cell
lymphoma, bladder cancer, and triple-negative breast cancer, respectively (223). However, until
now, ADCs have rarely been evaluated outside oncologic applications, although a few studies
have reported such uses of ADCs (224, 225). For ADC to be effective and to be avoided
toxicity, a sufficient number of target antigens should be present on the target cell surface,
compared with normal cells (128, 129). PDGFRB was significantly overexpressed in the
choroidal NV region, compared with the control RPE in LI-CNV mouse model (Fig. 2.1). Based
on this observation, we evaluated whether ADC targeting PDGFRP induces cytotoxicity
specifically toward pericytes of neovessels and inhibit choroidal NV.

We first confirmed that ADC targeting mPDGFRJ effectively internalized and killed
MBVP cells. Furthermore, ADC targeting mPDGFRJ did not compete with PDGF-BB under
the typical ocular NV environment, which is increased PDGF-BB levels but did induce
cytotoxicity independent of PDGF-BB (Fig. 1.4). Thereafter, we established the LI-CNV mouse
model and confirmed that ADC targeting mPDGFRp suppressed the CNV lesions (Fig. 2.3).
Interestingly, we also found that the combination treatment of ADC targeting mPDGFRf with
aflibercept was superior to monotherapy for the decrease of the CNV volume, CNV area, NG2
volume, and PDGFRp volume (Fig 2.4).

Regarding the systemic clearance of ADC targeting mPDGFRJ, the in vivo half-life of
the anti-cotinine antibody and cotinine-conjugate complex was 15 hours when injected

intravenously (226) and that of scFv-Cc-scFv molecule was approximately 6 hours. It was
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reported that ranibizumab (48 kDa) with a half-life of 2.88 days showed faster penetration and
elimination from retina than bevacizumab (149 kDa) with a half-life of 4.32 days due to smaller
size (227). Because the molecular weight of the cotinine-duocarmycin conjugate is 6.27 kDa, it
would be rapidly excreted through the kidney after being released from anti-mPDGFRf x
cotinine. We selected cotinine as a hapten to conjugate duocarmycin because of its non-toxic
nature, with its absence in physiologic situations and relative pharmacologic inertness (228) as
well as a median lethal dose of 4 = 0.1 g/kg in mice (229). In conclusion, PDGFRf-
overexpressing pericytes ablation with ADC effectively inhibited pathologic CNV in LI-CNV
mouse model. At the therapeutic dose, ADC targeting PDGFRp did not induce anatomical or
functional toxicity in the retina and cause systemic or behavioral toxicity. We believe that ADC
targeting PDGFRp can be a therapeutic option for CNV after repeated clinical failures of

PDGF/PDGEFR signaling inhibitors.
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CHAPTER 2-2

Regulation of Epithelial-Mesenchymal Transition in
Age-Related Macular Degeneration via Intravitreal

AICAR or GKT137831 Injection
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INTRODUCTION

The retinal pigment epithelium (RPE) consists of a homogeneous single layer of hexagonal cells,
which are considered to have a typical epithelial cell morphology. RPE cells are highly
polarized with apical to basal/basolateral characteristics, which are supported by the
cytoskeleton and connection of the extracellular matrix (ECM) to the RPE (230). This strong
connection between the intracellular cytoskeleton and the ECM is important for maintaining the
morphology and polarity of the RPE. Accumulating evidence has confirmed that cytoskeleton
derangement such as fragmentation or reorganization of F-actin, results in stress fiber
formations in the cytosol, which correlate with poor physiologic function in RPE cells (231-
233).

In the aging process or pathological conditions, structural and functional alterations in
RPE cells occur, including morphometric changes (231, 234, 235), epithelial-mesenchymal
transition (EMT) (236, 237), decrease in antioxidant capacity (238), and secretomal change
(160). Representative morphometric alterations include an increase in cell area, a decrease in
cell density, and loss of hexagonality. Morphometric changes and EMT, which is a switch to a
mesenchymal phenotype with cytoskeleton rearrangement have been observed not only in
senescent RPE, but also in retinal diseases such as age-related macular degeneration (AMD),
diabetic retinopathy, and proliferative vitreoretinopathy (230, 239, 240).

Transforming growth factor-beta (TGF-B) signaling plays an important role as a
senescence-promoting factor in both normal aging and age-related diseases (241, 242).
Increased TGF-f expression and oxidative stress due to metabolic burden can induce EMT (236,
237, 239) and degenerative changes in the RPE, such as neovascularization (243-245), atrophy
of the choriocapillaris (246) linked with AMD. In vitro experiments have been conducted to
examine the EMT of TGF-B1 or TGF-B2 in RPE cells (247-251). Among TGF-B-related signal
regulators, mammalian target of rapamycin C1 (mTORC1) and NADPH oxidase (NOX) have
been reported to be involved in cellular senescence and EMT (252, 253). However, few studies
have investigated age-related morphometric changes and the EMT of the RPE in vivo.

In this study, we investigated whether intravitreal injection of TGF-fBl1 induces
morphometric changes and EMT observed during the process of normal aging and Al\_l/ID_ of the
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RPE. We also examined how these processes are affected by the suppression of the mTORCI-
NOX- ROS pathway using an AMP-dependent protein kinase (AMPK) activator or a NOX1/4

inhibitor.
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MATERIALS AND METHODS

1. Mice

Six-week-old C57BL/6J male mice were maintained in a specific pathogen-free facility at Seoul
National University. The mice were allocated into experimental groups. All animal experiments
in this study were conducted in strict agreement with by the guidelines of the Association for
Research in Vision and Ophthalmology Statement for the use of Animals in Ophthalmic and

Vision Research (Permit Number: SNU-190814-2-1).

2. Intravitreal injection

The mice were fully anesthetized by intraperitoneal injection using the mixture (3:1 ratio, 1
mL/kg) of the zolazepam and tiletamine (Zoletil 50, Virbac, Carros, France) and xylazine
(Rompun, Bayer Korea, Seoul, Korea) and pupils were dilated with tropicamide 1% (Tropherin,
Hanmi. Pharm Co. Ltd., Seoul, Korea). Then, microliter syringe with 33 gauge blunt needle
(Hamilton Bonaduz AG, Bonaduz, Switzerland) was inserted into the vitreous cavity through 6
o'clock position of the limbus with a 45° injection angle for right eye followed by gently loading
each reagent under the surgical microscope (Leica Microsystems, Ltd.,, Wetzlar, Germany).

Intravitreal injection was only conducted in the right eye.

3. Immunofluorescence of RPE tissue

For the immunofluorescence staining of the RPE tissue, C57BL/6J mice were sacrificed 3 days
after intravitreal injection of PBS in the control group and recombinant mouse TGF-B1 (200
ng/eye, #7666-MB- 005/ CF, R&D Systems), AICAR (500 uM/eye, #A9978, Sigma-Aldrich),
and GKT137831 (50 uM/eye, #17764, Cayman Chemical) in the experiment group. The eyes
were enucleated and fixed by 4% of paraformaldehyde (#P2031, Biosesang, Seongnam, Korea)
for 15 minutes at room temperature (RT). After washing with the PBS, eyes were gently
dissected to remove all the components except RPE-choroid- scleral (RCS) complexes. The
RCS complexes were whole-mounted and incubated in Perm/ Block solution (0.2% Triton-X
100 and 0.3% BSA in PBS) at room temperature for 1 hour Then, it was incubated overnight at

4°C with primary antibodies against rabbit anti-zonula occludens (ZO)-1 (1:100, #61-7300,
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Invitrogen) and mouse anti-alpha- smooth muscle actin (a-SMA) (1:100, #ab18460-1, Abcam).
After washing with PBS, it was incubated at room temperature for 2 hours with secondary
antibodies (1:400, Alexa fluor 594 donkey anti-rabbit IgG; #A11012, Invitrogen, 1:400, Alex
Fluor 647 donkey anti-mouse IgG; #A31571, Invitrogen). After washing with PBS, it was
stained with Alexa fluor 488-conjugated phalloidin (1:200, #A12379, Invitrogen) at room

temperature for 2 hours After washing with PBS, it was counterstained with 10 mg/ mL 4°6-

diamidino- 2- phenylindole dihydrochloride (DAPI) (1:1000, #D9542, Sigma-Aldrich) at room
temperature for 15 minutes. After washing with PBS, the RCS complexes were mounted with
Fluoromount Aqueous Mounting Medium (#F4680, Sigma Aldrich) and observed under a

confocal microscope (Leica TCS STED, Leica Microsystem Ltd.).

