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KEYWORDS Abstract Age-related macular degeneration (AMD) is a complex eye disorder and is the lead-
Age-related macular ing cause of incurable blindness worldwide in the elderly. Clinically, AMD initially affects the
degeneration; central area of retina known as the macula and it is classified as early stage to late stage
Diagnosis; (advanced AMD). The advanced AMD is classified into the nonexudative or atrophic form (dry
Genetics; AMD) and the exudative or neovascular form (wet AMD). More severe vision loss is typically
Mechanism; associated with the wet form. Multiple genetic factors, lipid metabolism, oxidative stress
Target treatment and aging, play a role in the etiology of AMD. Dysregulation in genetic to AMD is established

to 46%—71% of disease contribution, with CFH and ARMS2/HTRAT1 to be the two most notable
risk loci among the 103 identified AMD associated loci so far. Chronic cigarette smoking is the
most proven consistently risk living habits for AMD. Deep learning algorithm has been devel-
oped based on image recognition to distinguish wet AMD and normal macula with high accu-
racy. Currently, anti-vascular endothelial growth factor (VEGF) therapy is highly effective at
treating wet AMD. Several new generation AMD drugs and iPSC-derived RPE cell therapy are
in the clinical trial stage and are promising to improve AMD treatment in the near future.
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Introduction

The macula is a circular area of diameter 5.5 mm with a
center located 17°, or 4.0-5.0 mm, temporal, and
0.53—0.8 mm inferior to the center of the optic disc. The
fovea centralis is a small, central pit composed of closely
packed cones in the human eye. The fovea is responsible
for sharp central vision. The fovea is surrounded by the
parafovea belt and the perifovea outer region (Fig. 1A, B).
Macular degeneration is the leading cause of severe, irre-
versible vision loss in people over age 55. It occurs when the
macula deteriorates. Because the disease develops as a
person ages, it is often referred to as age-related macular
degeneration (AMD).

AMD can be classified into four stages.' > The first stage
is normal ageing changes with only small - drusen and no
pigment abnormalities. At this stage, the diameter of the
drusen is < 63 um. In the second stage (early AMD), there
are some intermediate drusen whose diameter is > 63 um
and <124 um but with no retinal pigment epithelium (RPE)
cell abnormalities. Stage 3rd is extensive, moderate, at
least one large drusen (diameter >125 pum; intermediate
AMD) and RPE abnormalities. Stage 4th, also known as
advanced AMD, is concerned with the geographic atrophy
(GA) of the fovea or any age-related characteristics of
neovascular macular degeneration, as well as resulting in
visual loss. Liew confirmed the robustness of the age-
related eye disease study (AREDS) simplified severity
scale.” Early AMD has the smallest visual impairment, usu-
ally accompanied by decreased reading ability, visual
distortion, and a black or gray spot in the central vision.
Mid-term AMD is characterized by large or moderate vitre-
ous wart membranes or imperfect pigmentation. The cen-
tral vision of patients with advanced AMD is significantly
affected.

Clinically, besides disciform scar which is at the end
stage of advanced AMD, advanced AMD is also divided into
two categories: dry AMD (Fig. 1C) and wet AMD. Dry AMD is
also known as GA, which does not involve blood or serum
leakage.’ It is characterized by symmetrical eyes, distorted
vision, disordered macular pigmentation in both eyes, the
disappearance of foveal reflex, varying posterior poles with
yellowish-white drusen between Bruch’s membrane (BrM)
and RPE. In some advanced patients, map-like atrophy of
the posterior retina can be observed. Wet AMD can be
divided into choroidal neovascularization (CNV, Fig. 1D) and
polypoidal choroidal vasculopathy (PCV, Fig. 1E), which
involve blood or serum leakage. (At present, it is still
controversial whether PCV belongs to wet AMD. On the one
hand, PCV and CNV have different characteristics in clinical
characteristics and epidemiology. On the other hand, PCV
and CNV have similarities in environmental and genetic risk

factors.® In this review, PCV, and CNV are regarded as
subtypes of wet AMD). Compared with dry AMD, the visual
acuity of patients with wet AMD decreased more rapidly.
Most patients with wet AMD suffer from one eye first, and
the other eye may not develop for a long time. In CNV,
choroidal capillaries grow to the RPE and BrM lesions,
resulting in choroidal neovascularization. Because the
structure of neovascularization is not perfect, it will lead to
a series of pathological changes such as exudation, bleeding
and scar, which will further lead to the loss of central
vision. PCV is more prevalent in Asians.” The clinical course
of PCV is more stable and visual outcomes are more
favorable from those of CNV and therefore been described
as a separate clinical entity differing from CNV.® In PCV
condition, the polypoid neovascularization from the
choroid layer can pass through the BrM but would not
penetrate the RPE layer. PCV can be divided into type | and
type Il according to the morphology of the lesions. Type |
had abnormal branching vascular network (BVN) and
polypoid lesions at the end of the vascular network. Type I
had isolated or clustered polypoid lesions, but no obvious
branching vascular network or fine reticular vessels.? In this
condition, secondary subretinal hemorrhage or submacular
hemorrhage may occur.

