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INTRODUCTION

Angiogenesis plays a fundamental role in tissue 
development, regeneration, repair, and pathological 
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Abstract
Angiogenesis, the formation of new blood vessels from pre‑existing capillaries, is very tightly regulated 
and normally does not occur except during developmental and reparative processes. This tight regulation 
is maintained by a balanced production of positive and negative regulators, and alterations under 
pathological conditions such as retinopathy of prematurity, diabetic retinopathy, and age‑related macular 
degeneration can lead to growth of new and abnormal blood vessels. Although the role of proangiogenic 
factors such as vascular endothelial growth factor has been extensively studied, little is known about the 
roles of negative regulators of angiogenesis in the pathogenesis of these diseases. Here, we will discuss the 
role of thrombospondin‑1 (TSP1), one of the first known endogenous inhibitors of angiogenesis, in ocular 
vascular homeostasis, and how its alterations may contribute to the pathogenesis of age‑related macular 
degeneration and choroidal neovascularization. We will also discuss its potential utility as a therapeutic 
target for treatment of ocular diseases with a neovascular component.
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responses in the eye. Although numerous studies have 
focused on the identification of factors that promote 
angiogenesis, limited studies have examined the 
physiological and pathological roles of endogenous 
inhibitors of angiogenesis. We have previously shown 
that vitreous and aqueous humor samples prepared 
from the eyes of various species including mouse, rat, 
bovine, and human contain a significant amount of 
thrombospondin‑1  (TSP1).[1] Furthermore, the level 
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of TSP1 was significantly downregulated in vitreous 
samples prepared from diabetic animals and humans,[1,2] 
suggesting an important role for TSP1 in the development 
and progression of diabetic retinopathy.

TSP1 was one of the first identified endogenous 
inhibitors of angiogenesis, and it was subsequently 
demonstrated that its expression is downregulated 
during the progression and angiogenic switch in a 
variety of solid tumors.[3] We showed that the TSP1 
level is downregulated during the progression of 
uveal melanoma in the transgenic Tyr‑Tag mouse 
model. This was concomitant with increased tumor 
vascularity and growth.[4] However, the physiological 
role that TSP1 plays during vascular development and 
neovascularization remains unknown. Mice deficient 
in TSP1 (TSP1‑/‑) exhibit increased vascular density in 
many tissues and delayed wound healing.[5] Using these 
mice, we demonstrated that TSP1 expression is essential 
for appropriate pruning and remodeling during the late 
stages of postnatal retinal vasculature development, 
such that in its absence, an increase in retinal vascular 
density is observed.[6]

To assess the contribution of TSP1 to retinal 
neovascular izat ion ,  we  ut i l ized  the  mouse 
oxygen‑induced ischemic retinopathy  (OIR) model. 
We found that TSP1 expression contributes to blood 
vessel loss during exposure to hyperoxia (when VEGF 
level is low), but minimally affects ischemia‑mediated 
retinal neovascularization (when VEGF level is high).[6] 
These observations are consistent with increased VEGF 
expression in the retinas during hypoxia phase of OIR, 
independent of TSP1 status. In addition, exposure to 
hyperoxia and hypoxia did not affect TSP1 expression 
in wild‑type mice during OIR. Thus, we proposed that 
threshold levels exist for TSP1 and VEGF during normal 
retinal vascularization, and the presence or absence of 
neovascularization is mainly determined by the level of 
VEGF such that an increase in VEGF (during hypoxia) 
will drive neovascularization whereas a decrease in 
VEGF  (during hyperoxia) leads to TSP1‑mediated 
elimination of excess blood vessels.[6] This process 
is important during pruning and remodeling of the 
developing vasculature, and for maintenance of a mature 
and quiescence vascular phenotype.

Although a signif icant  increase in ret inal 
neovascularization was not observed in TSP1 null 
mice during OIR, a significant increase in choroidal 
neovascularization (CNV) was evident in TSP1 null mice 
subjected to a mouse model of laser‑induced CNV.[7] 
This was mainly attributed to an increased number of 
macrophages recruited to the lesions in the absence of 
TSP1, and was consistent with the anti‑inflammatory role 
proposed for TSP1 in the eye.[8] Thus, the regulatory effect 
of TSP1 on the retinal vasculature may be significantly 
different from that in the choroidal vasculature, and 
needs further investigation.

Mouse retinal vascularization occurs after birth, but 
the maximum retinal TSP1 expression is not observed 
until two weeks after birth.[6] To further demonstrate 
the important role of TSP1 expression in retinal vascular 
development and neovascularization, we proposed that 
TSP1 overexpression early during eye development 
would attenuate retinal vascular development and 
neovascularization. To test this hypothesis, we generated 
transgenic mice in which TSP1 expression was driven by 
the αA‑crystallin promoter. This allowed TSP1 expression 
in the eye around embryonic day 14, in advance of the 
onset of retinal vascularization. This increase in early 
TSP1 expression was sufficient to attenuate retinal 
vascular development and neovascularization during 
OIR.[9] Furthermore, crossing these transgenic mice 
with the Tyr‑Tag mice dramatically suppressed the 
development and progression of uveal melanoma.[4]

Our earlier studies indicated that decreased TSP1 
production during diabetes may exacerbate the 
development and progression of diabetic retinopathy.[1] To 
further demonstrate the importance of TSP1 suppression 
during diabetes and progression of diabetic retinopathy, 
we generated a line of diabetic mice that lacked TSP1. We 
showed that the diabetic mice lacking TSP1 developed 
more severe retinopathy.[10] Collectively, these studies 
establish an important role for TSP1 expression in 
ocular vascular homeostasis, in which its altered 
production contributes to vascular abnormalities and 
neovascularization associated with various pathological 
conditions. Therefore, TSP1 presents as a potential 
target for the development of new therapeutics for 
the treatment of eye diseases with a neovascular 
component. In this review, we will discuss the important 
roles of TSP1 in ocular vascular homeostasis, its cell 
autonomous effect on various ocular vascular cell types, 
and the development of mimetic peptides of TSP1 with 
antiangiogenic activity for the treatment of eye diseases, 
wherein changes in TSP1 production play a pivotal role.