4. Western blotting of RPE-choroid-scleral (RCS) complexes

For the western blot analysis, the RCS complexes isolated from enucleated eyes were put into
microcentrifuge tubes and lysed with RIPA buffer (50 mM Tris-HCI, 150 mM NaCl, 1% Triton
X-100, 1% sodium deoxycholic acid, 0.1% SDS containing complete protease, and phosphatase
inhibitor cocktails). The tubes were centrifuged (15 000 rpm, 20 minutes) to obtain supernatants
following sonication. Equal amounts of protein lysates (20 pg) were separated by
electrophoresis on 6%-10% of SDS-PAGE for 2 hours and transferred to nitrocellulose
membranes for 1 hour After blocking in 5% of BSA in TBST for 30 minutes, the membranes
were incubated overnight at 4°C with primary antibodies for ZO-1 (1:1000, #8193, Cell
Signaling Technology), E-cadherin (1:1000, #3195, Cell Signaling Technology), a-SMA
(1:1000, #ab5694, Abcam), and GAPDH (1:1000, #sc-25778, Santa Cruz Biotechnology Inc).
Then, the membranes were incubated with the respective secondary antibodies (1:5000, anti-
rabbit IgG-HRP conjugate; #31460, Thermo Fisher Scientific, 1:5000, anti-mouse IgG-HRP
conjugate; #31450, Thermo Fisher Scientific) for 2 hours at room temperature. The membranes
were incubated with chemiluminescent substrates (#34580, Thermo Fisher Scientific) and
exposed in ImageQuant LAS 4000 (GE Healthcare Life Sciences). The relative band intensity

was quantified using ImagelJ 1.42 software (National Institutes of Health, Bethesda, MD, USA).
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5. Cell culture

Adult retinal pigment epithelial cell line-19 (ARPE-19) cells were obtained from American
Type Cell Culture (ATCC; CRL2302) and maintained in DMEM/F-12 medium (a mixture of
Dulbecco's modified Eagle's minimum essential medium and Hank's Balanced salt solution,
HyClone, Thermo Fisher Scientific) supplemented with 10% of fetal bovine serum (FBS, Gibco,

Thermo Fisher Scientific), 100 U/ml of penicillin, and 100 pg/mL of streptomycin (HyClone).

6. Immunocytochemistry of APRE-19 cells
ARPE-19 cells grown on 18 mm coverslips were washed twice with PBS and fixed with 4% of

paraformaldehyde for 15 minutes at 37 C. Next, cells were permeabilized with 0.25% of Triton

X-100 for 5 minutes and blocked with 1% of BSA in PBS for 30 minutes. Incubation with
antibodies for Alexa fluor 488-conjugated phalloidin (1:100, #A12379, Invitrogen) or ZO-1

(1:50, #61-7300, Invitrogen), a-SMA (1:100, #ab18460- 1, Abcam) was performed overnight at
4°C followed by incubation with secondary antibody for 1 hour at room temperature in a dark

room. Cells were washed and counterstained with 1 pg/mL DAPI for 5 minutes. Fluorescence

images were obtained using a laser scanning confocal microscope (LSM800, Zeiss).

7. Western blotting of ARPE-19 cells

Western blot analysis was performed using following antibodies: anti-TGFp (1:250, #MAB1835,
R&D Systems), anti-phospho-ERK1/2 (1:1000, #4370, Cell Signaling Technology), anti-ERK 1/
2 (1:1000, #9102, Cell Signaling Technology), anti-phospho- 70S6K (1:1000, #9205, Cell
Signaling Technology), anti-70S6K (1:1000, #9202, Cell Signaling Technology), anti-phospho-
Smad3 (1:1000, #9520, Cell Signaling Technology), anti-Smad3 (1:1000, #9523, Cell Signaling
Technology), anti-o- SMA (1:1000, #ab5694, Abcam), anti-Collal (1:1000, #PAS5-29569,
Thermo Fisher Scientific), anti-PAI- 1 (1:1000, #PA5-27216, Thermo Fisher Scientific), anti-
Z0O- 1 (1:1000, #8193, Cell Signaling Technology), anti-E-cadherin (1:1000, #3195, Cell
Signaling Technology), anti-GAPDH (1:1000, #sc-25778, Santa Cruz Biotechnology Inc), anti-

rabbit IgG-HRP conjugate (1:5000, #31460, Thermo Fisher Scientific), and anti-mouse IgG-
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HRP conjugate (1:5000, #31450, Thermo Fisher Scientific). Protein intensity was quantified

using ImageJ 1.42 software (National Institutes of Health, Bethesda, MD, USA).

8. Measurement of ROS

ROS generation was detected by chloromethyl-H2-dichlorofluorescein diacetate (CM-H2DCF-
DA), which is rapidly oxidized to highly fluorescent 2,7-dichlorofluorescein (DCF) by
intracellular ROS. In brief, cultured ARPE-19 cells were treated with 5 pM working
concentration of CM-H2DCF- DA for 20 minutes at 37°C and rinsed with Krebs-Ringer
bicarbonate (KRB) solution (135 mM NaCl, 3.6 mM KCI, 2 mM NaHCO3, 0.5 mM NaH2PO4,
0.5 mM MgS0O4, 1.5 mM CaCl2, and 10 mM HEPES; pH 7.4). Fluorescence images
(excitation/emission: 490/535 nm) were captured using microscopy (IX81, Olympus) and the

intensity was analyzed by Metamorph 6.1 software (Molecular Devices, Sunnyvale, CA).

9. Statistics

Statistical analyses were performed using SPSS software version 22.0 (SPSS Inc, Chicago, IL,
USA). Experimental data were presented as mean =+ standard error of the mean. P values were
determined by the Mann-Whitney U test, Student's t tests or one-way ANOVA and Tukey's post

hoc tests for multiple groups.
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RESULTS

Intravitreal injection of TGF-p1 induces morphometric changes and EMT of the RPE.

To evaluate whether TGF-B1 induces structural changes of the RPE observed in aged RPE, we
intravitreally injected TGF-B1 or PBS into mouse eyeballs. The TGF-f1 injected RPE showed
typical stress fibers of F-actin, a specific finding for epithelial-mesenchymal transition (EMT)
three days after injection (Fig. 2.5A). TGF-B1 injected RPE also induces loss of ZO-1 and
increase of alpha-smooth muscle actin (a-SMA) (Fig. 2.5B and C).

Next, we examined senescence-like morphological alterations in the RPE in response
to intravitreal TGF-B1 treatment by analyzing confocal microscopy images. The average cell
area (361.12 + 354.19 um?) and its coefficient of variation (CV, 82.14% + 9.23%) in the TGF-
B1-treated RPE were higher than those of the PBS-treated control (224.79 + 64.05 um?, 26.39%
+ 5.78%; Fig. 2.6A). Furthermore, intravitreal TGF-f1 treatment also decreased cell density
(172522 + 176.45 cells/mm?) of RPE compared to that of PBS-treated control (2416.67 +
24433 cells/mm?; Fig. 2.6B). Taken together, these results suggest that intravitreal TGF-B1
treatment triggers EMT and morphometric changes to RPE, which are consistent with previous

observations in aged RPE (231, 234, 235, 254).

TGF-f1-mTORC1-NOX-ROS pathway regulates EMT in ARPE-19 cells.