Epidemiology
Prevalence

The population of AMD is increasing with ethnic and
regional differences. From 1990 to 2010, the incidence of
blindness and visual impairment caused by AMD was
increased.’ With population aging worldwide, it is esti-
mated that the number of AMD patients will be increased to
196 million in 2020, 288 million in 2040.'° Since Asia ac-
counts for more than half of the world’s population, the
number of cases is expected to reach 113 million by 2040."°
Because of the highest prevalence of AMD in Europe, the
number of future cases in this region is predicted to be
second after Asia (Fig. 2).">"" AMD is more common in
whites than in blacks.'”>" " The prevalence rate of AMD in
European was 12.33%, Asian was 7.38%, and African was
7.53%'° Michele Reibaldi reported that latitude or longitude
was negatively correlated with the original or age-
standardized prevalence of AMD in the early and late
stages (P < 0.001)."” Chinese population accounts for about
one-fifth of the world’s population. Song Peige reported
that the prevalence of AMD varies in different geographical
backgrounds in China'®; the prevalence of AMD is concen-
trated in the most populous areas of south-central China, at
6.64% (95% ClI = 5.12-8.52) and 6.74% (95%
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Neovascularization and drusen formation. (A) A cross section of a normal human eye showing the location of the

macula. An oval area with a diameter of 1.5 mm near the fovea is known as the macula. (B) It shows the important structure of the
retina in the macular area. RPE cells have the function of removing metabolites produced by photoreceptors. The blood vessels in
the choroid can transport nutrients and nourish the outer retina. (C) The formation and location of drusen is shown. Drusen for-
mation will lead to retinal tissue atrophy and Bruch membrane calcification rupture, further leading to AMD. (D) This picture
describes a choroid polypoid lesion. (E) This picture shows the proliferation of new blood vessels.

Cl = 5.20—8.65) in 2000 and 2010, respectively, and in-
creases with the decrease of latitude.

General risk factors

There are several risk factors for AMD, such as ageing, race,
blood pressure, and lifestyle. Ageing is a strong risk factor
for the development of AMD. Blue iris is more likely to
develop AMD than the brown iris."” Systemic factors such as
cardiovascular disease are also risk factors for AMD'S;
elevated blood pressure'”'® and atherosclerosis?® can in-
crease the risk of AMD. The presence of diabetic retinop-
athy (DR), high-density lipoprotein (HDL),”" obesity and
high systolic blood pressure increase the risk of AMD in
diabetic patients.?? Also, Ronald et al reported that the
baseline level of serum cystatin C was associated with the
incidence of early AMD and wet AMD.?? Studies show that
smoking and heavy drinking increase the risk of AMD.%*~2¢
Lutein and zeaxanthin can reduce the risk of AMD,
vitamin C, vitamin E, vitamin D, zinc oxide can prevent the
occurrence of AMD.?”-?8 Increase fish intake can reduce the
risk of AMD,?° " DHA and EPA may slow the occurrence of
AMD.>%33 In addition, lunch break is associated with a lower
incidence of advanced AMD.>* People who divorced or

separated were three times more likely to have advanced
AMD than married people.?*

Genetics
Associated loci

Genetic factors had a strong impact on the pathogenesis of
AMD,* totally 103 AMD-related genes or loci have been re-
ported. CFH and HTRAT1 loci are the two major associated
loci for AMD. In 2005, researchers first linked the 402H allele
of CFH to an increased risk of AMD.3¢*% CFH is a key regu-
lator of the complement pathway, located in chromosome
1g932. CFH 402H disable to transport oxidative lipids out of
the RPE layer, destroys the regulatory function of CFH in
inhibiting the activation of C3 to C3b and degrading C3b,
leading to the over-activation of complement, thus
increasing the risk of AMD.>*~*° CFB and C2 are activators of
alternative and classical pathways, respectively. CFB R32Q
and R32Q/IVS10 haplotype has a protective effect for AMD.*’
The mutation R102G (rs2230199) of C3 is involved in the
process of AMD from early to late. Lysate C3a of C3 exists in
the vitreous verruca membrane.*” (3a can induce the
expression of VEGF and promote the formation of CNV.** CFI
is regulated by CFH and is a cofactor of inactivation of C3b.
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AMD in 2040. Data from REF.10.

Study showed that rs10033900, rs11728699, rs6854876,
rs7439493 and rs13117504 had protective effects,* while
rs2285714 was associated with increased risk for AMD. HTRA1
is another major effect locus for AMD.*~>* Rs10490924 in
HTRA1 promoter region can increase the risk of AMD 15
times.“%°%52 HTRA1 transgenic mice showed BrM and choroid
damage, with some pathological features of CNV and PCV.

Some AMD genes related to lipid metabolism. APOE is a
key regulator of lipid and cholesterol transport in the
central nervous system. Allele haplotypes of APOE were €2,
€3 and ¢4. The risk of AMD in carriers of ¢4 is lower than that
in people with 3 genotype. The good mobility of ¢4 enables
lipid, cholesterol and RPE degradation products to better
cross BrM from RPE, otherwise, these substances accumu-
late in BrM to cause drusen and AMD.>> 7 APOE &2 seems to
enhance the expression of vascular growth factor and
fibroblast growth factor RPE cells.>® Therefore, APOE &4 can
reduce the incidence and progression of AMD compared
with APOE &2. In addition, TIMP3 is involved in RPE aging
and sorbite dystrophy.”®®° The rs9621532 allele and nearby
TIMP3 variants were associated with increased AMD risk.
LIPC is also associated with AMD, among which rs10468017
is most related.®' CETP, LPL, and ABA1 have been demon-
strated to express in the retina,®"®> which is associated
with AMD may through affecting the formation of dursen.
Rs2511989 encodes C1INH in SEPRING1 gene. C1INH is a
suppressor of complement classic and lectin pathway acti-
vation. It is highly genotypically related to AMD.®*

So far, at least 103 AMD associated loci have been
identified according to GWAS Catalog (https://www.ebi.ac.
uk/gwas/) and other publications (Table 1). They are
involved in complement factors, lipid metabolism, angio-
genesis, immune, cell motion, cytoskeleton, apoptosis and
proliferation, cell junction, collagen and etc. Most of the
reported genes are associated with all types of AMD and
involved in multiple functions (Fig. 3 and Supplementary
materials 1). TLR3 is only associated with dry AMD, which
can participate in innate immunity and plays a role as
pathogen recognition receptors in RPE, leading to apoptosis

The predicted global prevalence of AMD in 2040. TThis figure shows the estimated number of people worldwide with

when induced by cytokines. A rare SNP rs77466370 in FGD6
is only associated with PCV.%*