THROMBOSPONDINS

Thrombospondins  (TSPs) belong to the family of 
matricellular proteins, which play critical roles in 
remodeling and re‑organization of extracellular matrix 
components affecting various cellular functions. The TSP 
family currently consists of 5 members (TSP1‑5) encoded 
by different genes that exhibit a specific temporal and 
spatial expression pattern during development.[3] They 
are multi‑domain proteins and interact with various cell 
surface receptors with different affinities and avidities, 
thereby affecting various cellular functions including 
proliferation, migration, and apoptosis [Figure 1]. TSP1 
and TSP2 form one subfamily, and both contain type 1 
repeat domains that confer their antiangiogenic activity. 
TSP1 and TSP2 normally form homo‑trimers. TSP3–5 lack 
the type 1 repeat domains and are normally pentomeric 
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in their organization. Although this subfamily was 
initially thought to have limited roles in the modulation 
of angiogenesis, recent studies using transgenic mice 
suggest important contributions from this subfamily to 
vascular integrity and function.[11]

TSP1 or platelet TSP was the first family member 
identified in platelets as a major component of the 
α‑granules.[12] Later, it was demonstrated that many cell 
types including epithelial cells, endothelial cells (ECs), 
perivascular supporting cells, and fibroblasts produce 
TSP1.[13,14] However, the cell autonomous function of TSP1 
in these cells remains poorly understood. We have shown 
that various ocular cell types in culture produce TSP1 
including retinal ECs, pericytes, astrocytes, choroidal 
ECs, and retinal pigment epithelial  (RPE) cells.[15‑19] To 
assess the cell autonomous impact of TSP1 in various 
cell types, we compared their phenotypic characteristics 
with those prepared from TSP1‑deficient mice. Here we 
will briefly discuss the cell autonomous impact of TSP1 
expression on the function of ocular vascular cells.

THROMBOSPONDIN‑1 EXPRESSION 
IN RETINAL VASCULAR CELLS

Numerous studies have indicated that vascular cells 
from vascular bed of various tissues express TSP1. 
We showed that retinal ECs, pericytes, and astrocytes 
express TSP1, and compared the characteristics of 
these cells with those prepared from TSP1‑/‑mice.[15‑17] 
We showed that retinal ECs prepared from TSP1‑/‑mice 
maintain a more proliferative and migratory phenotype 
compared with wild‑type cells.[15] These activities 
were mediated, at least in part, through sustained 
activation of various cell signaling pathways including 
MAPK/ERKs and cell cycle regulatory proteins.[20] This 
proangiogenic phenotype of retinal EC is consistent 
with increased retinal vascular density and increased 
number of ECs in retinas from TSP1‑deficient 
mice.[6] Exogenous TSP1 inhibits EC proliferation 
and migration, and induces EC apoptosis through 
intrinsic and extrinsic pathways.[21] We also showed 

Figure 1. Domain organization of thrombospondins. Schematic diagram of the domain organization of thrombospondin family 
members. NTD, N‑terminal domain; CTD, C‑terminal domain.
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that re‑expression of TSP1 in a polyomavirus middle‑T 
transformed line of brain ECs (bEND.3) restored the 
normal phenotype by suppressing the migratory 
and proliferative phenotype of these cells.[22] Thus, 
TSP1 expression in EC is essential for keeping their 
proangiogenic activity in check.

Perivascular‑supporting cells including smooth 
muscle cells  (SMCs) express TSP1.[23] In addition, 
expression of TSP1 by SMC is essential for their 
proliferative and migratory responses to platelet‑derived 
growth factor  (PDGF).[24] Thus, TSP1 expression 
was proposed to act as an autocrine factor with an 
important role in proliferation and migration of SMCs. 
We showed that retinal pericytes also express TSP1, 
and most importantly, retinal pericytes prepared from 
TSP1‑/‑mice were less proliferative and migratory, and 
failed to respond to PDGF‑BB.[17] Thus, TSP1 expression 
is important for proliferation and migration of retinal 
pericytes, especially in response to PDGF.[23] However, 
we did not observe a significant difference in the density 
and number of pericytes in TSP1‑/‑mice developing 
retinal vasculature.[6] Thus, other complimentary 
pathways may promote the recruitment of pericytes to 
the developing retina vasculature in the absence of TSP1. 
However, the identity of these pathways requires further 
investigations of the regulatory mechanisms that control 
pericyte migration and proliferation.

We and others have shown that astrocytes also express 
TSP1.[16,25] However, little was known about the cell 
autonomous impact of TSP1 on retinal astrocyte function. 
Recent studies have established a role for TSP1 and TSP2 
produced by astrocytes in the synaptogenesis of retinal 
ganglion cells.[25] To determine the cell autonomous 
impact of TSP1 expression in retinal astrocytes, we 
isolated retinal astrocytes from TSP1‑/‑mice.[16] We 
showed that TSP1‑/‑astrocytes are more adherent on 
fibronectin and vitronectin, but exhibit similar migratory 
activity and integrin expression. In addition, lack of 
TSP1 may be compensated by increased production of 
TSP2, a closely related TSP1 family member, in these 
cells. This is consistent with lack of any sign of retinal 
neuronal dysfunction in TSP1‑/‑mice determined by 
electroretinography analysis.

Although retinal pericytes also express significant 
amounts of TSP2, the retinal EC normally exhibit no 
detectable levels of TSP2. However, we recently showed 
that increased oxidative stress enhances TSP2 expression 
in retinal EC and attenuates their ability to undergo 
capillary morphogenesis.[26] In the retinal vasculature, 
pericytes are the major source of TSP2 expression, and 
its expression is further enhanced under oxidative 
stress.[27,28] However, the cell autonomous role of TSP2 
expression in retinal vascular cells and the characteristics 
of TSP2‑null vascular cells compared with wild type cells 
have yet to be studied, as we have reported for TSP1. 
However, we recently demonstrated that the germline 

deletion of TSP2 minimally affects the postnatal retinal 
vascular development and neovascularization.[28]