To figure out the mechanism which intravitreal TGF-B1 induces pathogenic alterations in vivo,
we incubated human retinal pigment epithelial cell line (adult retinal pigment epithelial cell
line-19, ARPE-19) with TGF-B1, and examined the expression of signaling molecules involved
in EMT and fibrosis of RPE by western blot analysis. TGF-f1 treatment significantly increased
endogenous TGF-B1 expression, which reflects autocrine action of TGF-B1 via a positive
feedback loop. TGF-B1 treatment increased the phosphorylation of suppressor of mothers
against decapentaplegic 3 (Smad3), extracellular signal-regulated kinase 1/2 (ERK 1/2), and
ribosomal protein S6 kinase (p70S6K). We also observed increased expression of mesenchymal
markers, a-SMA, alpha-1 type I collagen (collagen lal), and plasminogen activator inhibitor-1
(PAI-1), while attenuated expression of the epithelial markers, E-cadherin, and ZO-1 (Fig. 2.7A

and B). ) )
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Figure 2.5. Intravitreal injection of TGF-B1 induces EMT of the RPE.

(A) Representative immunofluorescence images of retinal pigment epithelium (RPE) sheets
stained with anti-F-actin (green) and 4’6’-diamidino-2-phenylindole (DAPI, blue) showing that
intravitreal transforming growth factor-beta 1 (TGF-B1) injection induces formation of F-actin
stress fibers of the RPE layer. Separated individual x-y (left, each group) and x-z confocal

sections (right, each group) of the same field, representing the central (upper level of the
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nucleus) and basal (lower level of the nucleus) aspects of the RPE. Scale bar = 50 pm.

(B) Representative immunofluorescence images of RPE sheets stained for epithelial-
mesenchymal transition (EMT) markers; zonula occludens-1 (ZO-1, red), F-actin (green), alpha-
smooth muscle actin (a-SMA, pink). Scale bar = 20 pm.

(C) Quantification analysis for EMT markers in RPE sheets. The bar graph shows the
percentage of cells with intact ZO-1, stress fiber, and relative fluorescence intensity of the a-
SMA in the RPE. All quantitative data were analyzed with NIH ImagelJ software, and each value
represents the mean + standard error of the mean (SEM) (n = 6 mice for each data set). *P <

0.01 by Student's t test.
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Figure 2.6. Intravitreal injection of TGF-B1 induces morphometric changes of the RPE.
(A) Representative immunofluorescence images of retinal pigment epithelium (RPE) sheets
stained with zonula occludens-1 (ZO-1, red) to evaluate morphometric measurements of RPE.
Each value indicates the mean + standard error of the mean (SEM) (n = 6 mice for each data set).
*P < 0.01 by Student's t test. Scale bar =20 pum.

(B) Representative immunofluorescence images of RPE sheets co-stained with anti-ZO-1 (red)
and anti-F-actin (green) to evaluate cell density. We counted the RPE cells, which could only
distinguish all cell boundaries in the randomly selected sampling box (100 x 100 pwm). Asterisks
indicate RPE cells that met the aforementioned condition. Each value indicates the mean + SEM

(n = 6 mice for each data set). *P < (.01 by Student's t test. Scale bar = 20 pm.
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Figure 2.7. The TGF-$1-mTORC1-NOX-ROS pathway regulates EMT in ARPE-19 cells.
(A-B) Representative western blot data showing the expression of transforming growth factor

beta-1 (TGF-B1), total (t) and phosphorylated (p) suppressor of mothers against decap_e!ntapleglc .
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3 (Smad3), extracellular signal-regulated kinase 1/2 (ERK 1/2), and ribosomal protein S6 kinase
(S6K), E-cadherin, zonula occludens-1 (ZO-1), alpha-smooth muscle actin (a-SMA),
plasminogen activator inhibitor-1 (PAI-1), alpha-1 type I collagen (collagen 1al), and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in different treatment groups. 5-
aminoimidazole-4-carboxamideribonucleotide (AICAR, 500 uM) or GKT137831 (50 nM) were
pretreated before TGF-B1 treatment (1 ng/ml for 48 hours). Quantitative analysis using
densitometry was performed by measuring protein expression relative to the loading control
(GAPDH). Each value represents the mean + standard error of the mean (SEM). *P < 0.01 by
by Mann-Whitney U test.

(C) Representative immunofluorescence images stained with anti-zonula occludens-1 (ZO-1),
anti-F-actin, anti-alpha-smooth muscle actin (a-SMA) in adult retinal pigment epithelial cell
line-19 (ARPE-19) cells after 24 hours of stimulation with transforming growth factor beta-1
(TGF-B1, 1 ng/ml) with or without 5-aminoimidazole-4-carboxamideribonucleotide (AICAR,

500 uM) or GKT137831 (50 nM). Scale bar =20 pm.

* Figure 2.7 data was prepared by Soo-Jin Kim and Professor Kyu-Sang Park.
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To evaluate TGF-B1-induced EMT, ARPE-19 cells were stained with anti-ZO-1, anti-F-actin, or
anti-o-SMA antibodies. Immunostaining data revealed that TGF-B1 downregulated ZO-1
expression in the epithelial membrane and upregulated F-actin stress fiber and a-SMA
expression in the cytosol, similar to the findings in intravitreal TGF-B1 injected RPE tissue (Fig.
2.7C). Furthermore, to investigate whether TGF-B1 treatment generated oxidative stress, we
treated APRE-19 cells with a fluorescent dye, 2°,7’-dichlorodihydrofluorescein diacetate (DCF-
DA), and measured fluorescence intensity reflecting cytosolic reactive oxygen species (ROS).
We found that TGF-B1 treatment significantly stimulated the generation of intracellular ROS
(Fig. 2.8).

Next, we pretreated ARPE-19 cells with 5-aminoimidazole-4- carboxamide
ribonucleotide (AICAR), an adenosine monophosphate-activated protein kinase (AMPK)
activator, which is known to suppress mTOR activation, or nicotinamide adenine dinucleotide
phosphate (NADP) oxidase 1/4 (NOX1/4) inhibitor, GKT137831 to evaluate the effect on EMT
of RPE by inhibiting TGF-B1 signaling or by inhibiting NOX4, respectively. Pretreatment with
AICAR or GKT137831 not only inhibited endogenous TGF-B1 upregulation but also blocked
activation of TGF-Bl-related mediators, including Smad3, ERK1/2, and p70S6K. Moreover,
AICAR or GKT137831 abrogated all the pathogenic alterations triggered by TGF-B1, including
loss of epithelial markers, upregulation of mesenchymal markers (Fig. 2.7A-C), and ROS
generation (Fig. 2.8). These results provide evidence that the ERK1/2-mTORCI1-NOX-ROS

pathway is critically involved in TGF-B1- induced EMT and structural changes in RPE cells.

Blockade of the mTORCI1-NOX pathway ameliorates EMT and protects morphometric
changes of the RPE induced by intravitreal TGF-f1 injection.

To investigate the protective effect of AICAR or GKT137831 against EMT of the RPE tissue in
vivo, we intravitreally injected AICAR (500 uM/eye) or GKT137831 (50 uM/eye) alongside
TGF-B1 (200 ng/eye). We observed that cotreatment with AICAR or GKT137831 remarkably
reduced the stress fiber stained with F-actin and a-SMA but increased intact ZO-1 expression
(Fig. 2.9A). We further conducted western blot analyses of the RCS complex, showing that
AICAR or GKT137831 treatment prevented TGF-f1-induced EMT, inhibiting downregulation

of ZO-1 and E-cadherin, and upregulation of a-SMA (Fig. 2.9B).
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Figure 2.8. The TGF-f1-mTORC1-NOX-ROS pathway regulates ROS production.

(A) Representative fluorescence images of intracellular reactive oxygen species (ROS) in
ARPE-19 cells and quantitative analysis of intracellular ROS using 2’°, 7’-dichlorofluorescein
(DCF) dye. Scale bar = 100 pm. Each value represents the mean + standard error mean (SEM).

*P <0.01, obtained using one-way ANOVA and Tukey’s post-hoc tests.

* Figure 2.8 data was prepared by Soo-Jin Kim and Professor Kyu-Sang Park.
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Figure 2.9. Blockade of the mTORC1-NOX pathway ameliorates EMT of the RPE induced

by intravitreal TGF-B1 injection.