Interaction between genes and environmental
factors

Some AMD-related genes and environmental factors (such
as smoking and so on) interact together to influence the
occurrence and development of AMD. Smoking changed the
binding of CFH to (3, lowered the level of CFH in
plasma,®>°® and the rs1061170 variant changed the binding
ability of CFH to C3b. Therefore, rs1061170 carriers have a
stronger impact on AMD risk among smokers.3?:°%-67-70
Smoking also increases the risk of all people with the
HTRA1 genotype.”" AREDS reported a significant interaction
between CFH 402H and BMI.”° Blue Mountains Eye Study
(BMES) found that increasing fish intake in CFH 402Y car-
riers had a stronger protective effect on late AMD.”? Intake
of antioxidant nutrients also reduced the risk of early AMD
in people with high genetic risk of CFH and HTRA1 loci.”*"*
Similar to CFH variants, when both HTRA1 variants and
higher C-reactive protein (CRP) levels are present, the risk
of AMD increases.”” In addition, the potential interaction
between chromosome 6q16.2 and 18qg22.1 and smoking
significantly increased the risk of AMD in long-term
smokers.”® Schmidt et al found that APOE genotype had
an impact on the smoking-related risk of AMD, and had a
greater impact on CNV, and smoking was the most harmful
to carriers of apolipoprotein ¢2.”7:7%

Mechanism/pathophysiology
RPE cell senescence

A series of changes caused by aging of RPE cells can lead to
AMD. The ageing RPE cells break the balance of enzymes in
the extracellular matrix in the macular area gathers on the
BrM.”?%% Metabolites accumulate on the BrM, forming
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Table 1 Classification of AMD related genes.

Type

Genes (region, SNP)

Complement factors

Lipid metabolism

Angiogenesis
Immune

Cell motion
Cytoskeleton

Apoptosis and proliferation

Cell junction
Mitochondrial

lonic channel

Ubiquitination
Transcription

Transport

Nerve

Cluster protein family
Helicases

Adenylate cyclase
GTPase or ATPase
Tyrosinase

BBSsome
Transmembrane protein
DNA binding protein
Transferase

Collagen
Noncoding RNA

Others

C9 (5p13.1, rs62358361), €3 (19p13.3, rs2230199), C2 (6p21.33, rs116503776), CFHR4 (1931.3,
rs2171106), CFH(1q31.3, rs10922109), MBL2 (10q21.1, rs6480975), CFl(4q25,
rs10033900),CFB(6p21.33, rs116503776),CFHR2 (1q31.3, rs2171106)

CETP (16913, rs5817082), APOE (19q13.32, rs429358), LIPC(15921.3, rs2043085),
ABCA1(9931.1, rs2740488), LHFP (13q14.11, rs8002574), ABHD2 (15q26.1, rs4932480),
TIMP3(22q12.3, rs9621532)

FILIP1L (3q12.1, rs13081855), VEGFA (6p21.1, rs943080)

PVRL2 (19q13.32, rs6857), CD34 (1q32.2, rs1967689), PILRB (7q22.1, rs7803454), SDK1 (7p22.2,
rs55869773), ACKR3(2q37.3, rs56072732)

POSTN (13q13.3, rs9646096), TNXB (6p21.32, rs12153855), CNN2(19p13.3, rs67538026)
CCSER2(10q23.1, rs113544501), POC5(5q13.3, rs79069165), HTRA1 (10q26.13, rs3750846),
ARMS2(10q26.13, rs3750846)

TNFRSF10A (8p21.3, rs13278062), CTRB2 (16q23.1, rs72802342), NOTCH4 (6p21.32, rs2071277),
FRK (6922.1, rs1999930), PHACTR3 (20q13.32, rs843818), PKNOX2 (11q24.2, rs1077952), KRAS
(12p12.1, rs73296436), IER3(6p21.33, rs3130783), TRIM29 (11q23.3, rs61900473),
TGFBR1(9922.33, rs334353)

GJA1 (6q22.31, rs9482193), CDH22 (20q13.12, rs6032755)

NDUFC2(11q14.1, rs113553030), XRCC6BP1(12q14.1, rs12368533), UQCRFS1 (19912,
rs741449), TOMM40 (19q13.32, rs6857), SOD2 (6q25.3, rs2842992), ACAD10 (12q24.12,
rs61941274), MT—ND5 x ABHD2 (15q26.1, rs267606894 x rs4932480)

KCNMA1 (10g22.3, rs76150532), KCNJ3 (2q24.1, rs1445653), TRPM1 (15q13.3, rs7182946),
EFCAB14 (1p33, rs59182762), KCTD15 (19q13.11, rs10404384), TRPM3 (9921.12, rs71507014)
NPLOC4(17925.3, rs6565597)

PCF11(11g14.1, rs4293143), TRIM24 (chr7:138166004,hg19), NELFE (6p21.33, rs116503776),
RREB1 (6p24.3, rs11755724), GLI3 (7p14.1, rs2049622), KLF6 (10p15.1, rs12411753),
ATF7IP2(16p13.13, rs28368872), BAZ1A (14q13.2, rs6571690), EFCAB14 (1p33, rs59182762),
KHDRBS3(8q24.23, rs200534628), LYAR(4p16.3, rs150938341), NUPR1L (7p11.2, rs148800247),
TLE4 (9921.31, rs11545434)

SLC16A8 (22q13.1, rs8135665), SLC29A3 (10q22.1, rs7091537), SLC44A4 (6p21.33, rs12661281),
TRAPPC9(8q24.3, rs117659209), ADAMTS9 (3p14.1, rs6795735)

SYN3(22q12.3, rs5754227), CELSR1 (22q13.31, rs2337055), CNTNé6 (3p26.3, rs77360121),
DPF3(14q24.2, rs12887388), MBP(18q23, rs1789110), TNR (1q25.1, rs58978565), HERC1
(15922.31, 15922.31)