The level of TSP1 is dramatically downregulated in 
ocular samples from diabetic animals and humans.[2] 
However, the reason for this decrease in vivo remains 
unknown. We have shown that incubation of 
retinal EC, under high glucose conditions, results in 
decreased production of TSP1 in retinal ECs, and it 
is likely responsible for the enhanced migration of 
retinal ECs observed under high glucose conditions 
through activation of MAPK/ERK and PI3kinase 
pathways.[1,20,29] In contrast, retinal pericytes under high 
glucose conditions are less migratory and do not respond 
to enhanced promigratory activity of PDGF, perhaps as 
a result of increased Bim expression, oxidative stress, 
and apoptosis.[30] Incubation of retinal astrocytes under 
high glucose conditions resulted in their increased 
proliferation, which was concomitant with increased 
GFAP production.[31] Astrocytes cultured under high 
glucose conditions were also less migratory and failed 
to form a network on Matrigel. However, exogenously 
added PDGF‑AA or PDGF‑BB restored their migratory 
activity. High glucose conditions also enhanced 
the production of both TSP1 and TSP2 in astrocytes 
concomitant with the activation of NF‑κB, ERK, and 
JNK pathways with a proinflammatory phenotype.[31]

THROMBOSPONDIN‑1 EXPRESSION 
IN RETINAL PIGMENT EPITHELIAL 
CELLS

Expression of TSP1 by RPE cells has been previously 
reported, and changes in its expression may be linked 
to abnormalities associated with RPE cell function and 
integrity of Bruch’s membrane.[18,32‑34] TSP1 is present 
in the Bruch’s membrane, and its decreased levels in 
eyes from patients with AMD suggest that the integrity 
of Bruch’s membrane is compromised, leading to 
CNV under the retinal pigment epithelium.[33,35] Thus, 
TSP1 expression by RPE cells may play a significant 
role in proper RPE cell function and the integrity of 
Bruch’s membrane, thereby preventing the growth 
of choroidal new vessels into the sub‑RPE space. 
Increased expression of TSP1 and activation of TGF‑β 
in response to retinoic acid has been demonstrated to 
be responsible for attenuation of RPE cell adhesion 
and migration.[34] In addition, expression of TSP1 
is impaired in eyes of patients with AMD, and its 
reduced levels in Bruch’s membrane in the submacular 
region may contribute to AMD and CNV. [33,35] 
Furthermore, TSP1‑deficient mice exhibit enhanced 
choroidal neovascularization in a mouse model of 
laser‑induced CNV.[7] Thus, decreased endogenous 
TSP1 levels produced by RPE cells may contribute to 
CNV during AMD. However, the cell autonomous 
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impact of TSP1 on RPE and choroidal EC has not been 
previously addressed.

To better understand the role TSP1 plays in the 
modulation of RPE cell function, we isolated RPE cells 
from wild‑type and TSP1‑/‑mice.[18] We showed that 
TSP1 deficiency had a significant impact on the junctional 
properties of RPE cells. TSP1‑/‑RPE cells were more 
proliferative and adherent, less migratory, and exhibited 
defects in phagocytosis, perhaps as a result of reduced 
cathepsin B levels and lysosomal activity. TSP1‑/‑RPE 
cells also exhibited increased oxidative stress and an 
inflammatory phenotype compared with wild‑type 
cells. These results were consistent with the reduced 
expression of TSP1 and the inflammatory phenotype of 
eyes from patients with AMD.[35]

THROMBOSPONDIN‑1 EXPRESSION 
IN CHOROIDAL ENDOTHELIAL CELL

Endothelial cells from many vascular beds express 
TSP1. However, whether choroidal EC express TSP1 
and how TSP1 affects their cell autonomous function 
remains unknown. We have recently cultured choroidal 
ECs from wild‑type and TSP1‑/‑mice.[19] We showed 
that TSP1‑/‑choroidal ECs grow at a slower rate and 
exhibit increased basal levels of apoptosis as well as 
when challenged with H2O2. TSP1‑/‑choroidal ECs 
were also less adherent and migratory compared 
to wild‑type cells, and failed to undergo capillary 
morphogenesis in Matrigel. These results are in contrast 
to those reported in TSP1‑/‑retinal EC, which were more 
proliferative and migratory.[20] Wild‑type choroidal ECs 
produced a significant amount of TSP1 that was mainly 
cell‑associated. Although TSP1‑/‑choroidal EC did not 
express TSP1, as expected, they expressed significantly 
higher levels of TSP2 compared with wild‑type cells.[19] In 
contrast, wild type retinal EC do not express detectable 
levels of TSP2.[26] TSP1‑/‑choroidal EC also showed 
increased levels of iNOS and NO but similar levels of 
VEGF compared to wild‑type cells. Thus, TSP1 expression 
in choroidal ECs modulates their angioinflammatory 
phenotype, which is distinct from the effects of TSP1 on 
retinal ECs. These differences may be associated, at least 
in part, with the fenestrated phenotype of choroidal EC 
and deserves further investigation.

PATHOGENESIS OF AMD

AMD is characterized by a progressive degeneration 
of the macula and severe irreversible vision loss. 
Development of AMD is associated with an abnormal 
anatomy of the photoreceptor‑RPE, Bruch’s membrane, 
and choriocapillaris complex. Two morphologic forms 
have been defined for AMD including the dry form, 
which consists of drusen and geography atrophy (GA), 

and the wet or exudative form, which is associated 
with CNV. Pathological hallmarks of AMD are mostly 
presented in the central area of the retina, specifically in 
the macula. The appearance of drusen bodies between 
the basement membrane of RPE and Bruch’s membrane 
has been considered an early clinical sign of AMD.[36] 
Drusen alone do not lead to a significant loss of visual 
acuity in AMD, but can cause a decline in macular 
function including decreased sensitivity of the central 
visual field and color contrast as well as spatiotemporal 
sensitivity.[37‑39] A few small drusen may not lead to 
diminished vision; however, large drusen with an 
increased number may result in distortion of vision and 
increase the possibility of progression to late stages of 
AMD.[40]

Geographic atrophy (GA) occurs when there is loss 
of RPE cells associated with the overlying photoreceptor 
layer. On fluorescein angiography, areas of GA are 
distinguished by the presence of increased fluorescence 
from diffuse and irregular patches indicating the 
development of GA. GA gradually contributes to 
advanced stages of vision loss, most likely through 
RPE degeneration and loss of photoreceptors in the 
macula leading to tissue atrophy or death.[40,41] Choroidal 
vasculature, RPE, and photoreceptors can be involved 
in different stages of the disease.