(A) Representative confocal immunofluorescence images by groups stained with epithelial-
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mesenchymal transition (EMT) markers: zonula occludens-1 (ZO-1, red), F-actin (green), alpha-
smooth muscle actin (a-SMA, pink). Scale bar = 50 um. Treatment groups were dosed with 5-
aminoimidazole-4-carboxamideribonucleotide (AICAR, 500 pM) or GKT137831 (50 uM/eye)
along with transforming growth factor beta-1 (TGF-B1, 200 ng/eye). Quantitative analysis of
EMT markers in RPE tissues shows the percentage of cells with intact ZO-1, stress fiber, and
relative fluorescence intensity of a-SMA in the RPE tissue. All quantitative data were analyzed
with NIH Imagel software. Each value indicates the mean =+ standard error of the mean (SEM)
(n = 8 mice for each data set). *P <0.01 by one-way ANOVA and Tukey's post hoc tests.

(B) Western blot analysis of retinal pigment epithelium-choroid-scleral complex treated with
intravitreal phosphate buffer saline or treatment materials (TGF-B1 alone, TGF-1 with AICAR,
TGF-B1 with GKT137831). Expression of EMT markers (ZO-1, E-cadherin, and a-SMA) and a
loading control (glyceraldehyde 3-phosphate dehydrogenase, GAPDH) was analyzed. Intensity
values of densitometry were normalized relative to control values. Each value indicates the

mean = SEM. *P < 0.01, **P <0.001 by one-way ANOVA and Tukey's post hoc tests.
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To confirm the protective effect of AICAR or GKT137831 on morphometric changes
of the RPE, we analyzed immunofluorescence staining images stained with ZO-1 and F-actin by
confocal microscopy. AICAR or GKT137831 cotreatment rescue the cell area and its coefficient
of variation induced by TGF-B1 treatment (Fig. 2.10A). Furthermore, AICAR or GKT137831
cotreatment showed protective effect against the reduction of cell density induced by TGF-p1
treatment (Fig. 2.10B). Taken together, these results suggest that AICAR or GKT137831
treatment attenuated EMT and morphometric changes of RPE induced by intravitreal TGF-B1

injection.
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Figure 2.10. Blockade of the mTORC1-NOX pathway protects morphometric changes of
the RPE induced by intravitreal TGF-p1 injection.

(A) Representative images of retinal pigment epithelium (RPE) sheets stained with zonula
occludens-1 (ZO-1, red), F-actin (green) to evaluate morphometric changes.

Randomly selected sampling box (100 x 100 pm) images were collected and analyzed of cell
area, coefficient of variation, and cell density. Each value indicates the mean + SEM. *P < 0.01,

**P < 0.001 by one-way ANOVA and Tukey's post hoc tests.
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DISCUSSION

In this study, we confirmed that intravitreal TGF-B1 injection triggers morphometric changes
and EMT in the RPE during normal aging and AMD. We found the ERK1/2-mTORC1- NOX-
ROS pathway is crucially involved in the TGF-B1-induced EMT of the RPE. Blockade of this
pathway attenuates EMT and improves the regularity of the RPE structure in vitro and in vivo.

RPE is essential for maintaining homeostasis of the visual sensory system by
supporting the neuronal retina and choroid, regulating metabolic transport, participating in the
visual cycle, secreting cytokines, chemokines, and growth factors, and forming the outer blood-
retinal barrier (177, 254). During the aging process, one of the phenotypic changes is the
acceleration of EMT in the RPE. EMT is characterized by the loss of intercellular junctions,
switching to a mesenchymal phenotype with cytoskeleton rearrangement (255). We
demonstrated that intravitreal TGF-B1 injection mimicked age-related morphometric changes in
RPE tissues, including structural alterations and EMT (Fig. 2.5 and 2.6). These findings suggest
the possibility of establishing a screening model that reflects the phenotype observed in aging
and age-related retinal diseases, which may be useful for the development of therapeutic
strategies against AMD, DR, and proliferative vitreoretinopathy.

As RPE ages, the decline in antioxidant activity and the ability to decrease intracellular
ROS can induce endogenous TGF-f3 expression (255, 256). Interestingly, the downstream effect
of TGF-B1 is NOX4-mediated ROS production, comprising a feed-forward activation loop via
oxidative stress-mediated TGF-B1 upregulation, leading to the amplification of TGF-B1-
mTORC1-NOX4-ROS signaling, which promotes the EMT of the RPE (257). The pathological
consequences are evident in previous reports showing that abnormal activation of the mTORC1
pathway or ROS production correlates with EMT in aged RPE cells (255, 258, 259). In this
regard, we employed a strategy involving the activation of AMPK using AICAR and blockade
of NOX activity and ROS generation using GKT137831 to examine the pathogenic roles of
mTORCI1 and NOX signaling in the development of structural changes and EMT in RPE.

AMPK not only interferes with upstream mTOR signaling in TGF-B signaling,

including Smad3 and ERKI1/2 phosphorylation (260, 261), but also decreases TGF-§
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transcription, leading to a reduction in its serum concentration (262). Meanwhile, the
upregulation of NOX4 is an essential mechanism underlying TGF-B1- induced oxidative stress,
leading to the EMT of the RPE (257). In this study, we demonstrated that AICAR and
GKT137831 protected against structural alterations in RPE tissue induced by intravitreal TGF-
B1 injection in vivo and by incubating ARPE-19 cells with TGF-B1 in vitro. It is noteworthy that
both AMPK activation and NOX inhibition prevented upstream and downstream signaling of
TGF-B1 and endogenous TGF-B1 expression. These results imply that blocking any step in this
amplifying loop could be similarly effective for attenuating EMT and morphometric changes in
the RPE. These findings may play an important role in the development of an effective
therapeutic strategy aimed at inhibiting TGF-f signaling.

In this study, we focused on reflecting the partial phenotypes observed in aged RPE
and AMD, such as morphometric changes and EMT of the RPE. However, there are certain
limitations to our study. First, the concentration of TGF-B1 is much higher than pathogenic
concentrations in the eyes of patients with AMD (244, 245). Second, our TGF-B1-induced
experimental model was applied for a short period (three days) and a single injection. Therefore,
this acutely induced RPE injury model dose not fully reflect the various pathophysiological
features of AMD, considering that AMD is a multifactorial disease that develops over years or
decades. Therefore, we require attention that this model is not a disease model but more suitable
as a screening model for AMD therapeutics.

In conclusion, intravitreal TGF-B1 injection effectively induced morphometric changes
and EMT in the RPE in vivo, mimicking the status of the epithelium in aged RPE and AMD.
Furthermore, AICAR and GKT137831 ameliorated morphometric changes and EMT in RPE
induced by TGF-B1 treatment. Thus, we suggest that intravitreal TGF-f1 injection can be a
useful experimental tool for studying morphometric changes and the EMT of the RPE. From the
perspective that structural changes and cell functions are closely connected, regulation of the
mTORC1-NOX-dependent ROS pathway may be a potential therapeutic target to guard against

functional alterations observed in aged RPE and AMD.

115 o 2T}



CHAPTER 3-1

Regulation of Corneal Neovascularization in Dry Eye
Disease via Subconjunctival NK1R Antagonist

Injection
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INTRODUCTION

Dry eye disease (DED) is a multifactorial disorder of ocular surface that causes visual
disturbances and ocular discomfort (67). Among various factors, inflammation and immune
responses play an important role in the pathogenesis of DED. Notably, a unique form of
selective corneal lymphangiogenesis without associated hemangiogenesis has been reported in
DED in the experimental and clinical settings (69, 70). This growth of lymphatic vessels into
the cornea acts as an afferent arm, which facilitates the migration of mature antigen-presenting
cells (APCs) to the regional lymph nodes (RLNs), followed by the activation of effector T
helper type 1 (Thl) cells and Th17 cells (71, 263, 264).

