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in Asian populations, whereas choroidal neovascularization is the typical subtype in Western pop-
ulations. The cause of PCV is unknown. By comparing the phenotype of a PCV mouse model expressing
protease high temperature requirement factor A1 (HTRA1) in retinal pigment epithelium with trans-
genic mice expressing the inactive HTRA1%3%*, we showed that HTRA1-mediated degradation of
elastin in choroidal vessels is critical for the development of PCV, which exhibited destructive
extracellular matrix remodeling and vascular smooth muscle cell loss. Compared with weak PCV, severe
PCV exhibited prominent immune complex deposition, complement activation, and infiltration of
inflammatory cells, suggesting inflammation plays a key role in PCV progression. More important, we
validated these findings in human PCV specimens. Intravitreal delivery of an HTRA1 inhibitor
(DPMFKLboroV) was effective (36% lesion reduction; P = 0.009) in preventing PCV initiation but
ineffective in treating existing lesions. Anti-inflammatory glucocorticoid was effective in preventing
PCV progression but ineffective in preventing PCV initiation. These results suggest that PCV patho-
genesis occurs through two stages. The initiation stage is mediated by proteolytic degradation of
extracellular matrix proteins attributable to increased HTRA1 activity, whereas the progression stage is
driven by inflammatory cascades. This study provides a basis for understanding the differences be-
tween PCV and choroidal neovascularization, and helps guide the design of effective therapies for PCV.
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Age-related macular degeneration (AMD) is the leading
cause of irreversible blindness in elderly people globally.
The projected number of people with AMD is 196 million in
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2020 and 288 million in 2040, representing a substantial
global burden on the health care system." Wet AMD in-
cludes choroidal neovascularization (CNV) and polypoidal
choroidal vasculopathy (PCV). CNV describes the growth
of new blood vessels from the choroid into the subretinal
space, whereas PCV refers to choroidal vessel abnormalities
(eg, polypoidal dilations).” PCV is a common subtype of
wet AMD in Asian populations, whereas CNV is the typical
subtype in Western populations. Although the two subtypes
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share genetic and risk factors, they have distinct clinical
characteristics, natural histories, and treatment outcomes.”
The reasons for these differences are unknown.

PCV is frequently associated with recurrent hemorrhagic
or exudative pigment epithelium detachment (PED), with
leakage and bleeding from the polypoidal components.” *
The cause and pathogenesis of PCV are largely unknown.
Moreover, the current anti—vascular endothelial growth
factor (VEGF) therapy is less effective in treating PCV
compared with classic CNV.” The visual prognosis in
human PCV is correlated with lesion size.” ® Patients with
larger lesions often have higher rates of lesion progression,
severe complications (eg, PED, subretinal hemorrhage, and
classic CNV), and poor visual outcome. In contrast, patients
with small lesions have minimal lesion progression, limited
exudative changes, and more stable vision performance.
Therefore, understanding the pathophysiological mecha-
nism for PCV initiation and progression is critical to design
both prevention and treatment strategies.

On the basis of genome-wide association studies impli-
cating the involvement of high temperature requirement
factor A1 (HTRAI1), a multifunctional secreted serine
protease that is ubiquitously expressed in mammalian
tissues,” ' in AMD, including PCV,"'" 15 we generated the
first PCV model by transgenically expressing human
HTRALI in mouse retinal pigment epithelium (RPE).'*'’
Increased expression of HTRAI induced two key features
of PCV, polypoidal dilations (polyps) and branching
vascular network (BVN), in transgenic hHTRAI" mice.
Furthermore, hHTRAI" mice exhibit additional features of
PCV, such as late geographic hyperfluorescence, PED, and
hyperfluorescent plaque.’” On funduscopy, polypoidal le-
sions appear as reddish orange nodules. These phenotypes
share remarkable similarities to the well-established clinical
features of human PCV. Thus, this animal model provides
an unprecedented opportunity for us to investigate the
underlying pathophysiological mechanism of PCV.

In this study, we performed comprehensive genetic, histo-
pathological, imaging, and molecular biological studies on the
hHTRA1" mouse model in combination with analysis on human
PCV specimens. We demonstrated that PCV is caused by a
multitude of degenerative processes, including destructive
extracellular matrix (ECM) remodeling, vascular smooth mus-
cle cell (SMC) loss, immune complex deposition, complement
activation, and infiltration of inflammatory cells. Our results
provide support for a two-stage process for PCV pathogenesis.
PCV initiation is mediated by increased HTRA1 activity,
whereas progression is driven by chronic inflammation.

Materials and Methods

Generation of Tg44hHTRA1™, Tg26hHTRA1 3284 and
Tg33hHTRA1 328 Transgenic Mice

To generate Tg44 mice, a 1.5-kb human HTRA1 cDNA
(TAG stop codon was removed) was amplified using
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primers with BamHI and Xhol overhangs. The myc-hisg
fragment was amplified using primers with Xhol and EcoRI
overhangs. For both PCRs, pcDNA3.1-CMV-VMD-hHtral -
myc-His vector was used as a template.'® The destination
plasmid, pAAV-L-CAG-Shuttle-WPRE, was digested with
BamHI and EcoRI and ligated with human HTRA1 cDNA
and myc-his fragments in a three-piece ligation reaction.
Subsequently, the human vitelliform macular dystrophy 2
promoter (—585 to 38 bp)'® was inserted as a KpnI-BamHI
fragment before human HTRA1 cDNA. The regions
containing the vitelliform macular dystrophy 2 promoter,
hHTRA1-myc-His6, woodchuck post-transcriptional regu-
latory element, and human growth hormone poly(A) were
sequence verified. The transgene construct was excised by
KpnI-RsrIl digestion, gel purified, and injected into C57BL/
6 x CBA embryos at the University of Utah Transgenic/
Gene Targeting Core Facility (Salt Lake City, UT). The
same strategy was used to generate Tg26 and Tg33 mice,
except that the catalytic residue S328 of hHTRA1 cDNA
was mutated by site-directed mutagenesis. All three mouse
lines were crossed 10 times with CDI mice to facilitate
indocyanine green angiography (ICGA).'"” Wild-type CDI1
mice were ordered from Charles River (San Diego, CA). All
animal experiments were approved by the Institutional
Animal Care and Use Committees at the University of Utah
and Baylor College of Medicine (Houston, TX). All of the
experiments were performed in accordance with the
Association for Research in Vision and Ophthalmology
Statement for the Use of Animals in Ophthalmic and Vision
Research.

Human Specimens

Human PCV specimens were obtained from three patients
(one 74-year—old man, one 77-year—old woman, and one
60-year—old woman) (Supplemental Table S1). Control eye
specimens were obtained from 60- to 80-year—old donors
without AMD and PCV. Informed consent for the surgical
procedure and for the use of excised tissue was obtained
from all patients, in accordance with the Declaration of
Helsinki. All human experiments were approved by the
Institutional Review Board at Nihon University School of
Medicine (Tokyo, Japan), Johns Hopkins University School
of Medicine (Baltimore, MD), and Baylor College of
Medicine.