Visual impairment initially arises from RPE 
degeneration, and may be complicated by the secondary 
effect of CNV.[41‑43] Growth of new blood vessels originate 
from the choroid. However, the detailed mechanisms 
underlying CNV pathogenesis are not well understood. 
The early phase of CNV is associated with migration and 
proliferation of choroidal EC into the sub‑RPE space, 
rupturing through the Bruch’s membrane. In the active 
phase, CNV starts to expand either by remaining beneath 
the RPE or by entering the sub‑retinal space. Ultimately, 
in the end stage of untreated exudative AMD, CNV 
becomes fibrotic and forms disciform scars.[40,44,45] The 
diameter and thickness of these disciform scars might 
be influenced by the degree of RPE and photoreceptor 
cell degeneration.[45]

The dysregulation of VEGF expression has been 
identified as an essential factor in the development and 
progression of AMD and CNV. Donor eyes obtained 
from AMD patients have revealed over‑expression of 
VEGF in the RPE, consistent with higher VEGF levels in 
vitreous samples of patients with exudative AMD.[46‑48] 
There are also many other angiogenic factors whose 
alterations could contribute to the development of CNV 
including insulin‑like growth factor  (IGF), fibroblast 
growth factor (FGF), interleukins, and angiopoietins.[49‑53] 
VEGF promotes vascular permeability and functions as a 
specific EC mitogen.[46,50,51,54] It also acts as a chemotactic 
factor for recruitment of macrophages that actively 
enhance the production of VEGF and various cytokines 
in the early phase of CNV.[55,56] The penetration of CNV 
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through Bruch’s membrane is enhanced via production 
of matrix metalloproteinases (MMPs) of macrophages 
and vascular endothelium.[57] At the late phase, 
maturation and stabilization of these new blood vessels 
is stimulated by transforming growth factor β (TGFβ), 
tissue inhibitor of metalloproteinases 3  (TIMP3), and 
other inhibitors of angiogenesis including TSP1, which 
ultimately result in the formation of disciform scars at 
the end stage.

RETINAL PIGMENT EPITHELIUM 
AND BRUCH’S MEMBRANE

Retinal detachment and RPE degeneration are major 
contributors to the loss of central vision acuity.[58] RPE 
is a single layer of polarized epithelial cells located at 
the base of the retina. These hexagonal cells are attached 
to each other by tight junctions, which form the outer 
blood retinal barrier blocking nonspecific transportation 
of various materials from the choroid to the retina. 
On its basolateral surface, the RPE firmly attaches to 
Bruch’s membrane, which intercepts the RPE from 
the choroid.[40] The RPE plays crucial roles in retinal 
hemostasis through several activities including light 
absorption, phagocytosis, transepithelial transport, and 
vascular homeostasis.[59]

RPE cells supply nutrients required for maintenance 
of the visual function through photoreceptor outer 
segments. Moreover, RPE cells transport metabolic end 
products, water, and ions from the sub‑retinal space 
to the choroid.[60] RPE cells act as a crucial element 
of the waste disposal system for the retina. They are 
involved in the phagocytosis of shed outer segments and 
photoreceptor debris by either recycling or completely 
degrading them, and also exocytosis of the remains to 
the choroid for clearance from the retina.[61] In addition, 
RPE cells produce many factors including FGFs, 
IGF‑I, transforming growth factor‑β  (TGF‑β), ciliary 
neurotrophic factor  (CNTF), lens epithelium‑derived 
growth factor  (LEDGF), platelet‑derived growth 
factor (PDGF), members of the interleukin family, VEGF, 
TSP1, and PEDF, all of which have important functions 
in maintaining retinal homeostasis.

Curcio et   al  suggested that  photoreceptor 
degeneration and loss occurs in the RPE‑Bruch’s 
membrane complex in the early stages of AMD.[62] 
Induction of photoreceptor and RPE cell apoptosis 
occurs in human AMD. [63,64] Furthermore, these 
apoptotic cells are mainly found at the edges of atrophy, 
where extended atrophic regions are associated with 
vision loss in patients with GA.[40,63] Fas/Fas ligand 
system has been postulated to be a potential mechanism 
involved in the photoreceptor apoptosis in AMD.[40,63] 
RPE cell degeneration has been identified as a critical 
element involved in the loss of photoreceptor cells. 

Maeda et al showed that intravitreal ornithine‑induced 
degeneration of RPE had a direct effect on the loss 
of photoreceptors. RPE degeneration leads to severe 
abnormal photoreceptor function.[65] The aging RPE 
monolayer has approximately 0.3% rate of cell loss 
every year, which may lead to high metabolic demand 
for each cell.[66,67] Furthermore, aging RPE cells present 
alterations in pigmentation, decreased melanosomes, 
reduced cell density, and increased number of 
lipofuscin granules.[68] These alterations contribute to 
elevated stress levels in RPE cells, where some of this 
oxidative stress[60] could be linked to decreased levels 
of TSP1 production by RPE cells. Declining protective 
mechanisms of RPE cells associated with induced 
oxidative stress or active photo‑oxidative reaction 
species were shown to be major contributors to the 
pathogenesis of AMD.

Lipofuscin granules present in the RPE cells provide a 
source of reactive oxygen species (ROS).[59,69‑72] Lipofuscin, 
when excited by the presence of light, generates reactive 
oxygen intermediates, which can contribute to lysosomal 
dysfunction, leading to lipid peroxidation and ultimately 
RPE cell atrophy.[73‑75] Although not much is known 
about the potential causes of lipofuscin accumulation, 
age‑related alterations in RPE cells including lysosomal 
enzyme dysfunction and increased oxidative stress were 
similar to those observed in TSP1‑/‑RPE cells,[18] and a 
reduction of antioxidants and pigmentary changes have 
been suggested to be major contributors. TSP1 levels 
have also been reported to be decreased in Bruch’s 
membrane in eyes of patients with AMD.[35,76]