Substance P (SP) is an 11-amino acid neuropeptide produced by neuronal and
inflammatory cells. SP exerts its inflammatory and immunological activities via the high-
affinity neurokinin-1 receptor (NK1R) (76, 77). The cornea is densely innervated by sensory
nerves originating from the trigeminal ganglion, which produce various neuropeptides,
including SP, neuropeptide Y, calcitonin gene-related peptide, and vasoactive intestinal peptide
(72, 265). Although the pathogenic mechanisms remain unclear, SP promotes corneal
hemangiogenesis following inflammation not only in alkali burn or suture models but also in a
co-culture system of trigeminal ganglion isolated from mice with DED and vascular endothelial
cells in vitro (78, 266). Furthermore, SP involves the maturation of APCs in the cornea, as well
as activation of Th17 cells in the conjunctiva and RLNs (267).

Corneal lymphangiogenesis is an essential finding in the pathogenesis of DED related
to ocular surface immunity disruption (69, 71, 268). Although vascular endothelial growth
factor C and D (VEGF-C and VEGF-D)/VEGF receptor 3 (VEGFR3) is generally regarded as
the principal inducer of corneal lymphangiogenesis, it has been reported that the SP/NK1R
system can also induce corneal lymphangiogenesis in diverse corneal inflammatory conditions
(78, 79). However, to the best of our knowledge, no study has evaluated the efficacy of blocking
the SP/NK1R system to regulate corneal lymphangiogenesis in DED.

In this study, we evaluated the role of the SP/NKIR system in the regulation of
pathologic corneal lymphangiogenesis and investigated the mechanism by which SP promotes
lymphangiogenesis using human dermal lymphatic endothelial cells (HDLECs) and ? gon_t_rplled
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environment chamber (CEC)-induced dry eye mouse model.

118 R kg ki



MATERIALS AND METHODS

1. Cell culture

Human dermal lymphatic microvascular endothelial cells (HDLECs) were obtained from Lonza
(#CC-2810, HMVEC-dLyAd) and maintained in endothelial basal medium-2 (EBM-2, #CC-
3156, Lonza) supplemented with EGM-2 MV BulletKit (#CC-3125, Lonza), and 7-10 passages

were used for experiments.

2. Immunocytochemistry

HDLECSs grown on eight chamber culture slides (1 x 10* cells/well, # 30108, SPL) were rinsed
twice with phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde for 15
minutes at room temperature (RT). Next, cells were permeabilized with 0.25 % Triton X-100
for 5 min and blocked with 1 % BSA in PBS for 30 min. Incubation with antibodies for NK1R
(1:100), lymphatic vessel endothelial hyaluronan receptor-1 (LYVE-1) (1:100) was performed
overnight at 4 °C followed by incubation with secondary antibody for 1 hour at room
temperature in a dark room. Fluorescence images were obtained using a confocal microscope

(Leica TCS STED, Leica Microsystem Ltd.).

3. Western blotting

Western blot analysis was performed using following antibodies: anti-VEGFR3 (1:1000), anti-
GAPDH (1:1000), anti-rabbit IgG-HRP conjugate (1:5000), anti-mouse IgG-HRP conjugate
(1:5000). The protein intensity was quantified using ImageJ 1.53c software (National Institutes

of Health, Bethesda, MD, USA).

4. Proliferation assay

HDLECs (5 x 10° cells) were seeded into each well of 96-well plates with 100 uL of EBM-2
containing 2 % (v/v) FBS. After incubation for 24 h, cells were treated with or without 1 uM SP
(#05-23-0600, Calbiochem) alone, 1 uM SP with 10 pM NKI1R antagonist (L733,060, #1145,
Tocris Bioscience), 10 uM NKI1R antagonist alone for 48 hours. Then, the medium was

exchanged and added 10 pL. of WST-1 solution (#EZ-1000, Daeil Lab Service Co. Ltd). _Afterl:
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incubation for 2 hours, absorption at 450 nm was measured using a microplate

spectrophotometer (Molecular Devices, Sunnywale, CA, USA).

5. Tube formation assay
HDLECs (1 x 10° cells) were plated on 35 mm dishes and cultured in media with or without
treatment material for 5 hours. Tube formation image was captured and quantitatively analyzed

by calculating number of tube junctional node in randomly selected fields.

6. Cell migration assay
HDLECs (5 x 10° cells) were plated on 35 mm dishes and incubated with media and wounded
with a pipette tip. After incubation with or without treatment material for 24 hours, the degree of

migration was quantified by analyzing percentage of wound closure using NIH ImagelJ software.

7. NK1R inhibition with siRNA transfection and gel electrophoresis of PCR products

siRNA targeting NK1R was chemically synthesized and purified in the 2’-deprotected and
desalted form (Bioneer). Negative control siRNA (Bioneer) was used as a control for
comparison. The  sequences of human NKIR siRNA  pair were 5’-
CGUAGUGGGAAUCACACUATT-3’ and 5’-UAGUGUGAUUCCCACUACGTT-3’ and the
sequences of control siRNA pair were 5’-CUAUCAAGUGUCUCGUUGUTT-3’, 5’-
ACAACGAGACACUUGAUAGTT’3’. Human dermal lymphatic endothelial cells (HDLECs)
were 50-70% confluent on the day of transfection. Lipofectamine 3000-siRNA was prepared
with the commercial Lipofectamine 3000 Transfection Reagent (Invitrogen) according to the
instruction. After 48 h incubation time, the cells were lysed in RNA isolation reagent (trizol
reagent, #15596026, Invitrogen). Equal amounts of RNA from each sample were used to
synthesize double-stranded cDNA by reverse transcription (High Capacity RNA-to-cDNA Kit,
#4388950, Applied Biosystem). The PCR was done using NK1R, VEGFR3, and B-actin primers.
Primers sequences: NKIR (185 bp), 5’-CATTGTGGTGACCTCTGTGG-3" (sense) and 5°-
ACAGGCCGTAGTACCATTCG-3’(anti-sense), VEGFR3 (529 bp), 5’-TGCGAATACCTGTC
CTACGATGC-3’ (sense) and 5’-CTTGTGGATGCCGAAAGCGGAG-3’(anti-sense), and B-

; %
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actin (513 bp), 5’-GTGCTATCCCTGTACGCCTC-3" (sense) and 5’-AATGCCAGGG
TACATGGTGG-3" (anti-sense). RT-PCR was performed under these reactions: initial
denaturation in one cycle at 95°C for 15 minutes followed by 45 cycles of thermal degeneration
at 95°C for 30 seconds, annealing at 60°C for 1 minute, and elongation reaction at 72°C for 1
minute. Then, gel electrophoresis of PCR products (2% agarose in 1 X TAE, electrophoresis
running condition: 100 V, 30 minutes) was done and exposed in ImageQuant LAS 4000 (GE

Healthcare Life Sciences).

8. Mice

Eight to ten-week-old C57BL/6J female mice maintained in a specific pathogen-free facility in
the Seoul National University, which were purchased from Central Laboratory (Seoul, Korea).
All animal experiments in this study were approved by the Seoul National University Animal
Care and Use Committee and conducted in strict agreement with the guidelines of the
Association for Research in Vision and Ophthalmology Statement. The mice were fully
anesthetized by inhalation of 4% of isoflurane (Ifran™; Hana Pharm, Seoul, Korea) with oxygen

in the chamber (0.5—1L/minute, flow rate).

9. Experimental dry eye mouse model

Dry eye was induced by housing the mice in the controlled environmental chamber (CEC),
allowed for a relatively low humidity (<25 %), continuous regulation of airflow, and constant
temperature of 21°C-23°C for 14 or 21 days. To avoid possible compounding effects in terms
of immunopathogenesis of DED, subcutaneous scopolamine, which attenuates Th17 activity and
enhances Th2 and Treg responses (269), was not administered as previously reported (266, 267).

The room air control group mice were housed in room air conditions.