PLXNC1(12q922, rs17296444)

SKIV2L (6p21.33, rs406936)

ADCY5(3921.1, rs6762009)

ARHGAP21 (10p12.1, rs12357257), ATP6VOD1 (16q22.1, rs1471142), FGD(12q22, rs10507047)
TYR (11g14.3, rs621313)

BBS9(7p14.3, rs202162020)

TMEM97 (17q11.2, rs11080055), TSPAN11 (12p11.21, rs55916253)

RAD51B (14924.1, rs61985136), TSN(2q14.3, rs72837798)

KMT2E (7q22.3, rs1142), B3GALTL (13q12.3, rs9564692), UGT2B7 (4q13.2, rs112243525),
HS35T4 (16p12.1, rs79590629)

COL8A1 (3912.1, rs140647181), COL10A1 (6q22.1, rs1999930), COL4A3 (2q36.3, rs11884770)
ADAMTS9-AS2 (3p14.1, rs62247658), LINCO0470(18p11.32, rs2186849), LINC00588(8q12.1,
rs72657107), LINCO0900(11923.3, rs431911), PCDH9-AS3 (13921.32, rs1359191),
LOC101060498(4p14, rs12498917), LOC101927280 (5923.1, rs61287758),
LOC101927797(21q21.1, rs2205502), LOC101929681 (5p13.3, rs139161960), LOC153910(6q24.2,
rs63337561), LOC729987(1p21.3, rs12727789)

INHBB(2q14.2,rs6721654), ZPLD1 (3q12.3, rs17822656), HORMAD2 (22q12.2, rs713875), CST5
(20p11.21, rs4815244), CTRB2 (16q23.1, rs72802342), EXOC5(14q22.3, rs75165563),
IGFBP6(12q13.13, rs11170417), PDHA2 (4922.3, rs62315917), PRLR (5p13.2, rs114092250),
RDH5 (12q13.2, rs3138141), STOX2 (4q35.1, rs11132213), TRIB2(2p24.3, rs10191751), C200rf85
(20q13.32, rs201459901), C4orf14 (4q12, rs1713985), Céorf223 (6p21.1, rs2295334), C80rf42
(8p23.3, rs722782), C9orf91 (9932, rs41278671)
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vitreous warts, damaging adjacent retinal tissues, reducing
the blood supply of retina. RPE cell senescence leads the
immune cells to produce VEGF. Calcification, rupture, and
phagocytosis of the Bruch membrane produce blood vessels
which eventually leads to AMD (Fig. 4).

Oxidative stress

The retina is one of the tissues with the highest oxygen
consumption in the human body. Accumulation of oxidative
stress plays an important role in the pathophysiological
process of AMD.®' The cumulative oxidative damage of RPE
is mainly caused by the imbalance between the production
and elimination of reactive oxygen species (ROS). The
presence of high oxygen metabolism, high concentration of
polyunsaturated fatty acids, and photosensitizers can lead
to the excessive production of ROS in the retina.®>% Lip-
ofuscin is the main source of reactive oxygen species, which
accumulates in the RPE with age, further enhancing
oxidative stress in the retina.®* Excessive lipofuscin is
associated with AMD.%° In addition, the incidence of AMD in
people exposed to sunlight for a longer period was signifi-
cantly higher than that in the local general population.®*8’
Antioxidative damage may be the goal of the prevention
and treatment of related diseases. However, it was also
reported that the mixture of antioxidants had little effect
on reducing the rate of progression to CNV.® Hyttinen and
others suggested that modeling of AMPK-mTOR axis might

prevent the development of AMD by helping cells adapt to
oxidative stress.%’

Lipid metabolism

High-density lipoprotein cholesterol (HDL-C) levels were
associated with increased risk of AMD, while high total
cholesterol (TC), low-density lipoprotein cholesterol (LDL-
C) were associated with reduced risk of AMD.’" Researchers
have found advanced lipid peroxidation end products (ALES)
in lipofuscin,®®“* vitreous warts, and BrM of AMD patients.
Accumulation of advanced lipid ALEs interferes with pro-
tein stability and leads to apoptosis of photoreceptors and
RPE cells.?"%%%3

Inflammation and immunity

AMD drusen contain a variety of pro-inflammatory factors,®'
which indicates that local inflammation is a marker of early
AMD. The complement system is a component of the innate
immune system, which plays an important role in moni-
toring and maintaining homeostasis of the intraocular
microenvironment. It was found that the level of CRP was
higher in AMD patients.”® CRP can recruit CFH to destroy
necrotic tissue and prevent the release of pro-inflammatory
cytokines. When the risk protein 402H is combined with
CRP, the binding ability between 402H and CRP is much
lower than that between 402Y in CFH and CRP, which leads
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Figure 4 The formation of AMD during aging. This diagram shows the non-genetic mechanisms of AMD induced by RPE cell
senescence, oxidative stress, hemodynamics and so on during aging.

to complement activation and inflammation.® Most com-
plement proteins do not diffuse through BrM, but C5a
released after the activation of complements of AMD pass
through BrM, leading to inflammation and angiogenesis.”®
There is growing evidence that the targeted regulation of
complement-specific proteins is expected to become a
therapeutic method for AMD. Local inhibition of comple-
ment activation is considered a promising treatment for
advanced AMD. At present, some studies have found po-
tential complement cascade inhibitors, which may slow
down the progress of AMD.?” Also, Calippe et al found that
the combination of CFH and mononuclear phagocytes (MP)
inhibited CD47-mediated MPs clearance, while MPs main-
tained the steady state of subretinal space.”® Therefore,
inflammation and immunity are also closely related to the
occurrence of AMD.