Immunohistochemistry

Except for the detection of human HTRA 1 or HTRA 15324 in
Tg44, Tg33, or Tg26, which was performed on frozen sec-
tions, all other staining was performed on paraffin sections. A
standard deparaffinization procedure was used for paraffin-
embedded sections. An antigen retrieval step (10 mmol/L
sodium citrate, pH 6.0, pressure cooker, 3 minutes) was
added before the labeling step to unmask epitopes on tissues.
Either immunoperoxidase (Avidin/Biotin Complex Kit;
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Table 1  List of Primary Antibodies Used in Immunohistochemistry

Antibody name Antibody type Manufacturer Catalog no. Dilution
HTRA1 Mouse monoclonal R&D Systems (Minneapolis, MN) MAB2916 1:1000
HTRA1 Rabbit polyclonal Proteintech (Chicago, IL) 55011-1-AP 1:200
MMP2 Rabbit polyclonal Proteintech 10373-2-AP 1:100
MMP9 Rabbit polyclonal Abcam (Cambridge, MA) ah38898 1:100
3 Goat polyclonal MP Cappel (Santa Ana, CA) 55444 1:100
3 Mouse monoclonal Santa Cruz Biotechnology sc-28294 1:50
Sc5b-9 Chicken IgY Quidel (San Diego, CA) A802 1:100
a-SMA Rabbit polyclonal Abcam Ab5694 1:200
F4/80 Rat monoclonal Abcam Ab6640 1:100
(D68 Mouse monoclonal Dako North America, Inc. (Carpinteria, CA) PG-M1 1:80
Myc-Tag Rabbit monoclonal Cell Signaling (Danvers, MA) 71D10 1:500

MMP, matrix metalloproteinase; o-SMA, a-smooth muscle actin.

Vector Laboratories, Burlingame, CA) or immunofluores-
cence staining was used for detection. Immunohistochem-
istry was performed, as previously described.'®'” Isotype
controls or secondary antibodies alone (Supplemental
Figures S1, S2, S3, and S4) were used as negative controls.
Mouse (G3A1) monoclonal antibody IgG1 (catalog number
5415; Cell Signaling, Danvers, MA) was used as an isotype
control for anti-C3 monoclonal antibody (sc-28294; Santa
Cruz Biotechnology, Dallas, TX), whereas normal rabbit
serum (011-000-002; Jackson ImmunoResearch, West
Grove, PA) was used as an isotype control for anti-HTRA1
rabbit polyclonal antibody (55011-1-AP; Proteintech, Chi-
cago, IL). The primary antibodies were listed in Table 1. The
following secondary antibodies were used: Alexa 488 donkey
anti-mouse IgG (715-545-150), Cy3 goat anti-rabbit IgG
(111-165-144), Cy3 goat anti-rat IgG (112-165-167), Cy3
bovine anti-goat IgG (805-165-180), and DyLight 549
goat anti-chicken IgY (103-505-1549), from Jackson
ImmunoResearch Laboratories (West Grove, PA); Alexa 488
goat anti-chicken IgG (A11039), from Invitrogen (Waltham,
MA); and Alexa 488 donkey anti-goat IgG (ab150129) from
Abcam (Cambridge, MA).

Western Blotting

Western blotting was performed as described previ-
ously.'®'” Proteins were separated under nonreducing
conditions for the detection of human HTRAI1, and were
run under reducing condition for others. The following
antibodies were used: anti-human HTRA1 (MAB2916;
R&D Systems, Minneapolis, MN), anti—a-smooth muscle
actin (ab5694; Abcam), anti—Myc-tag rabbit monoclonal
antibody (71D10; Cell Signaling) (Supplemental
Figure S5A) anti—fibulin-5 (AB6065; Millipore, Billerica,
MA) (Supplemental Figure S6), anti—p-actin (AC-15;
Sigma, St. Louis, MO) (Supplemental Figure S6A), and
anti—glyceraldehyde-3-phosphate dehydrogenase (G8795;
Sigma) (Supplemental Figure S6B). For quantification, gel
images were captured, and the pixel value of each protein
band was obtained by ImageJ software version 1.51J8 (NIH,
Bethesda, MD; http://imagej.nih.gov/ij).
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Isolation of PCV Lesions from Tg44 Mice

Tg44 mice were anesthetized by i.p. injection of a combi-
nation of ketamine (65 to 100 mg/kg) and xylazine (10 to 20
mg/kg). Pupils were dilated with 1% tropicamide (Bausch &
Lomb, Rochester, NY). Anesthetized mice were injected
with high—mol. wt. fluorescein isothiocyanate (FITC)—
dextran (80 mg/kg; mol. wt., 2 x 10°; Sigma) and ICG (2 mg/
kg; Pfaltz & Bauer, Waterbury, CT) via tail vein injection.
ICGA and fluorescein angiography were captured with the
Heidelberg Retina Angiograph—Optical Coherence To-
mography device (Heidelberg Engineering, Franklin, MA).
ICG signal allowed us to identify PCV lesions, whereas
FITC-dextran allowed us to image the retinal vasculature as
landmarks for lesion locations (see below). It was important
to use the high—mol. wt. FITC-dextran because low—mol.
wt. FITC-dextran and ICG tended to leak out of the vascu-
lature rapidly, which made the subsequent identification by
confocal microscopy difficult.”’ The geographic location of
the lesion was noted (ie, superior nasal quadrant, distance
from optical disk, and relative location to nearby vascula-
ture). After euthanasia and dissection, eyes were fixed for 15
minutes in either 2.5% glutaraldehyde/1% formaldehyde for
ultrastructure analysis or 4% paraformaldehyde for paraffin
processing. Cornea, iris, and lens were removed. The
remaining eye cup was flat mounted and coverslipped. Im-
ages were acquired from both the bright-field and FITC
channels with an Olympus Fluoview FV1000 confocal mi-
croscope (Olympus Corporation, Tokyo, Japan). Lesions
were identified by their geographic location relative to nearby
vasculature landmarks revealed by the FITC-dextran signal.
Guided by images from ICGA/fluorescein angiography and
confocal microscopy, lesions were dissected out for further
analysis under a Leica fluorescence stereomicroscope
(MZ16F; Leica Microsystems GmbH, Wetzlar, Germany).

Fundus Photography and Angiography

In vivo imaging was performed, as described previ-
ously.””"” Small and large lesions were defined as the
largest linear dimension <100 and >100 pm, respectively.
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Histology and Electron Microscopy

Procedures for Richardson staining and electron microscopy
were described in our previous publication.'® Elastica van
Gieson stain (26369; Electron Microscopy Sciences, Hat-
field, PA) was used for elastic fiber staining on paraffin
sections.

Elastase Assays

The elastase activity of recombinant human wild-type
HTRAI and HTRA15*%*4 was measured using the Enz-
Chek Elastase Assay kit (Invitrogen), according to the
manufacturer’s instructions.

IgG-IgM Deposition in Human and Mouse PCV Lesions

To minimize nonspecific labeling of IgG-IgM, a perfusion
step was performed to flush out remaining serum proteins in
mouse vasculature. Under deep anesthesia, mice underwent
a thoracotomy operation. The right atrium was cut, and a
heparinized catheter was inserted into the left ventricle.
First, mice were perfused with 1 x phosphate-buffered saline
at 37°C for 5 minutes, followed by 15-minute perfusion
with 4% paraformaldehyde. Then, lesions were isolated and
embedded in paraffin. The following antibodies from
Jackson ImmunoResearch Laboratories were used to detect
IgG and IgM deposition in human and mouse tissues: Alexa
647 donkey anti-mouse IgM (p chain specific, 715-605-
020), Alexa 488 goat anti-mouse IgG (Fcy fragment spe-
cific, 115-545-008), Alexa 647 goat anti-human IgM (Fcs,,
fragment specific, 109-605-043), and Alexa 488 goat anti-
human IgG (Fcy fragment specific, 109-545-008).