Accumulat ion of  advanced‑glycat ion end 
products  (AGEs) in RPE cells and in the Bruch’s 
membrane can also result in oxidative stress.[77‑79] AGEs 
are found in drusen bodies, which are considered early 
clinical signs of AMD.[80] They can also contribute to the 
formation of CNV. Incomplete degradation of metabolic 
end products from RPE and/or photoreceptor cells 
including lipoproteins, phospholipids, triglycerides, 
fatty acids, and other hydrophobic materials may result 
in deposit formation in the Bruch’s membrane or basal 
lamina, which may indicate failure of aged Bruch’s 
membrane in transporting the materials.[40,81‑84] Some 
of the age‑related changes in the Bruch’s membrane 
contributing to AMD pathologies include increased 
thickness caused by basal laminar deposits, drusen 
and basal linear deposits, decreased macular elastic 
layer thickness, declined solubility of Bruch’s 
membrane collagens, followed by reduced activity of 
collagenolytic enzymes and oxidative modification of 
proteins, lipid peroxidation, and a reduction of water 
transport activity  (hydraulic conductivity) leading to 
decreased permeability of the Bruch’s membrane.[59,85‑93] 
Collectively, changes in Bruch’s membrane most likely 
have a key role in RPE cell dysfunction related to aging 
and/or AMD.
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CHOROIDAL VASCULATURE

The choroid plays a crucial role in retinal homeostasis, 
dissipating heat and nourishing the outer retina 
including the RPE and photoreceptor cells.[94] The choroid 
is composed of posterior ciliary arteries branching from 
the ophthalmic artery outside of the globe, transpiring 
the sclera at multiple sites. These arteries convey terminal 
arterioles generating exclusive, non‑overlapping 
choriocapillaris lobules. The choriocapillaris  (CC), the 
capillary component of the choroid, is located on the 
posterior portion of the Bruch’s membrane and runs 
in a single layer beneath the RPE cells.[40] The feeding 
arterioles of CC are only present at the inner portion 
of the choroid. The CC and medium‑sized vessels 
supply the inner choroidal vessels located between the 
apical RPE and outer choroidal melanocytes.[40,94] The 
inner surface of the CC (i. e., the surface facing the RPE 
cells) and its basement membrane  (posterior layer of 
Bruch’s membrane) are composed of fenestrated EC, 
which are involved in secretion and/or filtration.[40,94‑96] 
The other layers of the choroid include Sattler’s layer, 
which contains medium‑sized vessels and interposing 
connective tissue close to the CC, as well as the Haller’s 
layer composed of larger vessels that feed and drain 
arterioles and venules of Sattler’s layer.[94]

Extensive choroidal perfusion might be crucial due to 
the massive oxygen consumption by the photoreceptors 
and neural retina. Studies suggest that CC, as a very 
dense vessel bed, supports the enormous utilization 
of oxygen by the retina. Although photoreceptors and 
neural retina utilize a large amount of oxygen, the 
oxygen depletion from the CC is limited.[94] This unique 
characteristic of the choroid is extremely crucial for 
proper photoreceptor function and survival.[40]

Various studies suggest that choroidal vascular 
changes, such as decreasing density and diameter of 
the CC and intermediate‑sized vessels, are associated 
with aging and early stages of AMD.[94,97] Several factors 
have been identified as critical elements for choroidal 
microvascular dysfunction in AMD. The localization 
of complement complex within the CC in aging eyes 
suggests a potential mechanism for development of 
vascular injury in AMD.[98,99] Secondly, vascular alteration 
in both the choroid and peripheral vasculature insinuate 
endothelial dysfunction as a contributing factor to the 
development of AMD.[100,101] Other important factors 
include morphometric changes in the choroidal vascular 
density and choroidal neovascularization that originate 
from capillaries in the choroid with aging and AMD.[40,102]

Abnormal choroidal blood flow has been shown in 
patients with AMD.[103] These patients demonstrated 
reduced filling speed for capillary, arterial, and venous 
vessels associated with decreased capillary density, 
suggesting declining choroidal blood flow.[104] It has 
been postulated that the reduced choroidal blood flow 

and abnormal venous drainage is due to the formation 
of atherosclerotic plaques associated with increased 
scleral rigidity.[105] Subsequently, this resulted in changes 
in the RPE function with accumulation of lipoproteins 
that ultimately lead to RPE cell degeneration and altered 
permeability of the Bruch’s membrane as observed in 
early AMD.[106]

Although changes in TSP1 levels were observed 
in AMD patient samples and Bruch’s membrane, 
the underlying cellular changes and the mechanisms 
involved remain largely unknown. Our studies 
indicated that TSP1‑/‑mice develop significantly 
larger lesions of neovascularization when subjected 
to laser‑induced choroidal neovascularization.[7] 
The enhanced CNV was associated with increased 
accumulation of macrophages at the lesion site. 
Therefore, the anti‑inflammatory action of TSP1 may 
play an important role in maintaining choroidal/RPE 
homeostasis. However, decreased levels of TSP1 
in response to oxidative stress may exacerbate the 
inflammatory processes driving the pathogenesis 
of AMD and CNV. Thus, restoration of TSP1 levels 
using mimetic peptides with anti‑inflammatory 
and anti‑angiogenic activity may provide beneficial 
therapeutics for treatment of exudative AMD.[7]