10. Corneal disepithelization model
Experimental corneal disepithelization model was generated in the right eyes of ten-week-old
C57BL/6J female mice. The mice were fully anesthetized by intraperitoneal injection using the

mixture (3:1 ratio, I mL/Kg) of zolazepam and tiletamine (Zoletil 50, Virbac) and xylazine
b
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(Rompun, Bayer Korea). The whole corneal epithelium was scraped with a blunt spatula with
care taken to avoid limbal blood vessels. After the debridement, the eyes were rinsed with saline,
and applied a topical 0.5% levofloxacin (Cravit®, Santen). The topical 0.5% levofloxacin was

applied one time per day for the 7 days to minimize infection.

11. Corneal fluorescein staining (CSF) and phenol red thread test

To examine CFS, 0.7 pL of 2.5% fluorescein was gently applied into the lateral conjunctival sac
of the mice, and after 3 minutes, corneas were observed with a slit-lamp microscope (Leica
Microsystems, Ltd.) under cobalt blue light. Punctuate epithelial staining was recorded in a
masked manner according to the standard National Eye Institute grading system (Bethesda,
MD) of 0-3 to each of five areas of the cornea, and scores of five areas were added to calculate
a final grade (total, 15 points). The amount of tears was measured with the phenol red thread
tear test using cotton threads (PRT-TEST, Tianjin Jingming New Technological Development
Co., Ltd.) on days 0, 3, 7, 13 at the same time point of the day (1 p.m.). Briefly, the lower eyelid
of mice was pulled down gently, and a 1 mm portion of the thread was inserted in the lateral
conjunctival sac. Each eye in two groups (control and experimental group) was tested with the

eyes open for 15 seconds. The portion of thread stained with red was measured in millimeters.

12. Subconjunctival injection of NK1R antagonist in experimental dry eye mouse model

A total of 6.6 pg/5 puL of L733,060 (NK1R antagonist) for the DED treatment group or 5 pL of
phosphate-buffered saline (PBS) for DED control group was administered through
subconjunctival injection with microliter syringe with 34 gauge beveled needle (Hamilton
Bonaduz AG, Bonaduz, Switzerland) under inhalation anesthesia at every 48—72 hours from day

0 to day 14 of DED induction by CEC. (Subconjunctival injection time: day 0, 2, 4, 7,9, 11, 14).

13. Subconjunctival injection of siNK1R and NK1R antagonist in corneal disepithelization
model
Negative control siRNA (20 uM/5 pL), siNK1R (20 uM/5 uL), or NK1R antagonist (6.6 ug/5

pL, L733,060) were administered through subconjunctival injection with microliter syringe with
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34 gauge beveled needle (Hamilton Bonaduz AG, Bonaduz, Switzerland) under anesthesia at
day 0, 2, 5 after corneal disepithelization injury. The sequences of siNKIR pair were
5’-CUCUGACUGAAUAUGUCUATT-3’, 5’-UAGACAUAUUCAGUCAGAGTT-3’. The
sequences of control siRNA pair were 5’-CUAUCAAGUGUCUCGUUGUTT -3°, 5’-ACAAC

GAGACACUUGAUAGTT’3".

14. Immunohistochemistry and morphometry

Prepared whole-mounted corneas were rinsed in PBS and fixed by ice-chilled mixture of
acetone and methanol (1:1) for 10 minutes at room temperature. After washing with the PBS,
whole-mounted corneas were incubated in Perm/ Block solution (0.2% Triton-X 100 and 0.3%
bovine serum albumin in PBS) at room temperature for 30 minutes. Immunohistochemistry was
performed using following antibodies: anti-CD31 (1:200) and anti-LYVE-1 (1:200), Alexa

Fluor 488 goat anti-rabbit IgG (1:400), Alex Fluor 594 goat anti-rat IgG (1:400).

15. RNA extraction and quantitative real time PCR

The cornea and conjunctiva were lysed in RNA isolation reagent (trizol reagent, #15596026,
Invitrogen) and homogenized using a probe sonicator (Branson 450 Digital Sonifier, Emerson.,
Danbury, CT, USA). Equal amounts of RNA from each sample were used to synthesize double
stranded cDNA by reverse transcription (High Capacity RNA-to-cDNA Kit, #4388950, Applied
Biosystems). The cDNA was analyzed by realtime PCR (Step one plus, Applied Biosystems,
USA) for the following cytokines: Tacl (Tagman Gene Expression Assays ID,
MmO01166996 ml), VEGF-C (Mm00437310 ml), VEGF-D (Mm00438965 ml), and
VEGFR3 (Mm00433337 ml). GAPDH (Mm99999915 g1) was used for normalization of gene

expression.

15. Statistical analysis
Statistical analyses were performed using SPSS software version 22.0 (SPSS Inc., Chicago, IL,
USA). Experimental data were presented as mean + standard error of the mean (SEM). P values

were determined by the multiple groups.
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RESULTS

Lymphangiogenesis is induced in the originally avascular cornea by the conditions which
can cause dry eye in the mice.

We utilized a controlled environmental chamber (CEC) that can induce desiccated conditions
via compressed air with an adjustable temperature-dehumidifier to confirm corneal
lymphangiogenesis in dry eye disease (DED) mouse model. Next, the corneas were mounted
and stained with anti-cluster of differentiation 31 (CD31) and anti-lymphatic vessel endothelial
hyaluronan receptor 1 (LYVE1) antibodies at day 0 (control), 7, 14, and 21 after induction of
dry eye (Fig. 3.1A). The area of corneal lymphatics significantly increased at day 21 after dry
eye induction compared to the control cornea (Fig. 3.1B). These results suggest that CEC-

induced desiccating stress-induced lymphangiogenesis in the cornea.

SP/NKI1R system promotes lymphangiogenesis of lymphatic endothelial cells in vitro.
To evaluate whether substance P/neurokinin-1 receptor (SP/NK1R) system regulates corneal
lymphangiogenesis, we first incubated human dermal lymphatic endothelial cells (HDLECs)
and conducted immunocytochemistry and real-time polymerase chain reaction (RT-PCR) to
determine the expression of NKIR in the HDLECs. We confirmed NKIR expression in
HDLECs (Fig. 3.2). Thereafter, we performed angiogenic assays (proliferation assay, tube
formation, and migration assay) of HDLECs to examine the lymphangiogenic effect of SP (1
uM) and NKIR antagonist (10 pM, L733,060). SP treatment promoted the HDLECs
proliferation compared to that in control, which was significantly ameliorated by co-treatment
of NKIR antagonist (Fig. 3.3). Furthermore, tube formation of HDLECs was markedly
increased in the average number of branching points with SP treatment, which was significantly
inhibited by NKI1R antagonist (Fig. 3.4). In migration assay, VEGF-C (10 ng/ml) significantly
induced migration of HDLECs, whereas SP and additional NK1R antagonist had minimal effect
on HDLECs migration compared to control (Fig. 3.5).

To uncover the mechanism through which exogenous SP treatment induces

lymphangiogenic alteration in vitro, we incubated HDLECs with SP and/or NK1R antagonist
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Figure 3.1. Corneal lymphangiogenesis is induced by housing mice in desiccating
conditions by CEC.

(A) Representative immunofluorescence images of whole-mounted cornea stained with anti-
cluster of differentiation 31 (CD31, red) and anti-lymphatic vessel endothelial hyaluronan
receptor 1 (LYVEI, green) antibodies of control group and dry eye group on day 7, 14, and 21
following dry eye induction by controlled environmental chamber (CEC, upper set), their mask
images of lymphatics automatically generated by the custom-designed macro of ImageJ (middle
set), and merged shole-mounted and mask images (lower set).

(B) Box plot of the area of lymphatic vessels in corneal boundary by period. Each value

indicates the mean =+ standard error of the mean (SEM) (n = 7-8 mice for each data set). *P <
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0.05 by one-way ANOVA and Tukey's post hoc tests.

* Figure 3.1 data was prepared by Professor Sang-Mok Lee.
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Figure 3.2. The expression of NK1R in the HDLECs.

(A) Representative image of immunocytochemistry of human dermal lymphatic endothelial
cells (HDLECSs) stained with anti-cluster of differentiation 31 (CD31, red) and anti-lymphatic
vessel endothelial hyaluronan receptor 1 (LYVEIL, green), 4’6’-diamidino-2-phenylindole
(DAPI, blue) showing that neurokinin-1 receptor (NK1R) is expressed in HDLECs. Scale bar,
10 pm.