Enzyme-Linked Immunosorbent Assay

RPE/choroid lysates were prepared in lysis buffer (AA-
LYS; Raybiotech Inc., Norcross, GA) containing protease
(M250; Amresco, Solon, OH) and phosphatase (PhosSTOP;
Roche, Basel, Switzerland) inhibitors. Protein concentra-
tions were quantified by bicinchoninic acid assay (Pierce,
Rockford, IL). An enzyme-linked immunosorbent assay to
measure the VEGF level in Tg44 and control mice was
performed by Raybiotech, Inc.

HTRA1 Inhibitor Synthesis and Delivery

The HTRAL1 peptide inhibitor (DPMFKLboroV) was syn-
thesized and purified, as described.”’ Nanoparticles (NPs)
were fabricated using the double emulsion (water/oil/water)
solvent evaporation technique, as described,”” except that
0.2 mg coumarin 6 in 2 mL of CH,Cl, and 0.3 mL of
HTRAT1 inhibitor (17.8 mg/mL) in formamide were used.
For intravitreal delivery, mice were anesthetized by i.p. in-
jection of ketamine/xylazine (70 to 100 mg/10 to 20 mg/kg
body weight). Using a 30.5-gauge needle (Becton-Dick-
inson, Houston, TX), an initial puncture was made through
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the conjunctiva and sclera immediately posterior to the
superonasal limbus. A 32-gauge blunt needle attached to a
5-pL syringe (Hamilton, Reno, NV) was introduced to the
vitreous cavity through this opening. Mice were injected
with 0.8 pL (for postnatal day 16 to postnatal day 21) or 1.5
pL (for 2 to 3 months) of NPs (1.5 pg/uL) in NP buffer (15
mmol/L. 3-Morpholinopropane-1-sulfonic acid, pH 6.0, and
0.9% NaCl). For the preventive experiment, Tg44 mice
were injected at P16 to P22. For the treatment experiment,
Tg44 mice were injected at approximately 3 months.
Injected mice were monitored by ICGA.

TAA Delivery

Mice were anesthetized by i.p. injection of ketamine/xylazine
(70 to 100 mg/10 to 20 mg/kg body weight). Local anes-
thesia, proparacaine hydrochloride ophthalmic solution USP,
0.5% (Akorn, Lake Forest, IL), was applied to the mouse
eyes. For triamcinolone acetonide (TAA) delivery, supra-
choroidal injection was performed at P22. In brief, a bevel-
type 30.5-gauge needle, bevel facing inward, was inserted at
least 0.25 to 0.50 mm posterior from the limbus at an angle
of 45 degrees through the conjunctiva and sclera. TAA was
delivered to the suprachoroidal space once minimum resis-
tance occurred to the injection. One eye was injected with
1000 png (25 pL) of TAA (Kenalog-40; 40 mg/mL; NDC
0003-0293-05; Bristol-Myers Squibb Company, New York,
NY), and the fellow eye was injected with sterile phosphate-
buffered saline. Injected mice were monitored by ICGA. The
preventive effect was evaluated by comparing the PCV
severity between the control eye and TAA injected eye.

Statistical Analysis

All group results are expressed as means + SEM. We
performed each mouse experiment at least three times and
used representative data in the calculations. Comparisons
between groups were made using the two-tailed #-test or
one-way analysis of variance and Tukey post hoc tests for
multiple groups. Values of n are detailed in figure legends.
Statistical analysis was performed in OriginPro version
b9.3.2.303 (OriginLab Corporation, Northampton, MA). No
statistical methods were used to predetermine the sample
size, but our sample sizes are consistent with those generally
used within the field. The mice were not randomized.

Results

The Proteolytic Activity of HTRA1 Is Critical for PCV
Development

To test whether the proteolytic activity of HTRAL is
important for PCV development, we generated two trans-
genic lines (Tg33 and Tg26) expressing the protease-
inactive mutant human HTRA13%2%* in mouse RPE using
the human vitelliform macular dystrophy 2 promoter.'® As
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Figure 1  Transgenic mice Tg33 and Tg26 expressing HTRA1532%A did not develop polypoidal choroidal vasculopathy (PCV). A: Elastase assay of recombinant
wild-type (WT) human HTRA1 and mutant human HTRA153%%", Statistical significance was assessed using t-test. B and C: Western blot and quantification of human
HTRA1 expression in retinal pigment epithelium (RPE) and choroid of Tg44 and Tg33 mice. Data showed the relative protein levels of human HTRA1 (or HTRA1%3284)
signal from 4 pg of RPE/choroid lysates of Tg44 and Tg33, and 15 g lysate of human RPE/choroid. C: The myc-Hiss tagged transgenic HTRA1 and HTRA1%%%%A ran at
55 kDa, whereas the native HTRA1 [from human RPE (hRPE)] ran at 50 kDa. Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) was included as the loading
control. Statistical significance was assessed using one-way analysis of variance with post-hoc Tukey test. HTRA1 in hRPE is significantly different from all three
transgenic lines (Tg44, Tg33, and Tg26; P < 0.0001). D: Early-, middle-, and late-phase indocyanine green angiography (ICGA) showed that Tg33 and Tg26 mice
had normal choroidal vasculature, which was similar to WT. However, Tg44 mice developed two cardinal features of PCV, polyp dilations (blue arrows) and
branching vascular network (red circles). E: Funduscopy (left column) and paired ICGA (right column). Tg44 mice exhibited reddish orange nodules corre-
sponding to PCV lesion structures (red circles), hemorrhage (asterisks), and RPE degeneration (green arrows). Tg33 and WT controls were normal. Data are
expressed as means + SEM (A and B). n = 4 (A); n = 3 (B). **P < 0.01, ****P < 0.0001. Scale bar = 1000 pum (D and E). u, units.
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expected, HTRA15%*4 has negligible elastolytic activity
in vitro (Figure 1A) in contrast to wild-type (WT)
HTRAL.'® The protein level of HTRA1%**** in RPE-
choroid of Tg33 was 1.3 and 5.2 times that of WT
HTRAI in Tg44 (a previously generated transgenic line
expressing human HTRA1 in mouse RPE'") and human
donor RPE, respectively (Figure 1, B and C). The high
expression line Tg26 expressed 2.5 times more
HTRA1%3%*  than Tg33. Both WT HTRAIl and
HTRA15%4A were specifically expressed in RPE, except
that weak expression was detected in the brain in the high
expression line Tg26 (Supplemental Figure S5A). The
expression pattern of HTRA15%*4 in both Tg33 and Tg26
was similar to that of WT HTRA1 in Tg44 in the eye. Both
proteins were expressed in RPE (Supplemental Figure S5B)
and were secreted into the choroid, consistent with previous
results.'®'” Intense signals were detected throughout RPE
and choroid in the high expression line Tg26.