TREATMENTS FOR DRY AMD

Current strategies for management of dry AMD mostly 
rely on the prophylactic supplementation and inhibition 
of the disease progression. Studies published from 
multicenter controlled trials by Age Related Disease 
Study  (AREDS) and AREDS2, reported the protective 
effect of oral supplementation of a combination of vitamin 
E and C, lutein, cupric oxide, and zinc oxide in patients 
with intermediate or advanced AMD, lowering the 
chance of disease progression in the other eye within the 
next five years.[107] The Antioxydants, Lipides Essentiels, 
Nutrition et maladies OculaiRes  (ALIENOR) Study 
suggested omega‑3 poly unsaturated fatty acid (PUFA), 
which are long chain omega‑3 fatty acids, may delay 
late stages of AMD by inhibition of the oxidative and 
inflammatory processes that damage the retina;[108‑112] 
however, the omega‑3 PUFA supplements did not have 
a protective effect in the AREDS2 trial. Other protective 
and preventative supplements for AMD are macular 
carotenoid pigments including zeaxanthin and lutein, 
which can prevent lipofuscin photooxidation.[113‑115] 
Although these nutritional supplementations can delay 
the development of end‑stage AMD, there is not sufficient 
scientific data to support the administration of routine 
nutritional supplements as sufficient for the primary 
prevention of AMD. However, it is recommended that 
patients with intermediate or advanced AMD in one 
eye take AREDS2‑type supplements for slowing the 
progression of AMD in the other eye.
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Vitamin D is also another protective supplement 
and its deficiency is linked to progression of AMD in 
the elderly population. Vitamin D is a potent inhibitor 
of retinal neovascularization and acts through its 
receptor, thereby attenuating the promigratory and 
proliferative capacity of perivascular‑supporting 
cells and promotes the quiescent and mature vascular 
phenotype.[116] How vitamin D affects choroidal vascular 
cells and its potential role in the inhibition of CNV needs 
further investigation. Vitamin D could also prevent 
the development of AMD through its reanimated 
effect, which can decrease inflammation and clear 
amyloid β.[117‑120] Accumulation of amyloid β in various 
tissues occurs during the aging process, including in 
drusen in patients with AMD.[121‑123] Macrophage and 
microglia recruitment to the site of damaged RPE is 
another important risk factor for AMD development, 
whose clearance is affected by interaction of TSP1 
and its receptor CD47 and modulated by complement 
factor H, a risk factor for AMD.[124] Thus, a better 
understanding of these processes and their underlying 
molecular mechanisms will provide potential targets 
for prevention and treatment of AMD.

Increased risk of AMD has also been associated with 
polymorphisms in the CX3CR1 chemokine receptor 
on microglia and macrophages.[125,126] Recent studies 
have also suggested that neuroprotective therapy with 
promoted cell survival effects and inhibition of cell death 
signaling could provide suitable candidates for treatment 
of dry AMD. Some of the drugs that are currently being 
tested in patients with dry AMD include: 1) 4‑hydroxy 
(phenyl) retinamide fenretinide; 2) brimonidine Brimo 
PS DDS; 3) compstatin derivate PDT‑4 (reversibly targets 
C3, which is a point of convergence for all three pathways 
of complement activation); 4) ciliary neurotrophic factor 
CNTF; 5) Eculizumab, which is a humanized monoclonal 
antibody specifically binding C5; and 6) fluocinolone 
acetonide Iluvien®.[127]

Unfortunately, targeting of various components of 
the complement pathway has had limited success, but 
targeting of NLRP3 inflammasome signaling may provide 
a more suitable alternative.[128] Another available option 
to halt AMD progression is improvement of the choroidal 
blood flow to facilitate the disposal of the metabolic 
waste from RPE, Bruch’s membrane, and photoreceptor 
cells. MC‑1101, a FDA‑approved antihypertensive drug, 
results in accelerated recovery of retinal function in 
ischemic eyes of the rats, and increased choroidal blood 
flow in an ocular hypertensive rabbit model. A phase Ib 
clinical trial showed that topical instillation of MC‑1101 
had no ocular toxicity or significant impact on the 
cardiovascular system. In addition, no significant effect 
on the blood–eye barrier was observed.[129,130] This drug 
has been under investigation in a phase II trial.

RPE cell transplantation has also been suggested 
as a potential therapeutic option for AMD treatment. 

RPE can be differentiated from human induced 
pluripotent stem cells (iPSCs) or human embryonic stem 
cells  (hESCs).[131‑133] The therapeutic potential of RPE 
transplantation was demonstrated in the Royal College of 
Surgeons (RCS) rat model of retinal degeneration.[134] The 
retinal atrophy caused by inherited phagocytosis defects 
in the RCS rat model was prevented after labeled RPE 
suspension grafts were delivered.[135] Transplantation of 
RPE appears to be a convincing approach that promises 
great benefits for restoring vision in patients with 
AMD. However, a successful transplantation involves 
a complex and challenging process that demands the 
following criteria: 1) effective techniques providing safe 
delivery of transplants, 2) survival of transplanted tissue 
within the host, 3) avoiding graft rejection, 4) absence 
of trans‑differentiation from the normal phenotype 
in the grafted cells, 5) ability to restore the normal 
photoreceptor and retinal function, and 6) preventing 
the disease progression and improving vision.

The safety and tolerability of hESC‑derived RPE cell 
grafts have been evaluated in patients with dry AMD 
in phase I trials. These studies reported functional 
recovery in the patients with no signs of rejection and 
trans‑differentiation such as hyper‑proliferation or 
tumorigenesis.[136‑138] These results were consistent with 
two more phase I/II trials that showed improvement of 
the best corrected visual acuity (BCVA) and vison‑related 
quality of life in patients with atrophic AMD. Another 
option being tested in stem cell therapy for dry AMD 
involves clonogenic human central nervous system 
stem cells  (HuCNS‑SC).[139] Based on preclinical data, 
transplantation of the HuCNS‑SC protected photoreceptors 
and visual function in rats with retinal degeneration.[140,141]

Collectively, medical management of dry AMD can 
be divided into two strategies. The primary strategy is 
preventative and is focused on AREDS formulations, 
which monitor inflammatory pathways, oxidative stress, 
and RPE degeneration, and byproducts of the visual cycle 
that ultimately decrease the risk of AMD progression 
by 25–30%. Secondary strategies explore different 
pathophysiological approaches including restoration 
of choroidal perfusion, and replenishing RPE cells with 
stem cell‑derived RPE cells that provide medium‑and 
long‑term safety, graft survival, and possible biological 
activity demonstrated by improvement of vision acuity 
in patients. Although several preclinical studies and 
clinical trials are attempting to identify an effective 
therapeutic factor to prevent or treat dry AMD, GA is still 
a devastating blinding disease without an effective cure.