Neovascularization

VEGF is one of the main risks of wet AMD, which plays an
important role in the occurrence of CNV and PCV.%*®°
Overexpression of vascular-promoting cytokines (such as
VEGF, PDGF) and reduction of expression of inhibitory cy-
tokines (ES, TIMP and so on) can lead to excessive prolif-
eration of neovascularization. Studies have shown that the
Pulsatile ocular blood flow (POBF) and pulse amplitude (PA)
in exudative AMD patients are lower than those in non-
exudative AMD patients. The thickening of BrM may lead
to increased choroidal vascular resistance, and the
decrease of choroidal blood flow may be related to the
formation of CNV.?”7'°2 |n addition, choroidal vitreous
warts and abnormal pigmentation also increase the risk of
AMD. After one eye progresses to advanced AMD, the five-

year risk of occurrence of AMD of the second eye is esti-
mated to be between 30% and 40%, which is much higher
than that in the normal population.'®

Other mechanisms

In addition to the above factors that are closely related to
the occurrence and development of AMD, other factors,
such as autophagy, hemodynamics and circadian rhythm,
are also believed to be related to AMD. Autophagy is a
lysosomal pathway for the degradation of cytoplasmic
proteins and damaged organelles. Protein aggregates are
transported to lysosomes via autophagy. With the increase
of age and RPE cells aging, lysosomal enzyme activity
decreased. Autophagy was reduced to remove mitochon-
dria and protein aggregates, outside cells, thus acceler-
ating the accumulation of lipofuscin, further leading to the
development of AMD. %% Golestaneh et al found that the
autophagic flux of RPE in AMD patients was lower than that
in normal RPE controls. %

There is a classical theory about the occurrence and
development of AMD, namely hemodynamics, which holds
that choroidal vascular dysfunction is the basis of AMD.
Atherosclerotic changes in the blood supply to the eye are
now known as neovascular AMD. The modern hemodynamic
theory proposed by Friedman in 1997 that AMD occurs
because of the change of choroidal blood flow caused by
the increase of choroidal and scleral sclerosis. "%’ Blood lipid
deposition and atherosclerosis result in thickening of the
vascular wall, stenosis of vascular lumen, and decreased
compliance of vascular wall, resulting in decreased
choroidal blood flow and abnormal choroidal perfusion,
resulting in insufficient perfusion of RPE cells or Bruch
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membrane injury, which ultimately leads to AMD. The view
that choroidal hemodynamics contributes to the progress of
AMD has been supported by recent clinical and experi-
mental data.’®®

Some studies have found that cyclic genes may play a
role in regulating retinal vascularization signals in retinop-
athy.'® In proliferative neovascularization, the expression
of retinal rhythm genes is destroyed.""® Whether circadian
rhythm disorder will affect the occurrence and develop-
ment of AMD remains to be further studied. In addition, the
imbalance of protein homeostasis may be one of the po-
tential mechanisms leading to AMD.

Diagnosis

The diagnostic methods of AMD include fundus imaging,
fluorescein angiogenesis (FA), indocyanine green angiog-
raphy (ICGA), optical coherence tomography (OCT), Optical
coherence tomography angiography (OCTA) and artificial
intelligence (Al). These techniques play an important role
in the diagnosis of AMD and have their unique advantages.

Fundus imaging

Fundus imaging methods include color photography,
monochromatic photography, automatic fluorescence im-
aging, and fundus angiography, which are useful for AMD
diagnosis. Microperimetry is a non-invasive visual function
test for the analysis of fixation and central visual field de-
fects, especially for AMD. Compared with standard auto-
mated perimetry (SAP), microperimetry has the advantages
of real-time imaging of fundus and eye tracking."'" GA can
be observed in the eyes of patients with dry AMD drusen,
subretinal hemorrhage and pigment epithelial detachment
(PED) are common in the eyes of patients with wet AMD.
These phenotypes can be easily observed in fundus
imaging.

FA and indocyanine green angiography (ICGA)

Dyes used for fundus angiography include sodium fluores-
cein and indocyanine green. FA is a useful method for
detecting wet AMD. Indocyanine green angiography (ICGA)
is the gold standard diagnostic tool for PCV. Both FA and
ICGA are safe, but occasionally serious reactions may occur.
Therefore, the potential risk factors of patients must be
carefully screened and the risk of angiography should be
informed. Under FA, compared with CNV, serous PED or
atypical serous PED is more common in PCV. Under ICGA,
CNV showed a neovascularization network without polypoid
structure, while abnormal vessels in PCV were more robust
with terminal polypoid or aneurysmal cluster with high
fluorescence.

Optical coherence tomography (OCT)

OCT is a non-invasive method that can display anatomical
cross-sectional information about retina, RPE, and choroid.
In early AMD, abnormalities in drusen and RPE can be
observed by OCT, which helps doctors to determine the

annual signs of disease activity and the risk of progression.
In advanced AMD, the activity of disease was monitored by
qualitative and quantitative analysis of fluid pools, such as
intraluminal cystic fluid, subretinal fluid, and PED, by using
OCT."" Spectral OCT (SD-OCT) has the advantage of sam-
pling information of multiple locations in the optical path
at the same time, which improves the speed of diagnosis. It
can easily detect and measure the changes in the photo-
receptor layer (PRL) on verruca vitreosa.''® Under OCT, the
choroid thickness of wet AMD is greater than that of normal
human, while that of dry AMD is less than that of normal
human.""*

Optical coherence tomography angiography (OCTA)

Optical Coherence Tomography Angiography (OCTA) is a
new non-invasive imaging technology, which provides non-
invasive characterization and quantification of microvas-
cular system under different retinal conditions.’”™ OCTA
can be used to observe chorionic changes in patients with
dry AMD, to detect the presence of CNV and PCV. OCTA has
a good resolution of CNV structure in patients with wet
AMD, and can observe and classify the orientation of CNV
from cross-section.”'®"” Overall sensitivity of active CNV
detection by OCTA was 80.7%."'® Compared with FA, OCTA
is less occluded by subretinal hemorrhage.""'?° For PCV, a
combination of structural OCT and OCTA can be used to
screen for PCV with 82.6% sensitivity and 100% speci-
ficity.'?' Therefore, OCTA can provide clearer vascular de-
tails and better detect and quantify CNV lesions in AMD
patients. The superficial and deep vascular density of dry
AMD patients was significantly lower than that of healthy
people. In patients with wet AMD, significant loss of deep
choroid vessels and villi muscle was observed. Among them,
CNV patients have reduced chorionic capillary perfusion
and deeper choroid.'?