A
Tg44

Mouse

Control

PCV

Figure 2

We examined 45 Tg33 mice and 17 Tg26 mice (1 to 14
months old) by fluorescein angiography, ICGA, and
funduscopy. Neither line exhibited any PCV phenotype
(Figure 1D). Consistent with our previous studies, "’
normal fluorescein angiography was observed in all
transgenic lines (Supplemental Figure S7), suggesting
normal retinal vasculature (see more below). This is ex-
pected because transgenic HTRA1 is mainly expressed in
RPE and is secreted toward the choroid (Supplemental
Figure S5). Because the expression level of
HTRA1%3% in the Tg33 line was more similar to WT
HTRALI in Tg44, Tg33 was selected for further compar-
ison study with Tg44. Tg33 mice had normal-looking
ICGA and fundus, similar to WT controls (Figure 1E).
This was in contrast to the cardinal features of PCV
exhibited by Tg44 mice, including BVN (Figure 1D) and
polypoidal lesions (Figure 1D) on ICGA, reddish orange
nodules on funduscopy (Figure 1E), sub-RPE hemorrhage

Control PCV
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Elastic fiber degradation and loss of smooth muscle cells (SMCs) in choroidal vessels of both Tg44 and human polypoidal choroidal vasculopathy

(PCV). A: Van Gieson staining showed the loss of internal elastic laminae (IELs) of a choroidal artery in Tg44 PCV lesions. Black brackets and black arrows in
Tg44 indicated missing and partial loss of IEL, respectively. Green arrows indicated normal IEL in WT and Tg33. B: Transmission electron microscopy image
showed a collapsed artery in Tg44 PCV lesion. Endothelial cell degeneration (red arrows), SMC atrophy (asterisks), and degeneration of both IEL (blue arrow)
and external elastic layer (EEL; yellow arrows) were evident. Part of the IELs was missing (red bracket). The EEL (yellow arrows) drifted away through the
tunica media and also merged with IEL (blue arrow). Tg33 (red arrowheads) and wild type (WT; orange arrows) had normal IEL. EEL (green arrow) and
endothelial cells (black arrows) were normal in WT. C: Van Gieson staining showed stretches of IELs of a collapsed choroidal vessel in human PCV lesion were
missing (red brackets), degenerating (black bracket), or broken (red arrows). IEL was normal in a control artery (black arrows). D and E: Immunostaining of
a-smooth muscle actin («-SMA) in human (D) and mouse (E) PCV lesions. The choroidal medial SMCs were partially lost in the bottom left panel (white
brackets), and were completely lost in the bottom right panel (D). SMC loss (white brackets) and degeneration (yellow bracket) in choroidal vessel wall of
Tg44 were shown (E). SMCs were intact in WT and Tg33. Nuclei were counterstained with DAPI (blue). F: Western blot analysis on retinal pigment epithelium/
choroid lysates showed that the a-SMA level was significantly decreased in Tg44 when compared with both Tg33 and WT controls. Glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) was included as the loading control. Statistical significance was assessed using one-way analysis of variance with post-hoc Tukey test.
Data are expressed as means + SEM (F). n = 4 (F). *P < 0.05. Scale bars: 10 um (A and E); 1 pm (B); 20 pum (C and D).
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(Figure 1E), and RPE degeneration (Figure 1E). Our data
suggest that the proteolytic activity of HTRA1 plays a
critical role in PCV pathogenesis.

Elastic Fiber Degradation and Loss of Vascular Smooth
Muscle Cells in PCV Lesions

We examined the choroidal vasculature and Bruch mem-
brane in PCV lesions. The internal elastic laminae (IELs)
of Tg44 choroidal arteries in the lesion area were either
degenerating (Figure 2A) or missing (Figure 2, A and B).
In fact, the artery was collapsing in Tg44, probably
because of the combination of IEL degradation, degener-
ation of endothelial cells (Figure 2B), and atrophic changes
of SMCs (Figure 2B). In addition to vascular defects, the
EL of the Bruch membrane in Tg44 mice was fragmented,
and interrupted by gaps of varying sizes, as we had shown
previously (Supplemental Figure SSA).'® In sharp contrast,
Tg33 mice expressing mutant HTRA 15324 had intact IELs
in arteries (Figure 2, A and B) and intact elastic lamina in
Bruch membrane (Supplemental Figure S8A), similar to
WT mice (Figure 2, A and B, and Supplemental
Figure S8A). These results suggest that HTRAL is
involved in elastin fiber degradation in both choroidal
vessels and Bruch membrane.

In human PCV lesion specimens, stretches of IELs of
choroidal vessels were missing (Figure 2C), degenerating
(Figure 2C), or broken (Figure 2C), consistent with previous
histopathological studies.””** This was in contrast to the
wave-shaped IELs in control arteries (Figure 2C). The
Bruch membrane in PCV lesions was variably degenerating
(Supplemental Figure S8B), which was in agreement with
previous ultrastructural studies on human PCV specimens
showing that the elastic lamina of Bruch membrane in PCV
was frequently missing.”** Collectively, our results sug-
gest that elastin fiber degradation in choroidal vasculature
and Bruch membrane is a common pathological feature of
PCV.

Another prominent feature of PCV was the significant
loss of medial SMCs in the choroidal vessel wall in both
mouse and human specimens. In human PCV lesions, the
degeneration of choroidal medial SMCs ranged from
partial loss (Figure 2D) to complete loss (Figure 2D). In
Tg44 mice, SMCs were either missing (Figure 2E) or
degenerating (Figure 2E) in PCV lesions in contrast to
intact SMCs in WT (Figure 2E) and Tg33 (Figure 2E). By
Western blotting of RPE-choroid lysates using an anti-
body against a-smooth muscle actin, SMC contents were
decreased 1.8 times (P < 0.05) in Tg44 compared with
those of WT and Tg33 mice (Figure 2F). We also
examined SMCs in retinal vessels by immunohistochem-
istry. All transgenic lines exhibited intact SMCs
(Supplemental Figure S9), which provided further support
that their retinal vasculatures were normal (Supplemental
Figure S7).

The American Journal of Pathology m ajp.amjpathol.org

Immune Complex Deposition and Complement
Activation in PCV Lesions

Complement activation and immune complex deposition
play an important role in drusen formation of AMD and other
age-related diseases (eg, Alzheimer disease and atheroscle-
rosis) by eliciting local chronic inflammation.” > In Tg44
mice, we found abundant IgG and IgM deposition in the
choroidal vessel wall of severe PCV lesions (Figure 3, C and
F). Weak IgG-IgM deposition was also present in the
choroidal vessel wall of weak PCV lesions (Figure 3, B and
E), whereas no IgG-IgM deposition was detected in WT
(Figure 3, A and D). Both the complement component C3
(Figure 3I) and membrane attack complex (MAC)
(Figure 3L) were drastically increased in the choroidal vessel
wall of severe PCV lesions, but absent in the WT (Figure 3, G
and J). C3 and MAC were also detected in the choroidal
vessel wall of weak PCV lesions (Figure 3, H and K).

Similar to the findings in mouse PCV lesions, prominent
IgG and IgM deposition was present in the choroidal vessel
wall of human PCV lesions (Figure 3, N and P). Both C3
(Figure 3R and Supplemental Figure S10) and MAC
(Figure 3T and Supplemental Figure S10) were drastically
increased in the choroidal vessel wall compared with those
in controls. Both C3 (Supplemental Figure S10) and MAC
(Supplemental Figure S10) were also present outside ves-
sels, whereas C3 was strongly expressed in the lumen
(Supplemental Figure S10). No signal was detected on
control tissues (Figure 3, M, O, Q, and S). These results
suggest that immune complex deposition and complement
activation may play a role in PCV progression (see more
below). Staining using the isotype IgG or secondary anti-
body alone on PCV and control tissues showed no signal
(Supplemental Figure S1).