TREATMENTS FOR EXUDATIVE 
AMD

Current treatments for exudative AMD are mainly 
focused on the attenuation of CNV and prevention of 
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blood vessel leakiness using anti‑VEGF agents. Laser 
treatment, including photodynamic therapy  (PDT) 
for subfoveal CNV or laser photocoagulation for 
extrafoveal CNV, may also be used to delay further 
CNV progression in patients with exudative AMD.[142‑144] 
However, their effectiveness in visual improvement has 
been limited.[142,145] The limitations with PDT include a 
low rate of vision improvement in patients (only 14%) 
and high incidence of CNV recurrence after laser 
treatment.[142,145]

Extensive research on the molecular and cellular 
mechanisms involved in AMD pathogenesis and 
CNV has provided a better understanding of disease 
development, which has the benefit of preventing 
CNV progression without the potential disadvantages 
associated with laser photocoagulation or PDT treatment. 
Clinical and laboratory studies have indicated that VEGF 
acts as a key proangiogenic factor in the pathogenesis 
of different ocular vascular diseases including AMD.[146] 
For this reason, the majority of the available treatments 
for neovascular eye diseases are focused on blocking 
VEGF activity directly or indirectly. Four different 
isoforms of VEGF‑A have been identified in humans, 
including (VEGF‑165,‑206,‑189, and‑121).[147,148] Although 
all the VEGF isoforms have the ability to induce EC 
proliferation, only VEGF‑165 and‑189 have the potency to 
induce neovascularization.[149] The intravitreal injection 
of VEGF inhibitors has greatly halted CNV progression 
and improved management of exudative AMD in many 
patients. However, the need for frequent injections of 
VEGF blockers can be a major treatment burden for 
patients with exudative AMD, and not all patients 
respond to the anti‑VEGF treatment due to unknown 
reasons.

The first anti‑VEGF drug introduced to the market 
was pegaptanib, a 28‑base ribonucleic acid aptamer 
that binds and blocks the activity of extracellular 
VEGF (VEGF‑165).[150] Following that, bevacizumab was 
used to treat CNV in patients with AMD, after its original 
approval for colorectal cancer.[151] Bevacizumab (Avastin) 
is a full‑length humanized antibody that binds to 
all isoforms of VEGF. Different prospective and 
retrospective studies have reported bevacizumab efficacy 
for exudative AMD with a low rate of complications.[152‑161] 
Ranibizumab  (Lucentis) is another anti‑VEGF drug 
available in the market, which was specifically designed to 
easily penetrate the retina after intravitreal injection.[146,162] 
Ranibizumab is a humanized fab fragment of 48 kDa 
that binds to all VEGF‑A isoforms. The efficacy of 
Ranibizumab has been evaluated in various trials, either 
combined with or without PDT treatment. The phase 
III trial of Ranibizumab in the treatment of exudative 
AMD  (MARINA) indicated 30–40% improvement in 
maintaining vision acuity in the patients receiving 
0.3 and 0.5  mg of ranibizumab compared with the 
control patients. In addition, 25–34% of the treated eyes 

showed vision improvement by 15 ETDRS letters.[163] In 
Antibody for the Treatment of Predominantly Classic 
Choroidal Neovascularization in Age‑Related Macular 
Degeneration  (ANCHOR) trial, ranibizumab was 
compared with PDT, and similar results were reported. 
Majority of patients receiving ranibizumab  (90–96%) 
maintained vision compared with patients receiving PTD 
treatment  (64–66%).[164,165] However, the Comparisons 
of Age‑Related Macular Degeneration Treatment 
Trials  (CATT) reported no difference in the visual 
acuity outcome between bevacizumab and ranibizumab, 
and therefore supported the use of bevacizumab over 
ranibizumab for treatment of exudative AMD given 
the economic benefits of bevacizumab compared to 
ranibizumab. Another multicenter randomized clinical 
trial, the Avastin (Bevacizumab) for choroidal neovascular 
age‑related macular degeneration  (ABC) trial also 
suggested bevacizumab for the treatment of exudative 
AMD; however, this treatment is not FDA‑approved for 
ophthalmic use.[159,166] Retrospective studies suggest that 
combination of photodynamic and anti‑VEGF therapy 
may be beneficial for patients with the potential for less 
frequent intravitreal injections.[167] Retrospective analysis 
of bevacizumab alone or along with PDT treatment results 
showed no difference in the visual acuity outcome, but 
decreased number of retreatments was observed with the 
combined regimen.[168‑170]

Aflibercept (Eylea) is a newer anti‑VEGF drug with 
a broader anti‑VEGF activity that inhibits VEGF‑A and 
placental growth factor (PlGF).[162] PIGF is a member of 
the VEGF family, which is involved in the pathogenesis 
of exudative AMD. A phase I trial of aflibercept reported 
no serious adverse events with the improvement of 
visual acuity by 4.3 ETDRS letters and reduced foveal 
thickness on OCT in patients with exudative AMD.[171] In 
the phase II trial, patients with subfoveal CNV receiving 
0.5, 2, or 4 mg aflibercept showed a significant decrease 
in the foveal thickness on OCT along with improved 
vision acuity of 5.3 letters.[172] In addition, in a phase III 
trial, aflibercept showed a comparable safety profile with 
ranibizumab, both favorable, along with a similar mean 
change in visual acuity.[173]

Endogenous inhibitors of angiogenesis including 
angiostatin, endostatin, TSP1, and PEDF have been 
suggested as potential candidates for anti‑angiogenesis 
therapy. PEDF has only been currently tested in the 
phase I trial. Adenoviral vector transfer of the human 
PEDF gene showed no adverse events in the patients 
with advanced AMD.[174] We have shown that TSP1 
mimetic peptide ABT‑898 is a potent inhibitor of CNV 
in a preclinical model.[7] Therefore, TSP1 as well as 
PEDF peptides may have utility as a single standing or 
in combination for treatment of neovascular AMD, and 
deserve further consideration.

Collectively, preferred therapies for exudative AMD 
include intravitreal injection of anti‑VEGF agents, which 
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are currently the standard for care. The efficacy of 
combined anti‑VEGF regimens with PDT for treatment 
of CNV is still under investigation by current clinical 
trials. Lastly, new emerging therapies including, Ang‑2 
inhibition, are starting phase 3 clinical trials. Endogenous 
inhibitors of angiogenesis may provide additional 
alternatives for attenuation of CNV and need further 
exploration.