Artificial intelligence diagnosis technology

With the development of artificial intelligence (Al) tech-
nology, Al has great potential in the diagnosis of ophthalmic
diseases. Kermany et al have proved that the classification
effect of the model based on the neural network resume on
AMD and diabetic macular edema is equivalent to that of
human experts.'?* Similarly, Treder et al used deep learning
to train and verify 1112 SD-OCT images of AMD to distin-
guish exudative macula and normal macula. The classifier
model established has achieved good results (the training
accuracy and validation accuracy are 100%, the average
score of AMD experimental group and control group are
more than 0.9).'* With the development of network
technology and the advent of 5G era, Al technology will be
constantly optimized. The advantages of Al technology in
assisting ophthalmologists to judge the patient’s condition
and to assist doctors to formulate the optimal treatment
plan will also become increasingly prominent. However, the
application of Al depends on database, so the establish-
ment of high-quality database is still a challenge for the
application of Al in disease diagnosis.
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Table 2 Current therapeutic drugs for wet AMD.

Drug Attribute Mechanism of action Date of approval Note
Pegaptanib Anti-VEGF Binding to vascular FDA approved it for wAMD Visual acuity can
(Macugen) aptamer endothelial growth treatment in 2004 not be stabilized
factor 165 prevents its well after
binding to vascular treatment.
endothelial growth
factor receptor
Ranibizumab Anti-VEGF Binding with VEGF 165, It was approved by FDA in 2006  Therapeutic effect
monoclonal 121 and 110 for DR and in Europe in 2009 for  is better than
antibody visual impairment caused by photodynamic
wWAMD, RVO, DR and CNV. therapy.
Bvacizumab Humanized anti- Inhibition of FDA approved it as a cancer Target molecule

Afiibercept (Eylea)

Conbercept

Triamcinolone
acetonide

Brolucizumab
(Beovu,
RTH258)

Abicipar pegol

Faricimab

OPT-302

Dorzolamide-
timolol

RGX-314

VEGF monoclonal
antibody

Humanized anti-
VEGF fusion
protein
Anti-VEGF Fusion
Protein

Glucocorticoid

anti-VEGF
antibody

anti-VEGF
molecule

Bi-specific antiboy

A fusion protein
composed of the 1
—3 of VEGFR-3 and
Fc

Carbonic
anhydrase
inhibitor

A gene vector
containing anti-
VEGF gene

angiogenesis

Binding to VEGF-A,
VEGF-Band PGF

Binding to VEGF-A,
VEGF-Band PGF

Inhibition of
angiogenesis, the
specific mechanism of
action is not yet clear.
binds to the VEGF-A
subtype

Using DARP in technique
to mimic antibody,
target VEGF

anti-Ang-2 antibody and
anti-VEGF-A antibody

By binding to VEGF-C or
VEGF-D, they block their
binding to VEGFR-2 or
VEGFR-3 on the surface
of endothelial cells in
blood vessels or
lymphatic vessels.
Acting by decreasing the
production of aqueous
humour

Adenovirus AAV8 carries
the monoclonal antibody
gene of VEGF and is

injected under the retina

inhibitor in 2004, but it has not
yet been approved for
ophthalmic treatment

FDA approval for diabetic
macular edema and DR in 2011

In 2013, it was approved by
CFDA for the treatment of
WAMD, and was awarded “the
most innovative drug with
clinical value” in phase Ill clinic
of USA.

On February 4, 2019, the FDA
accept the application for new
drug triamcinolone acetonide
suspension (xipere)

approved in the United States
in 2019

Not yet approved, phase I
completed

Not yet approved, phase I
completed

Phase Ill clinical trials are
planned for 2021

phase Il clinical trials are
underway

Phase Il clinical trials are
underway. Good results have
been achieved in phase I/lla
clinical trials.

and effect are
similar to those of
ranibizumab

It has the same
effect as
ranibizumab
Adverse reactions
are weak and can
be recovered
without
treatment, which
is more
economical than
ranibizumab

The effect of
single use is not
significant.

After one year of
treatment,
patients treated
with BEOVU
showed similar
visual
improvement as
patients treated
with aflibercept.

The effect of
combination with
ranibizumab is
better than that of
using alone

Combined with
anti-VEGF Drugs to
reduce retinal
effusion

A gene therapy
method
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Table 2 (continued)

Drug Attribute Mechanism of action Date of approval Note
GB-102 (Sunitinib) multi-target VEGF is blocked by Phase Il clinical trials begin in
receptor tyrosine inhibiting the VEGF September 2019.
kinase inhibitors receptor ((VEGFR1,
VEGFR2, VEGFR3)
X-82 (Vorolanib) VEGFR and PDGFR  Antiangiogenesis is Phase | clinical trials were
inhibitors achieved by inhibiting completed in December 2019,
VEGFR and PCGFR phase Il clinical trials are
underway
HMR59 Adenovirus vector Making the retinal cells phase Il clinical trials are plan
(AAVCAGsCD59)  containing e continue to produc for 2020
soluble protein (sCD59) soluble proteins
CD59 (sCD59) to block the final step of
the complement cascade
CM082 tablets VEGFR/PDGFR Antiangiogenesis is Phase Il clinical trials began in Oral drug