Presence of Inflammatory Cells and Degeneration in
Photoreceptor-RPE-Choroid of Large PCV Lesions

We surgically excised small (<100 pm) and large
(>100 pm) PCV lesions from Tg44 mice (Figure 4, A and
B). Thin plastic sections were prepared and stained with
Richardson stain. In the small lesion, a cluster of dilated
thin-wall vessels (Figure 4, C and E) with a broken vessel
wall (Figure 4, C and E) were observed. The lesion pushed
RPE and retinal layers upward, likely because of the
buildup of pressure from leaked fluid. PEDs were
frequently observed near the dilated thin-wall vessels
(Figure 4, C and E). Choriocapillaris was completely
missing in large lesions (Figure 4, D and F) but was pre-
sent in small lesions (Figure 4, C and E). When compared
with WT (Figure 4G) and small lesions (Figure 4, C and
E), large PCV lesions caused severe and extensive RPE
degeneration (Figure 4D) accompanied by photoreceptor
degeneration (Figure 4F). In fact, the RPE layer and the tip
of outer segment were disintegrated into a debris zone
(Figure 4, D and F) containing large undigested outer
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Figure 3  Immune complex deposition and complement
activation in both Tg44 and human polypoidal choroidal
vasculopathy (PCV) lesions. IgG (A—C) and IgM (D—F)
staining in the choroidal vessel wall of wild-type (WT) and
Tg44 PCV lesions (C and F). White arrows indicated strong
signals in severe PCV lesions, and yellow arrowheads
indicated weak signals in weak PCV lesions (B and E). C3
(G—I) and membrane attack complex (MAC; Sc5b9) (3—L)
staining in the choroidal vessel wall of WT and Tg44 PCV
lesions. White arrows indicated signals in severe PCV le-
sions, and white arrowheads indicated signals in weak PCV
lesions. No signal was detected in WT. IgG (M and N), IgM
(0 and P), C3 (Q and R), and MAC (S and T) staining in the
choroidal vessel wall of human PCV lesions. White arrows
indicated strong signals in lesions (N, P, R, and T). Nuclei
were counterstained with DAPI (blue). Scale bars = 10 um
(A-T).

segment phagosomes as a result of RPE degeneration
(Figure 4F). The outer segment was ruffled, and the outer
nuclear layer was shortened (Figure 4F). In contrast, the
small PCV lesion caused RPE dysfunction with the pres-
ence of numerous empty vacuoles (Figure 4, C and E).
There were no obvious signs of photoreceptor degenera-
tion (Figure 4E). This observation is consistent with
human studies showing that patients with larger lesions
often have higher rates of lesion progression and severe
complications.’®

We frequently observed large numbers of inflammatory
cells in large PCV lesions. Numerous macrophages
infiltrated the lesion area (Figure 4, D, H, L, and M), as in
the human PCV lesion specimen (Figure 4I).”* Besides
macrophages, neutrophils (Figure 4, D and M), mono-
cytes (Figure 4D), mast cells (Figure 4J), and platelets
(Figure 4K) were also frequently present. Interestingly, a
macrophage was caught in action crossing into the RPE
(Figure 4L), whereas another macrophage was already
invaded into the sub-RPE space (Figure 4L) in a severe
PCV lesion. Endothelial cells (Figure 4L) and pericytes
(Figure 4L) were degenerating in the large lesion. The
artery wall was thick and hyalinized in both small and
large lesions (Figure 4, C—E). Obstruction of the
hyalinized vessels was apparent. Similar arteriosclerotic
changes in the choroid have been reported in human
PCV.”*?® Thus, both thin-wall vessels and hyalinized
vessels seem to be involved in the complex pathology
of PCV.
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Figure 4 Histopathological features of mouse and human polypoidal choroidal vasculopathy (PCV) lesions. A—F: Representative indocyanine green
angiography images of small (red arrow; A) and large (red arrow; B) PCV lesions that were isolated from a 9-month—old Tg44 for histopathology analysis
(Richardson stain; C—F). C and E: Small lesions. D and F: Large lesions. G: Wild-type control. C—E: Dilated thin-wall vessels (black dashed ovals; C and E) with
broken vessel wall (red arrowheads; C and E) were present in small lesions, whereas hyalinized vessels with thick wall were present in both small and large
lesions (red dashed circle; C—E). Yellow arrows indicated pigment epithelium detachments frequently observed near the dilated thin-wall vessels (C and E).
Red arrows and black arrows indicate small and large vacuoles, respectively, in the small PCV lesion (C and E). Red arrows indicated severe and extensive
retinal pigment epithelium (RPE) degeneration in large PCV lesions (D). Yellow arrows, black arrowhead, and orange arrowheads indicated macrophages,
neutrophil, and monocytes, respectively (D). Red brackets indicated that the RPE layer and the tip of outer segment (0S) were disintegrated into a debris zone
(D and F). Red arrows indicated large undigested OS phagosomes as a result of RPE degeneration (F). H and I: Immunopositive cells for macrophage markers
F4/80 (yellow arrows; H) and CD68 (black arrows; I) were present in severe Tg44 and human PCV lesions, respectively. J—M: Transmission electron
microscopic images showed the presence of mast cells (purple asterisks; J), platelets (blue asterisks; K), macrophages (red oval and red cap; L and M), and
neutrophils (yellow oval; M) in severe PCV lesions of Tg44. L: Red arrowheads mark the crossing points in Bruch membrane (BM) of a macrophage en route to
RPE. The red cap indicates another macrophage that was already invaded into the sub-RPE space in a severe PCV lesion. The red arrow and yellow arrow
indicate degenerating endothelial cells and pericytes, respectively, in the large lesion. Scale bars: 100 pm (A and B); 10 um (C, D, H, and I); 20 um (E—G); 2

| N e = " _ [%€

um (3—M). Cho, choroid; IS, inner segment; ONL, outer nuclear layer.

MMP2 and MMP9 Were Increased in PCV Lesions

Large numbers of inflammatory cells (neutrophils and
macrophages) in PCV lesions can produce matrix-
degrading proteases [eg, matrix metalloproteinases
(MMPs)] and may cause further structural damages to the
choroidal vasculature. We examined the expression of
MMP2 and MMP9 in mouse and human PCV lesions
(Figure 5, A and B). MMP9 was markedly increased in the
choroidal vessel wall (Figure 5A) and near the vessel
(Figure 5A) of severe PCV lesions comparing with that in
WT and weak PCV lesions (Figure 5SA). On the other hand,
MMP2 was markedly increased in both the vessel wall
(Figure 5A) and inside lumen (Figure 5A) in severe PCV
lesions, whereas it was slightly increased in the vessel wall
of weak PCV lesions (Figure 5A). In human PCV speci-
mens, both MMP9 (Figure 5B) and MMP2 (Figure 5B)
were prominently increased in the vessel wall. MMP9 was
also increased near the vessel (Figure 5B), whereas MMP2
was increased inside the lumen (Figure 5B). The expres-
sion of both matrix-degrading enzymes in the choroid of
control human eyes was minimal. Staining using the
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secondary antibody alone showed no signal (Supplemental
Figure S2).