(B) The mRNA expression level of NK1R and beta-actin (B-actin) in HDLECs identified by gel
electrophoresis of polymerase chain reaction products extracted from HDLECs. bp, base pair; M,

marker.
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Figure 3.3. Inhibitory effect of NK1R antagonist on SP-induced proliferation of HDLECs.

(A) Human dermal lymphatic endothelial cells (HDLECs) were treated with substance P (SP)
alone, SP with neurokinin-1 receptor (NK1R) antagonist (L733,060), NK1R antagonist alone, or
medium only for 48 hours. Cell proliferation was evaluated with WST-1 assay. Each value

indicates the mean + standard error of the mean (SEM) (n = 3 for each data set).
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Figure 3.4. Inhibitory effect of NK1R antagonist on SP-induced tube formation of HDLECs.
(A) Human dermal lymphatic endothelial cells (HDLECs) were treated with substance P (SP)
alone, SP with neurokinin-1 receptor (NK1R) antagonist (L733,060), NK1R antagonist alone, or
without treatment material. Tube formation was photographed at 5 hours and quantified as the
average number of branching point. Each value indicates the mean =+ standard error of the mean
(SEM) (n = 5 for each data set). *P < 0.05, **P < 0.01 by one-way ANOVA and Tukey's post

hoc tests. Scale bar, 100 um.

* Figure 3.4 data was prepared by Sang-Taek Im and Professor Sang-Mok Lee.

129 i f‘ﬂ L2 Eﬂ :



Control VEGF-C sP SP+L733,060 L733,060

Wound closure (% of control)

X
%
%

Figure 3.5. Migration assay of HDLEC:.

(A) Migration of human dermal lymphatic endothelial cells (HDLECs) when cultured with
vascular endothelial growth factor C (VEGF-C), substance P (SP) alone, SP with neurokinin-1
receptor (NK1R) antagonist (L733,060), NK1R antagonist alone, or without treatment material.
The migration of HDLECs was photographed at 0 hour and 24 hours and quantified. Each value
indicates the mean + standard error of the mean (SEM) (n =5 for each data set). *P < 0.05, **P

< 0.01 by one-way ANOVA and Tukey's post hoc tests. Scale bar, 100 um.
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and evaluated the vascular endothelial growth factor receptor 3 (VEGFR3) expression, which is
the main regulatory receptor of corneal lymphangiogenesis by western blot analysis. SP
treatment significantly increased endogenous VEGFR3 expression, which was inhibited by co-
treatment of NK1R antagonist (Fig. 3.6). We incubated HDLECs and transfected HDLECs with
NKIR-targeted siRNA under incubated with or without SP to exclude the off-target effect of
NKIR antagonist on the regulation of VEGFR3 expression. Transfection with NK1R-targeted
siRNA dose-dependently reduced NKI1R mRNA expression and knockdown of NKIR
significantly suppressed SP-induced upregulation of VEGFR3 expression (Fig. 3.7A).
Furthermore, knockdown of NKIR as well as NKIR antagonist successfully inhibited SP
treatment-induced tube formation. (Fig. 3.7B). Taken together, these findings provide evidence
that SP/NK1R system promotes proliferation and tube formation of lymphatic endothelial cells

in vitro, possibly through the regulation of the expression of VEGFR3.

NKI1R blockade suppresses pathological corneal lymphangiogenesis and improves clinical
signs of dry eye in vivo.

To further figure out the effect of SP signaling blockade in the corneal lymphangiogenesis in
vivo, we used established a CEC-induced dry eye mouse model and administrated PBS (5 pL,
control group) or NKIR antagonist (6.6 ug/5 ulL, L733,060, treatment group) through
subconjunctival injection under inhalation anesthesia at every 48-72 hours from day 0 to day 14
after DED induction. Fourteen days following DED induction, we prepared isolated corneal
tissues and performed immunofluorescence staining with antibodies specific for vascular
endothelial cells (CD31) and lymphatic endothelial cells (LYVE-1). We found that NKI1R
antagonist treatment significantly reduced the lymphatic areas progressed toward the center of
cornea compared to those in PBS treated control group, confirmed by reduction of LYVE-1
expression (Fig. 3.8). Furthermore, we conducted corneal fluorescein staining and phenol red
thread test, which reflects corneal epithelium damage and tear volume, respectively. NK1R
antagonist treatment partially inhibited the increased punctate corneal epithelial damage and
maintained tear volume at 13 days after dry eye induction (Fig. 3.9).

To exclude off-target effect of NK1R antagonist, we performed an inhibition test of
T Fat 1 |
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Figure 3.6. SP/NKIR system induces VEGFR3 overexpression in HDLECs related to
lymphangiogenesis.

(A) Representative western blot data of human dermal lymphatic endothelial cells (HDLECs),
showing expression of vascular endothelial growth factor receptor 3 (VEGFR3) and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in different treatment groups.
Quantitative analysis using densitometry was performed by measuring protein expression
relative to the loading control (GAPDH). Each value represents the mean + standard error of the

mean (SEM). *P < 0.05, **P < 0.01 by one-way ANOVA and Tukey's post hoc tests.
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Figure 3.7. The effect of siRNA knockdown of NK1R on lymphatic endothelial cells in vitro.
(A) Human dermal lymphatic endothelial cells (HDLECs) were transfected with negative
siRNA (control siRNA) or neurokinin-1 receptor (NK1R) targeted siRNA (siNK1R, 20 nM and
40 nM) with or without substance P (1 uM). The mRNA expression level of NK1R, vascular
endothelial growth factor receptor 3 (VEGFR3), and beta-actin (B-actin) in HDLECs were
identified by gel electrophoresis of polymerase chain reaction (PCR) products extracted from
HDLEC:.

(B) Representative images of tube formation assay with treatment material (SP [1 uM] alone, SP
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with siNK1R [40 nM], SP with L733,060 [10 uM]) or without treatment material. The images
were photographed at 5 hour and quantified as the average number of branching point.
Quantitative value represents the mean =+ standard error of the mean (SEM). *P<0.05, **P<0.01

by one-way ANOVA and Tukey’s post hoc test. Scale bar = 100 um.
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Figure 3.8. The blockade of NK1R ameliorates pathological corneal lymphangiognenesis of
dry eye in vivo.

(A) Representative immunofluorescence images of the cornea stained with anti-cluster of
differentiation 31 (CD31, red) and anti-lymphatic vessel endothelial hyaluronan receptor 1
(LYVEL, green) and quantification of lymphatic area covered with LYVE-1 in the cornea at 14
days after induction of dry eye using CEC. Each value represents the mean + standard error of
the mean (SEM, n=9 mice for each group set). *P < 0.05 by Mann-Whitney U test. Scale bar,

500 pm.

* The quantitative analysis of Figure 3.8 data using ImageJ program was helped by Professor

Sang-Mok Lee.
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Figure 3.9. The blockade of NK1R improves clinical sings of dry eye in vivo.

(A) Representative corneal fluorescein staining images showing punctate epithelial damage at
14 days after induction of dry eye in controlled environment chamber. Quantification of corneal
fluorescein staining scoring according to the standard National Eye Institute grading system
(Bethesda, MD) and the amount of tears measured by the phenol red thread test. Each value
represents the mean + standard error of the mean (SEM, n=6 mice for each group set). *P < 0.05,

**p < 0.01 by Mann-Whitney U test.
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NKI1R comparing control siRNA, siNKIR, or NKIR antagonist through subconjunctival
injection at day 0, 2, 5 of corneal disepithelialization mouse model, a robust in vivo model for
corneal lymphangiogenesis. We confirmed that siNK1R and NKIR antagonist treatment
significantly reduced the area of lymphatic vessels compared to control siRNA treatment (Fig.
3.10). These findings suggest that blockade of SP/NKIR system effectively suppressed

pathological corneal lymphangiogenesis and improved clinical signs of dry eye in vivo.