RG7716

IBI302

ADVM-022

TABO14

dual inhibitors

Bi-specific
monoclonal
antibody

Dual target
antibody

A gene vector
containing anti-
VEGF gene

anti-VEGF
antibody

achieved by inhibiting
VEGFR and PCGFR
Binds and inactivates
VEGF-A and ang-2

Both VEGF and
complement are
targeted
AAV-anti-VEGF therapy
method

Blocking the signal
transmission mediated
by VEGF can inhibit the
growth of new blood
vessels

2019

Phase Il clinical trials were
completed in 2018 and phase IlI
clinical trials are planned

Phase | clinical trials began in
2019

Phase | clinical trials. are
underway, start to collect
participants in the second half
of 2020

Phase | clinical trials have been
completed in January 2020

Vitreous injection,
it works better in
combination with
ranibizumab

It’s injected into
the vitreous
instead of under
the retina
Registered as a
class 1 new drug in
China

PDGF: platelet-derived growth factor; PGF: placental growth factor; wAMD: wet age-related macular degeneration; DR: diabetic
retinopathy; RVO: retinal vein occlusion; CNV: choroidal neovascularization; Ang-2: angiopoietin-2; DARP: designed ankyrin repeat
protein; PDGFR: platelet-derived growth factor receptor, VEGFR: vascular endothelial growth factor receptor.

Treatment

Laser and radiotherapy

and important to improve the existing treatment methods
and develop new treatment methods for AMD.

In 1999, Reichel et al began to treat CNV by transpupillary
thermotherapy (TTT).'?® Because its therapeutic effect is
only to block the existing CNV, it will also produce com-
plications, such as choroidal atrophy. It is easy to recur, so
it is seldom used at present. In addition, studies'?®'?” have
shown that TTT combined with other angiogenic drugs, such
as triamcinolone acetonide or ranibizumab, can be used as
a therapeutic regimen for wet AMD, but its efficacy needs
further evaluation. Besides TTT, laser therapy includes
photodynamic therapy (PDT). PDT can be combined with
ranibizumab. PDT combined with anti-vascular therapy for
PCV is an effective method.'?® Although laser therapy can
inhibit the growth of new blood vessels, it can not ensure
that no new blood vessels grow. The laser may also destroy
normal tissue around the retina. Therefore, it is necessary

Anti-VEGF treatment

The key to the treatment of exudative AMD is to inhibit the
formation of neovascularization,'” and intraocular injec-
tion of drugs to inhibit VEGF has become the main treat-
ment for wet AMD."*°""3? Blindness and the density of
choroidal capillaries decreases in patients treated with
anti-vascular therapy.”**"** The main drugs include
pegaptanib, ranibizumab, bevacizumab, afiibercept and
conbercept (Table 2). Pegaptanib'*>'*¢ and ranibizumab
are anti-VEGF monoclonal antibody fragment. Afiibercept is
a fusion protein of VEGF binding. It is formed by the second
binding of human VEGF receptor (VEGFR) —1 to the third
binding domain of human VEGF receptor-2 (VEGFR2), and
then binding to the Fc region of human immunoglobulin G-
1. Afiibercept can bind to all subtypes of VEGFA and VEGFB.
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It is a new generation of anti-VEGF after pegaptanib and
ranibizumab were approved by the FDA in November 2011.
Intravitreal injection of afiibercept two months or monthly
after the initial dose of three months was similar safety and
tolerance to that of ranibizumab monthly."*”'*® Con-
bercept is composed of the binding domain of human
VEGFR-1 and VEGFR-2 and the Fc part of human immuno-
globulin G-1. It had a strong anti-angiogenesis effect. >
Intravitreal injection of conbercept was safe and effective
and could prevent the growth of lesions and CNV. Broluci-
zumab is A humanized, single-stranded antibody that tar-
gets VEGF and binds to the VEGF-A subtype. It showed good
results in phase 3 clinical trials.'* It was approved by the
FDA for the treatment of wet AMD. Faricimab is a bispecific
antibody drug that can bind and inactivate angiopoietin-2
(Ang-2) and VEGF-A. The effect of faricimab is similar to
that of ranibizumab.'** Abicipar pegol is an anti VEGF
molecule that uses the designed ankyrin repeat protein
(darpin) technology to reduce the level of VEGF. Its half-life
in the eye is longer and the effect is more lasting.”** At
keast 13 drugs for VEGF related targets are still in devel-
oping. Abicipar pegol, Faricimab, TypeOPT-302 and
Dorzolamide-timolol are in their phase Il clinical trials;
RGX-314, GB-102 (Sunitinib), X-82 (Vorolanib), HMR59
(AAVCAGsCD59), CM082 tablets and RG7716 are in their
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RPE transplantation

Because AMD is mainly related to damage RPE cells which
are easy to cultivate and independent of synaptic con-
nections,'*®~'“8 RPE cells can be transplanted to repair or
replace RPE cells in patients. RPE transplantation mainly
includes macular translocation, autologous RPE-choroidal
transplantation, and RPE cell suspension injection. Macu-
lar translocation refers to the displacement of macula on
RPE, which can be regarded as functional RPE trans-
plantation. Although it has been proved that the operation
can bring long-term visual stability,'*® there will be
pigment epithelial cell atrophy under the displaced mac-
ula,° and it is prone to complications. The advantage of
autologous RPE-choroidal transplantation is that the graft
can attach to the choroidal vessels in a short time, and the
pigment epithelium usually does not grow excessively.
Transplantation remains a major challenge for eye
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Suggestions on treatment and follow-up of AMD. This is the treatment strategy for AMD. Routine ophthalmic exami-