Role of VEGF in PCV Pathogenesis

VEGF is important in the pathogenesis of choroidal neo-
vascularization through its potent proangiogenic activity. To
examine the role of VEGF in PCV pathogenesis, we
measured the VEGF level in the RPE/choroid of both
3-month—old Tg44 with weak PCV and 10-month—old
Tg44 with severe PCV (Figure 5C). Surprisingly, the VEGF
level was decreased approximately 30% (P < 0.001) in
weak PCV compared with 3-month—old WT littermates,
suggesting that, unlike in the case of CNV pathogenesis,
VEGF was unlikely involved in PCV initiation via its
proangiogenic activity. In 10-month—old Tg44 with severe
PCV, the VEGF level was increased approximately 40%
(P < 0.001) compared with 10-month—old WT littermates,
suggesting that VEGF might contribute to the progression
and development of complications (eg, classic CNV, as
described in Discussion).
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HTRA1 Was Increased in Human PCV Lesions

We examined the HTRA1 expression level in human donor
eyes from three PCV cases. HTRA1 was markedly increased
in the inner wall of degenerating choroidal vessels (Figure 6,
A, E, and G) compared with the weak signal in the choroidal
vessel wall of control human eyes (Figure 6, C and H).
HTRA1 was highly expressed in plasma proteins inside the
lumen of hyalinized and obstructed vessels (Figure 6A, E,
and F) and in fibrin deposit (Figure 6A). In addition, HTRA1

A
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MMP9

MMP2
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MMP2

1
Bl Tg44, weak PCV
B Tg44, severe PCV
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was also increased in RPE of the lesion area (Figure 6G and
Supplemental Figure S3A) and in collapsed choriocapillaris
(Figure 6, F and G) compared with those of control eyes
(Figure 6H and Supplemental Figure S3B). Vessels with
higher HTRA1 levels in both the inner wall and the lumen
appeared to have more extensive degeneration and leakage
(Figure 6A, E, and G). In control human eyes, HTRA1 was
weakly expressed in the RPE (Figure 6H and Supplemental
Figure S3B), Bruch membrane (Figure 6, C and H and
Supplemental Figure S3B), choriocapillaris (Figure 6, C and
H, and Supplemental Figure S3B), and choroid vessel wall
(Figure 6, C and H). Staining using the isotype IgG or
secondary antibody alone on PCV and control tissues
showed no signal (Figure 6, B and D, and Supplemental
Figure S3).

HTRA1 Inhibitor Was Effective in Preventing PCV
Initiation but Ineffective in Treating Existing PCV
Lesions

An HTRATI1 inhibitor, DPMFKLboroV, was shown to bind
covalently to the active-site serine of HTRAL1 via its C-ter-
minal boronic acid group, with an inhibitory concentration of
50% of 2.6 umol/L.”>' To test whether this inhibitor was
effective in preventing or treating PCV, we used biodegrad-
able polymer-based NPs to deliver the HTRA1 inhibitor to
the posterior segment of the eye of Tg44 mice to achieve
long-term sustained release. Previous work demonstrated that
intravitreally administered NPs transiently moved across the
retina and preferentially localized to the RPE.”**’~" We
prepared two types of NPs using polylactic acid/polylactic
acid—polyethylene oxide, following a published procedure”:
NPs encapsulating a lipophilic fluorescent marker, coumarin
6; and NPs encapsulating coumarin 6 and HTRA1 inhibitor.
We first injected adult WT mice intravitreally with NPs
containing coumarin 6. Four days after injection, NPs were
widely distributed in the eye (Supplemental Figure S11A),

Figure 5 Analysis of matrix metalloproteinase (MMP) 2, MMP9, and
vascular endothelial growth factor (VEGF) in polypoidal choroidal vascul-
opathy (PCV) lesions. A: Immunostaining of MMP9 and MMP2 in mouse PCV
lesions. MMP9 was markedly increased in an artery wall (black arrowhead)
and near the vessel (black arrows) of a severe PCV lesion. MMP9 was also
increased near the vessel in a weak lesion (green arrow). MMP2 was
robustly expressed in both the artery wall (white arrow) and lumen (yellow
arrow) of a severe PCV lesion, whereas it was weakly expressed in the vessel
wall of a weak PCV lesion (white arrowheads). B: Immunostaining of MMP9
and MMP2 in human PCV lesions. MMP9 was increased in the choroidal
vessel wall (white arrows) and near the vessel (white arrowhead), whereas
MMP2 was increased in the choroidal vessel wall (yellow arrow) and lumen
(vellow arrowhead). Nuclei were counterstained with DAPI (blue). C: The
VEGF levels in retinal pigment epithelium (RPE)/choroid lysates of Tg44 and
wild-type (WT) littermates were detected with enzyme-linked immunosor-
bent assay; 3-month—old Tg44 with weak PCV, 10-month—old Tg44 with
severe PCV, and their respective age-matched WT controls were used in the
assay. Data are expressed as means & SEM (C). n = 16 3-month—old Tg44
and WT (C); n = 12 10-month—old Tg44 and WT (C). ***P < 0.001
(t-test). Scale bars: 10 pm (A); 20 pum (B).
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whereas confocal microscopy showed that NPs were
concentrated in the RPE and outer segment (Supplemental
Figure S11B). NPs were mainly located in the RPE after-
ward and were detectable at least 21 days after injection.
Consistent with previous work,”” NP-injected eyes had
normal retinal architecture, with no signs of toxicity
compared with the control eye. We then injected Tg44 mice
before they developed PCV at either P16 or P22. Because
PCV was bilateral in Tg44 mice, we injected one eye with
NPs containing coumarin 6 as the control and the other eye
with NPs containing HTRA1 inhibitor plus coumarin 6. We
analyzed the preventive effect 21 to 32 days after injection

The American Journal of Pathology m ajp.amjpathol.org

Figure 6 HTRA1 expression in human poly-
poidal choroidal vasculopathy (PCV) lesions. The
expression level of HTRA1 was examined by
immunohistochemistry in PCV specimens (A, C,
and E—G) and in controls (B, D, and H). Immu-
noperoxidase method was used in A—D, whereas
immunofluorescence method was used in E—H.
Nuclei were counterstained with hematoxylin
(blue; A—D) or DAPI (blue; E—H). A: Red dashed
line surrounded area indicated a severely degen-
erating vessel with extensive plasma protein
leakage. Green arrows indicated a less degener-
ating vessel. The black dashed line surrounded
area indicated the increased expression of HTRA1
in fibrin deposit. C and D: Isotype IgG staining
showed no positive signal. E and G: Yellow dashed
line surrounded area indicated a severely degen-
erating vessel (E and G), whereas the green
dashed line surrounded area indicated a less
degenerating vessel (G). A, E, and G: Red arrows
and yellow arrows indicate the marked increase of
HTRA1 in the inner wall of degenerating choroidal
vessels. C and H: Red arrows (C) and white arrows
(H) indicated the weak signal in choroidal vessel
wall of control human eyes. A, E, and F: Red ar-
rowheads (A), yellow arrowheads (E), and white
dashed ovals (F) indicated highly expressed
HTRA1 in plasma proteins inside the lumen of
hyalinized and obstructed vessels. F and G: White
arrows (G) indicated increased HTRA1 in retinal
pigment epithelium (RPE) of the lesion area,
whereas white arrowheads (F and G) indicated
increased HTRA1 in collapsed choriocapillaris.
C and H: In control human eyes, HTRA1 was weakly
expressed in the RPE (red signal in H, indicated by
white arrowheads; RPE autofluorescence was in
pink), Bruch membrane (black arrows in C and
yellow arrow in H), choriocapillaris (black
arrowheads in C and yellow arrowhead in H), and
choroid vessel wall (red arrows in C and white
arrows in H). Scale bars: 50 um (A, C, and E—H);
20 um (B and D). Cho, choroid.