The blockade of NKI1R in DED downregulates mRNA expression of endogenous SP,
VEGF-C, VEGF-D, and VEGFR3 in cornea and conjunctiva

To investigate the mechanism underlying the activation of corneal lymphangiogenesis in DED,
we administrated PBS (5 pL, control group) or NKI1R antagonist (6.6 pg/5 pL, L733,060,
treatment group) through subconjunctival injection every 48-72 hours from day O to day 14
following DED induction. NK1R antagonist treatment significantly downregulated SP, VEGF-C,
VEGF-D, and VEGFR3 mRNA levels in the cornea and conjunctiva at 14 days after dry eye
induction compared to that of control group (Fig. 3.11). These data suggest that blockade of
NKI1R downregulates endogenous SP, VEGF-C, VEGF-D, and VEGFR3, which can contribute

to suppression of the lymphangiogenic effect induced by CEC.
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Figure 3.10. The effect of siRNA knockdown of NKI1R on lymphatic area in corneal
disepithelization model in vivo.

(A) Representative immunofluorescence images of the cornea stained with anti-cluster of
differentiation 31 (CD31, red) and anti-lymphatic vessel endothelial hyaluronan receptor 1
(LYVEL, green) and quantification of the lymphatics area covered with LYVE-1 in the cornea at
7 days after corneal disepithelization injury. Control siRNA (20 uM/5 pL), siNK1R (20 pM/5
ulL), or NK1R antagonist (6.6 pug/5 ul, L733,060) were administered through subconjunctival
injection at day 0, 2, 5 after corneal disepithelization injury. Each value represents the mean
standard error of the mean (SEM, n=6 mice for each group set). *P<0.05 by Mann-Whitney U

test. Scale bar = 500 um.

* The quantitative analysis of Figure 3.10 data using ImagelJ program was helped by Professor

Sang-Mok Lee.
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Figure 3.11. Effect of NK1R blockade on the mRNA expression of SP, factors related to
lymphangiogenesis in cornea and conjunctiva.

(A) Substance P (SP), vascular endothelial growth factor C (VEGF-C), vascular endothelial
growth factor D (VEGF-D), vascular endothelial growth factor receptor 3 (VEGFR3) mRNA
expression was analyzed in the cornea and conjunctiva of dry eye disease mouse model. Each
group received a subconjunctival injection of phosphate buffered saline (PBS, 5 pL) as vehicle
control or neurokinin-1 receptor (NK1R) antagonist (L733,060, 6.6 ng/5 pL) every 48-72 hours
and sacrificed at 3 days and 14 days from induction of dry eye in controlled environment
chamber. Each value represents the mean standard error of the mean (SEM, n=6 mice for each

group set). ¥*P < 0.05, **P < 0.01 by Mann-Whitney U test.

* Figure 3.11 data was prepared by Sang-Taek Im and Professor Sang-Mok Lee.
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DISCUSSION

In this study, we investigated the relationship between the SP/NKIR system and corneal
lymphangiogenesis in DED. We demonstrated that the SP/NKIR system promotes
lymphangiogenesis in vitro and that NKIR antagonism suppresses pathologic corneal
lymphangiogenesis in DED in vivo.

DED is a disease associated with pathologic ocular lymphangiogenesis, including
herpetic stromal keratitis, corneal transplantation rejection, chemical burns, glaucoma, and
ocular tumor (270-273). Given that corneal lymphatics are important for the migration of
mature APCs to RLNSs, inhibition of pathological corneal lymphangiogenesis may be a
promising strategy to suppress the vicious circle of DED pathogenesis.

SP is an 1l-amino acid neuropeptide that originates from the tachykinin precursor 1
gene and is produced by neuronal and inflammatory cells (77). SP binds to NK1R, a member of
the neurokinin family of G protein-coupled receptors, and is involved in neurogenic
inflammation and immune responses in several organs, exerting physiological and pathological
activities such as nociception, inflammation, angiogenesis, and wound healing (274-276). SP is
mainly released by corneal nerves originating from the trigeminal ganglion. SP has been
reported to affect corneal wound healing and ocular inflammatory response via NKIR
interaction (76, 77, 277). Furthermore, NK1R antagonism improved DED signs by inhibiting
APCs maturation and Th17 cell activation in vivo, and elevated SP levels in co-cultured
trigeminal neuronal cells isolated from DED mice promoted corneal hemangiogenesis in vitro
(266, 267, 278).

To evaluate the association between the SP/NKI1R system and pathological corneal
lymphangiogenesis in DED, we established a DED mouse model utilizing CEC and evaluated
whether the CEC-induced DED mouse model effectively induced corneal lymphangiogenesis
(Fig. 3.1). HDLECs were then incubated to evaluate the direct effect of SP on
lymphangiogenesis as various factors such as activation of inflammatory/immune cells and the
effect of the surrounding tissue environment can influence pathological lymphangiogenesis in

vivo (279). We first confirmed that HDLECs expressed NKI1R (Fig. 3.2). Then, we determined
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the effects of exogenous SP and NK 1R antagonist (L.733,060) on lymphangiogenesis using an in
vitro angiogenesis assay. SP potently activated the proliferation and tube formation of HDLECs,
and the NKIR antagonist, along with SP, effectively ameliorated SP-induced
lymphangiogenesis (Fig. 3.3 and 3.4), whereas SP had minimal effects on the migration of
HDLEC:s (Fig. 3.5). The minimal effect of tube formation was consistent with a previous report
on the SP-induced hemangiogenic properties of vascular endothelial cells (266). To elucidate
the mechanism by which the SP/NKIR system involves changes in lymphangiogenesis, the
expression of VEGFR3, a main regulatory receptor of lymphangiogenesis, was analyzed by
western blotting in HDLECs. We found an increase in endogenous VEGFR3 expression by SP
and inhibition of these changes by the NK1R antagonist in western blot analysis (Fig. 3.6). To
exclude the off-target effect of the NKI1R antagonist on the regulation of VEGFR3 expression
by the SP/NKI1R system, we incubated HDLECs and transfected HDLECs with NK1R-targeted
siRNA with or without SP and conducted gel electrophoresis of PCR products and tube
formation assay. Knockdown of NKIR significantly suppressed SP-induced upregulation of
VEGFR3 expression and SP-induced increase in tube formation in gel electrophoresis of PCR
products and tube formation assay, respectively (Fig. 3.7). These findings suggest that the
SP/NKIR system induces lymphangiogenesis through VEGFR3 overexpression. Based on a
previous report that SP induces VEGFR1 overexpression in human esophageal squamous cell
carcinoma related to tumor-associated angiogenesis (280), we suggest that SP promotes corneal
lymphangiogenesis through increased expression of VEGFR3 via a similar mechanism.

Next, we examined the role of SP/NKIR pathway in corneal lymphangiogenesis in
vivo. Subconjunctival NK1R antagonist injection significantly attenuated pathological corneal
lymphangiogenesis and improved clinical signs in the CEC-induced DED mouse model (Fig.
3.8 and 3.9). Thereafter, we performed an NKIR inhibition test comparing control siRNA,
siNK1R, or NKIR antagonist through subconjunctival injection of corneal disepithelialization
model, a robust in vivo model for corneal lymphangiogenesis to exclude off-target effects of the
NKI1R antagonist, confirming that siNK1R and NKIR antagonist treatment significantly
reduced the area of lymphatic vessels compared to control siRNA treatment (Fig. 3.10). To

further investigate the mechanism of corneal lymphangiogenesis, mRNA expression of
T Fat I:
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endogenous SP and pro-lymphangiogenic factors was evaluated in corneal and conjunctival
tissues of a CEC-induced dry eye mouse model. NK1R antagonist remarkably suppressed the
increased expression of VEGFR3, VEGF-C, VEGF-D, and endogenous SP (Fig. 3.11). Taken
together with the in vitro and in vivo findings, we suggest that the SP/NKIR system induces

VEGFR3 overexpression on the ocular surface, which leads to corneal lymphangiogenesis.
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