nation and follow-up were the main methods for early and middle stage AMD patients, while appropriate treatment was adopted
for advanced AMD patients according to their characteristics.
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surgeons. Researchers also tried traditional clamp, aspi-
ration reflux tube into the subretinal space to release
implants, micro-thermal gripper using heat-induced graft
attachment and peeling, and even using customized de-
vices to deliver implants.’"'>? RPE cell suspension in-
jection has much fewer complications than macular
translocation, ' but the transport of cell suspension is
still an issue. Researchers have tried to inject cell sus-
pension'* through scleral choroidal pathway with blunt
needle and transport cell suspension’®>'%¢ through glass
cannula. Although RPE cell transplantation is a way for
AMD treatment in the clinic, there are still some problems
to be solved urgently, such as the transportation of cell
suspension and implant delivery, source of cells, the re-
sidual RPE removal, the prevention and control of PVR,
and the quality of transplanted cells."’ In addition to RPE
transplantation, there are artificial cone transplantation,
lower localized macular displacement, 360° macular
transposition, and macular transposition combined with
360° retinotomy.'*® %% Doctors often treat patients
differently depending on the severity and type of AMD
(Fig. 5).

Stem cell therapy

Stem cell therapy is a new potential therapeutic method for
dry AMD treatment. In 2012, researchers first reported the
transplantation of human embryonic stem cells (hESC)
derived RPE cells into elderly patients with dry AMD.'®"
They successfully transplanted the cultured hESC-RPE
cells into the patients, and no pathological conditions

=0—-@

fertilized
ovum

skin fibroblast from patient

+
AAV vector

Figure 6

Gene encoding for
anti-VEGF fab

such as teratoma, abnormal proliferation of hESC-RPE cells
were found. Generally speaking, the patients were well
tolerated, and the patients’ best-corrected visual acuity
was also obtained. Researchers designed a biological patch
consisting of RPE monolayer derived from hESC."? In their
clinical trials, the vision of two AMD patients with severe
visual impairment was stabilized and improved. Their study
demonstrates the feasibility and safety of hESC-RPE patch
transplantation as a treatment for dry AMD. One disad-
vantage of this technique is that local immunosuppression
is necessary for hESC-RPE. There is no evidence of adverse
proliferation, tumorigenicity or other serious ocular or
systemic safety problems associated with transplanted pa-
tients. Mandai et al studied the feasibility of trans-
plantation of RPE cells derived from pluripotent stem cells
(IPSC) for the treatment of AMD.'®* IPSC was generated by
skin fibroblasts of patients (Fig. 6). The patients’ best
corrected visual acuity did not improve or deteriorate, but
their VFQ-25 score improved.

Gene therapy

Gene therapy is also one of the potential therapies for AMD.
Because the eye is a small enclosed microenvironment and
has a blood-retinal barrier, it can maintain a high concen-
tration for a long time by injecting a small amount of re-
agent without being affected by the immune system. Gene
therapy achieves the goal of treating diseases by intro-
ducing genetic material into patients (Fig. 6). In AMD, AAV2
carriers with VEGF binding proteins are used to inhibit
angiogenesis. AAV2-sFLTO1 and AAV2-sFLT02 are fused into

subretinal
injection

1

Schematic diagram of cell therapy and gene therapy for AMD. The fertilized ovum was obtained by in vitro fertilization,

and the fertilized ovum developed into a morula and then a blastocyst. The inner cell population of the blastula was proliferated
in vitro to obtain embryonic stem cells, which were induced to differentiate into RPE cells and transplanted into the patients’ eyes.
In addition, skin fibroblasts from the patient were induced to produce pluripotent stem cells, which differentiated into RPE cells
and were transplanted into the patients’ eyes. Gene therapy is performed mainly by injecting AAV vector carrying vVVEGF-binding

protein into the rsubetinal space of patients.
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human IgG1 Fc region or its methyl domain and can be used
to inhibit CNV."¢*'% Studies have shown that AAV2 vector-
mediated therapy is safe and effective, and can be used as
a potential long-term treatment for wet AMD.'®¢~'7% |n
addition, viral vectors carrying endostatin and angiostatin
also inhibited angiogenesis.””'~"”*> Thumann et al success-
fully transfected PEDF gene using Sleeping Beauty (SB100X)
transposon subsystem and microplasmid without antibiotic
resistance marker (pFAR4),"* and isolated iris pigment
epithelium (IPE) cells. Li W et al constructed a target in-
hibitor CR2-sFlt1, which can significantly reduce the
expression of VEGF in RPE cells. The CR2 targeting fragment
can locate CR2-sflt1 at the site of complement deposition in
CNV region. Their research shows that the targeting inhib-
itor can inhibit CNV with high selectivity.'”® In addition,
cytokines are the basis of targeted combination therapy for
wet AMD, among which TNF, PDGF or fibroblast growth
factor are potential targets for effective combination
therapy.'”®

Outlook

AMD is a complex disease. There are few effective treat-
ments for dry AMD. Healthy lifestyles, such as proper ex-
ercise, maintaining a normal weight, control blood
pressure, and cholesterol, are important to reduce the risk
of AMD."”” No smoking, a high level of lutein/zeaxanthin
diet such as vitamin C, vitamin E, zinc oxide, lutein/zeax-
anthin can reduce the risk of AMD. Also, fish and green
vegetables can also reduce the risk of AMD. Treatment
strategies for AMD should incorporate a variety of risk
factors to avoid and improve drug interventions, and also
need to take into account personalized genetic informa-
tion. The activation of complement components further
promotes the development of AMD, so the local inhibition
of complement is considered to be a choice for the pre-
vention and treatment of early AMD. Besides, CFH, CFB, C2,
C3 and CFI in complement pathway, HTRA1, lipids meta-
bolism related genes such as CETP, APOE etc. are closely
related to AMD and are expected to become therapeutic
targets besides VEGF pathway. Emerging therapies are
likely to open up new avenues for AMD treatment. With the
development of technology and research progress, the
emergence of new and more effective AMD treatment
methods will improve patients’ visual acuity,'”® and
improve patients’ quality of life.
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