(Figure 7, A and B). The number of lesions was reduced by
36% on average (P = 0.009) in inhibitor-injected eyes
(Figure 7B). In the example shown in Figure 7A, the control
eye displayed a large polypoidal lesion and a cluster of small
lesions 13 days after injection. In contrast, there was only one
small lesion visible in the inhibitor-injected eye. Twenty-
seven days after injection, only a few small lesions could
be seen in the inhibitor-injected eye compared with much
more severe PCV lesions (in both number and size)
(Figure 7A) in the control eye. Two early-stage lesions
(Figure 7A) started to appear, probably attributable to the
waning of inhibitor at this time.
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Figure 7  Treatment of Tg44 mice with HTRA1
inhibitor or triamcinolone acetonide (TAA). A:
Representative indocyanine green angiography
(ICGA) images showed that HTRA1 inhibitor was
effective in preventing polypoidal choroidal vas-
culopathy (PCV) when delivered before its onset.
PCV lesions were imaged by ICGA at 13 and 27 days
after injection. Red arrows and circles indicated
large polypoidal lesions and cluster-type lesions,
respectively, in nanoparticle-injected eye. Yellow
arrow indicated an intermediate lesion. Red ar-
rowheads indicated small lesions in both injected
eyes. Two black arrows indicated two early-stage
lesions in the inhibitor-injected eye. B: Quantita-
tive results on the efficacy of HTRA1 inhibitor in
preventing PCV initiation in Tg44. Lesion numbers
were determined by ICGA. C and D: Intravitreal
injection of HTRA1 inhibitor into Tg44 after they
had developed PCV (approximately 3 months).
Lesion numbers were determined by ICGA before
and after injection. E: Representative ICGA images
showing the efficacy of suprachoroidal injection of
TAA treatment. PCV lesions were imaged by ICGA at
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We also injected Tg44 mice with HTRA1 inhibitor after
they developed PCV (approximately 3 months old). The
treatment effect was analyzed 3 to 4 weeks after injection.
There was no significant difference when comparing lesion
numbers before and after injection (Figure 7, C and D).
This result suggests that HTRA1 inhibitor is effective in
preventing PCV but ineffective in treating existing PCV
lesions.

Anti-Inflammatory Glucocorticoid Was Effective in
Preventing PCV Progression

Because our results suggest that inflammation plays a crit-
ical role in PCV progression, we reasoned that treatment of
Tg44 mice early with anti-inflammatory glucocorticoid
TAA might be able to prevent the formation of severe PCV
lesions. To deliver TAA effectively to the choroidal
vasculature, we performed suprachoroidal injection on P22
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Inhibitor 21 days after injection. The black dashed circle,

red dashed circle, and red arrowheads indicated
a cluster of polyps, a branching vascular network,
and small lesions in vehicle-injected eyes (con-
trol), respectively. Black arrowheads indicated
small lesions in TAA-injected eyes. F: Collective
results on the efficacy of TAA. B, D, and F: Sta-
tistical significance was assessed using t-test. Data

Large lesions
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2.51 are expressed as means + SEM (B, D, and F). n =

507 ‘ 15 (B); n = 12 before treatment, control and
inhibitor-injected groups (D); n = 9 after treat-
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1.0J n = 12 (F). *P < 0.05, **P < 0.01. Scale bars =
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Tg44 mice. One eye was injected with TAA, and the
contralateral eye was injected with phosphate-buffered
saline as a control. After 21 to 28 days, we assessed the
efficacy of TAA by ICGA. TAA treatment was highly
effective in preventing the formation of large lesions (5.8
times reduction; P = 0.017), whereas it was ineffective in
preventing small lesion formation when compared with the
controls (Figure 7, E and F). An example was shown in
Figure 7E. Control eyes exhibited a cluster of polyps and a
BVN in addition to small lesions. In contrast, only small
lesions could be seen on TAA-treated eyes.

Discussion
The key finding of this work was that PCV was caused by

proteolytic degradation of ECM of the choroid—Bruch
membrane—RPE region and the resulting chronic
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inflammation. Specifically, PCV was caused by a multitude
of degenerative processes, including destructive ECM
remodeling, vascular SMC loss, immune complex deposi-
tion, complement activation, and infiltration of inflamma-
tory cells. We found that the proteolytic activity of HTRA1
was responsible for PCV initiation; inflammatory processes
played a key role in PCV progression. The first conclusion
was supported by both genetic (ie, expression of mutant
HTRA1%*%4 in mouse RPE) and pharmacological
(delivery of an HTRAI1 inhibitor) experiments, which
prevented PCV initiation. The second conclusion was
supported by complement activation, infiltration of in-
flammatory cells in severe PCV lesions, and especially the
prevention of large lesion formation by anti-inflammatory
TAA treatment in Tg44 mice. Collectively, our results
provided strong support for a two-stage hypothesis for
PCV initiation and progression (Figure 8). In stage 1
(initiation stage), increased HTRA1 degrades ECM pro-
teins (eg, elastin) in the RPE/choroid region through its
proteolytic activity, which leads to the limited degradation
of Bruch membrane and choroidal vessel wall, producing
weak PCV. In stage 2 (progression stage), tissue injury in
RPE/choroid and leakage of plasma proteins in the lesion
area trigger chronic inflammatory responses, which
promote progression to severe PCV and complications (eg,
PED and hemorrhage).

We found abundant deposition of both IgG and IgM as
well as complement activation in mouse and human PCV
lesions, suggesting the involvement of both innate and
adaptive immunity in PCV pathogenesis. It is likely that
HTRA1-mediated proteolytic degradation unmasks hidden
neoepitopes (self-antigens) in the choroidal vessel wall,
which are recognized by IgG and IgM antibodies, providing
a platform for complement activation. This, in turn, serves
as an inflammatory focus to initiate chronic local inflam-
matory responses that lead to the infiltration of inflammatory
cells, such as neutrophils and macrophages, and the pro-
duction of proinflammatory cytokines and matrix-degrading
proteases (eg, MMPs). These cytokines and proteases cause
further structural damage and weakening of the choroidal
vessel wall, leading to PCV progression and complication.
The presence of IgG, IgM, MMPs, C3, and MAC in weak
PCV lesions (ie, before severe PCV lesions), and the fact
that anti-inflammatory TAA treatment prevented large, but
not small, lesion formation, suggests a causative role of
inflammatory processes in the progression, rather than the
initiation, of PCV. Corticosteroids (ie, triamcinolone) may
exert several effects that are beneficial in treating PCV
lesions (eg, inhibiting the release of proinflammatory cyto-
kines on endothelial and inflammatory cells; inhibiting the
migration and activation of inflammatory cells, including
macrophages, monocytes, and leukocytes; and inhibiting the
activation of MMPs)."

There is an ongoing debate on whether PCV represents a
subtype of neovascular AMD (ie, CNV) or a distinct
vascular abnormality of the choroidal vessels.”” *® Because
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Figure 8 Schematic drawing of a two-stage model for polypoidal
choroidal vasculopathy (PCV) initiation and progression. In stage 1,
increased HTRA1 degrades extracellular matrix (ECM) proteins (eg, elastin).
This leads to the limited degradation of the Bruch membrane (BM) and the
choroidal vessel wall, which initiates PCV. In stage 2, HTRA1-mediated
proteolytic degradation unmasks hidden neoepitopes in choroidal vessel
wall, which leads to IgG-IgM deposition and complement activation. This
serves as an inflammatory focus to initiate chronic local inflammatory re-
sponses (infiltration of inflammatory cells, such as macrophages and
neutrophils; release of proinflammatory cytokines; and further proteolysis),
which, in turn, leads to PCV progression and disease complications. Either
genetic mutation (S328A) or the HTRA1 inhibitor can abolish the protease
activity of HTRA1 and prevents PCV. Triamcinolone acetonide (TAA)
treatment blocks the inflammatory processes and prevented the develop-
ment of severe PCV and complications. MMP, matrix metalloproteinase;
RPE, retinal pigment epithelium.