SUMMARY AND FUTURE 
PERSPECTIVE

The availability of various preclinical models, advances 
in molecular genetics, and availability of transgenic 
animals and appropriate cell culture systems have 
helped to advance our understanding of the underlying 
mechanisms that contribute to the pathogenesis of AMD 
and CNV. Our studies have established an important 
role for TSP1 expression in ocular vascular homeostasis, 
whose altered production contribute to vascular 
abnormalities and neovascularization associated with 
various ocular pathological conditions with a neovascular 
component. The fact that TSP1 is an endogenous inhibitor 
of angiogenesis, along with its significant clinical 
impact aroused from studies to explore its therapeutic 
applications, have provided a better understanding of 
its detailed mechanisms of action. Recent discoveries 

derived from these studies will facilitate the design of 
novel therapeutic strategies to optimize its function and 
efficacy. Either upregulation of endogenous TSP1, use 
of its synthetic mimetic peptides, and/or recombinant 
proteins derived from the antiangiogenic fragment of 
TSP1 can be used to evaluate its therapeutic effects.[4,175‑177] 
The synthetic peptides from TSP1 have been extensively 
used in various preclinical tumor models in  vitro 
and in  vivo  [Table  1].[4,139,178‑180] These investigations 
have resulted in the development of anti‑angiogenic 
agents as a therapeutic target for various malignancies 
and vascular disorders  [Table  2]. Introducing a new 
therapeutic target for AMD may produce promising 
results in terms of suppression of clinical complications 
of this devastating disease, which considerably impacts 
both patients and society. Thus, angiogenic inhibitors, 
particularly TSP1 alone or combined with other existing 
therapeutic agents, can be a promising treatment with 
established approaches that offer a more efficacious 
therapy for ocular neovascularization as a major 
complication of exudative AMD in the near future.
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Table 1. Thrombospondin‑1 peptides in human clinical trials

Study Condition Carcinoma, renal cell

Safety and efficacy of ABT‑510 in subjects 
with advanced renal cell carcinoma

Interventions Drug: ABT‑510/TSP1 mimetic
Status Completed

Study Condition Lymphoma, Non‑Hodgkin, Hodgkin’s lymphoma

Study evaluating the safety and 
effectiveness of ABT‑510 in subjects with 
refractory lymphoma

Interventions Drug: ABT‑510/TSP1 mimetic
Status Completed

Study Condition Sarcoma, soft tissue

Study evaluating the safety and efficacy of 
ABT‑510 in subjects with locally advanced 
or metastatic soft tissue sarcoma

Interventions Drug: ABT‑510/TSP1 mimetic
Status Completed

Study Condition Advanced solid tumors, neoplasms, carcinoma (and 2 more)

A safety and pharmacokinetic study with 
CVX‑045, A TSP1 mimetic in patients with 
advanced solid tumors

Interventions Biological: CVX‑045
Status Completed

Study Condition Carcinoma, nonsmall‑cell lung

Safety and effectiveness of ABT‑510 Plus 
combination chemotherapy in subjects 
with NSCLC

Interventions Drug: ABT‑510/TSP1 mimetic
Drug: Carboplatin/taxol

Status Terminated
Study Condition Brain tumor

A phase I study of ABT 510 for newly 
diagnosed glioblastoma multiforme

Interventions Drug: ABT 510

Status Completed
NSCLC, nonsmall cell lung cancer; TSP1, thrombospondin‑1
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Table 2. Evaluation of Thrombospondin‑1‑derived peptides effect on choroidal neovascularization and diabetic 
retinopathy

Study citation (Authors, date) Methods Nonrandomized/interventional

Tolsma, 1993 Participants Rats (n=3‑11)
Interventions Protein fragments of TSP1, TSP1‑derived peptide from repeat region 

1and TSP1‑derived peptide form procollagen like region with or 
without bFGF as an inducer. Neovascularization was assessed after 3, 
5 and 7 days

Outcomes TSP1 derived peptides from the properdin type 1 region inhibited 
neovascularization. TSP1 derived peptides form the procollagen 
homology region blocked neovascularization

Notes Different number of animals was used for various TSP1‑derived 
peptides which varied from 3‑11

Study citation (Authors, date) Methods Nonrandomized/interventional

Dawson, 1998 Participants SD rats and C57BL/6 mice. Animals were divided in two groups and 
received i.p. injections twice a day for 5 days with either PBS vehicle 
or TSP1 derived peptides (n=9)

Interventions Different concentrations of peptide alone or in combination with 
bFGF. After 7 days, rats were sacrificed and vessel ingrowth toward 
the pellet was scored. For mice, vessel ingrowth was measured by slit 
lamp microscopy after 5 days

Outcomes Systemic administration of peptide suppressed CNV in vivo
Notes

Study citation (Authors, date) Methods Nonrandomized/interventional

Haviv, 2005 Participants Rats (n=6)
Interventions ABT‑526, a TSP1 derived peptide with or without bFGF as an inducer. 

Neovascularization density was measured after 7 days
Outcomes Local administration of ABT‑526 within an angiogenic pellet 

implanted in rat choroid, decreased neovascularization density by 
92%

Notes
Study citation (Authors, date) Methods Nonrandomized/interventional

Wang, 2012 Participants 6‑week old female wild type (TSP1+/+) and TSP1 deficient (TSP1−/−) 
C57BL/6j mice. CNV was induced in animals by laser 
photocoagulation‑induced rupture of Bruch’s membrane on day 
0 (n=10/per group)

Interventions ABT‑898, a TSP1‑derived peptide was injected intravitreally to the 
mice at day 0 and 7. Mice were sacrificed at day 14 and eyes were 
removed to prepare samples for quantification of neovascularization 
area

Outcomes Attenuation of CNV was observed after administration of ABT‑898
Notes

Study citation (Authors, date) Methods Nonrandomized/interventional

Wang, 2003 Participants Wild type (TSP1+/+) and TSP1 deficient (TSP1−/−) C57BL/6 
mice (n=7)

Interventions Generation of mice with TSP1 deficiency. Impact of absence of 
TSP1 was determined in different ages including P7, P12, P17 and 
P22

Outcomes TSP1−/− mice exhibited increased retinal vascular density, 
protection against hyperoxia‑mediated vessel suppression 
during OIR and delayed regression of hyaloid vessels. It was also 
determined that VEGF expression during OIR is modulated by 
TSP1

Notes

Contd...
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