VEGF plays an important role in CNV, we analyzed the
VEGF level in Tg44. Surprisingly, there was actually a
decrease of VEGF in the RPE/choroid of weak PCV when
compared with the age-matched WT control (Figure 5C),
which may contribute to endothelial cell degeneration,’’
vascular injury, and hypoxic condition in the early stage
of PCV. In 10-month—old Tg44 with severe PCV, there was
a 40% increase of VEGF in the RPE/choroid when
compared with the 10-month—old WT controls, probably as
a result of hypoxic and inflammatory conditions. This sug-
gests that VEGF-associated neovascularization may play a
role in PCV progression and the development of
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complications (eg, classic CNV and hemorrhage). Our data
may explain the inconsistent results in the literature
regarding the role of VEGF in PCV**%* " because its
expression and role depends on the PCV progression stage
and condition. PCV may manifest features of both choroid
abnormality and neovascular AMD at different disease
stages. Thus, reducing VEGF may be useful to help control
the progression of PCV, but it is ineffective to treat the
underlying degenerative processes. According to our results,
it may even be detrimental to treat early-stage PCV with
anti-VEGF therapy. Overall, our proposed mechanism may
provide a basis to explain the different pathological features
and treatment outcomes between PCV and CNV.

Numerous studies have shown that genetic loci in chro-
mosome 10q26, which surrounds two genes, HTRAI and
ARMS?2, are strongly associated with AMD, including
PCV.'? 154174 A geries of studies on the influence of
AMD-associated polymorphisms on the expression of
ARMS2 and/or HTRA1 have yielded conflicting
results.'>* 72 However, recent studies started to provide
evidence that variants in the promoter region of HTRA1 can
transcriptionally ~ up-regulate HTRA1.”*”*  Transgenic
expression of HTRA1 or ARMS?2 in mouse has shown that
overexpression of HTRA1, but not ARMS2, induced PCV
and CNV.'®'7235% To our knowledge, this is the first study
examining the expression of HTRA1 in human PCV lesions.
We showed that HTRA1 protein was significantly increased
in RPE and degenerating choroidal vessels of PCV lesions
(Figure 6 and Supplemental Figure S3, A and B). Moreover,
loss-of-function studies, by expressing the catalytically
inactive HTRA1 and delivering HTRA1 inhibitor, strongly
suggest that HTRA1 plays a key role in PCV initiation.

Because HTRALI is genetically associated with both PCV
and CNV, why did the Tg44 mice only exhibit the PCV
phenotype? One possibility is that additional factors are
required to develop typical CNV. For example, drusen, a
hallmark of AMD that is implicated in the pathology of both
neovascular and atrophic AMD, is more common in CNV
than in PCV patients.”**” There are no drusen in Tgd4
mice, which may partly contribute to the lack of CNV.
Nevertheless, increased expression of HTRA1 leads to the
degradation of EL of Bruch membrane and up-regulation of
VEGF at the PCV progression stage, both of which are risk
factors of CNV. By subjecting Tg44 mice to additional
AMD-associated stress factors, it is likely that they will
have increased susceptibility of developing CNV. It is
actually surprising that overexpressing a single genetic risk
factor (ie, HTRA1) in mouse can induce robust PCV
phenotypes. It may imply that PCV pathogenesis involves
simpler steps than CNV. Indeed, the onset of PCV is
generally much younger than CNV,” which is consistent
with the idea that more age-dependent stresses (eg, oxida-
tive stress) are required to develop CNV.

Elastin is an important structural protein of ECM in the
choroidal vessel that maintains the integrity of the wall.
Our results showed that proteolytic degradation of elastin
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in choroidal vessel wall attributable to both HTRA1 and
MMPs was a key pathological feature of PCV, which led
to weakening and dilation of the vessel wall. Because
elastin is important in stabilizing the vasculature by
keeping vascular SMCs in a quiescent contractile
state,”®>7 loss of elastin in choroidal vessels can contribute
to the loss of SMCs in PCV lesions. Our findings that both
MMP2 and MMP9 are increased in PCV lesions are
consistent with previous work showing that both MMPs
were increased in the serum of PCV patients.”® Increased
MMPs can degrade collagen, another major component of
choroidal vessel, leading to further damage of the aneu-
rysmal wall. Polypoidal dilations (polyps) and BVN, two
key features of PCV, could be the direct result of this
destructive vessel remodeling.

In addition to the degradation of elastin in choroidal
vessels, HTRA1 also degrades the EL of the Bruch
membrane in Tg44 mice, leading to EL fragmentation in
the Bruch membrane. This generates a favorable envi-
ronment for the invasion of polyps into the sub-RPE
space. Our histopathology data showed that PCV lesions
frequently pushed RPE and Bruch membrane to the retinal
side, likely because of the buildup of pressure of leaked
fluid from compromised vessels. The leakage and pres-
sure buildup may explain the high frequency occurrence
of PEDs and hemorrhage in human PCV. In conjunction
with compromised Bruch membrane, it may explain why
polyps are often located in the sub-RPE space in high-
resolution optical coherence tomography studies of
human PCV.”

A previous study attributed HTRA 1-mediated cleavage of
fibulin-5 (an essential protein for elastogenesis by promot-
ing elastic fiber assembly) as the reason for elastic lamina
degradation in Bruch membrane in HTRAI transgenic
mice.?® However, we found no difference in the protein
level of fibulin-5 in the RPE/choroid of two different
hHTRAI" mouse lines (a previously generated Vh73'® and
the current Tg44) (Supplemental Figure S6). Moreover,
there was no correlation between the severity of PCV
phenotype and the level of fibulin-5, ruling out a role of
fibulin-5 in PCV pathogenesis. Missense mutations of
fibulin-5 were shown to be associated with cuticular drusen
formation,”' whereas we found no evidence of drusen in
hHTRAI mice, consistent with the lack of drusen in PCV
patients.”” The reasons for these differences were unclear
and were unlikely attributable to the difference between
human HTRAI1 used in our animal model and mouse
HTRALI in the previous study, because the two proteins
were 91% identical at the amino acid level.

The principal therapies for PCV are laser photocoag-
ulation, photodynamic therapy, and anti-VEGF drugs
(ranibizumab, bevacizumab, and aflibercept). The best
reported treatment combines photodynamic therapy with
anti-VEGF drugs.®” However, photodynamic therapy can
cause subretinal hemorrhage, resulting in a poor visual

. 63,64 . .
prognosis.”””"  Another major concern regarding
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photodynamic therapy is the high rate of recurrence or the
development of new polypoidal lesions.’” Ranibizumab
and bevacizumab were reported to be less successful in
treating PCV than CNV. Recent studies showed that the
latest anti-VEGF agent, aflibercept, was effective in
reducing polyps; however, long-term study is needed to
fully assess the efficacy of this treatment.”® ®’ This is
important because long-term use of anti-VEGF therapy
(eg, ranibizumab or bevacizumab) can lead to anti-VEGF
resistance.’’” " Aflibercept is less effective in reducing
BVN, which may lead to the recurrence of polyps.
Moreover, RPE-derived VEGF is essential in maintaining
the choriocapillaris, suggesting that long-term blockade
of VEGF signaling in retinal diseases may have detri-
mental adverse effects.’”>’* Therefore, the development
of novel drugs that prevent or reduce both BVN and
polypoidal lesions could have a considerable impact on
current therapeutic strategy. Our result showing that
intravitreally delivering an NP-encapsulated HTRA1 in-
hibitor is effective in preventing PCV but ineffective in
treating existing lesions suggests that successful treat-
ment of PCV requires the blocking of both HTRAI1
activity and the wunderlying multiple degenerative
processes (eg, attributable to MMPs). Combination ther-
apy using both HTRA1 and MMP inhibitors as well as
anti-inflammation medicine could be a potential effective
treatment for PCV.
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