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Abstract

Five vascular endothelial growth factor receptor (VEGFR) ligands (VEGF-A, -B, -C, -D, and
placental growth factor [PIGF]) constitute the VEGF family. VEGF-A binds VEGF receptors 1
and 2 (VEGFR1/2), whereas VEGF-B and PIGF only bind VEGFR1. Although much research
has been conducted on VEGFR2 to elucidate its key role in retinal diseases, recent efforts have
shown the importance and involvement of VEGFR1 and its family of ligands in angiogenesis,
vascular permeability, and microinflammatory cascades within the retina. Expression of VEGFR1
depends on the microenvironment, is differentially regulated under hypoxic and inflammatory
conditions, and it has been detected in retinal and choroidal endothelial cells, pericytes, retinal
and choroidal mononuclear phagocytes (including microglia), Mller cells, photoreceptor cells,
and the retinal pigment epithelium. Whilst the VEGF-A decoy function of VEGFR1 is well
established, consequences of its direct signaling are less clear. VEGFR1 activation can affect
vascular permeability and induce macrophage and microglia production of proinflammatory and
proangiogenic mediators. However the ability of the VEGFR1 ligands (VEGF-A, PIGF, and
VEGF-B) to compete against each other for receptor binding and to heterodimerize complicates
our understanding of the relative contribution of VEGFR1 signaling alone toward the pathologic
processes seen in diabetic retinopathy, retinal vascular occlusions, retinopathy of prematurity, and
age-related macular degeneration. Clinically, anti-VEGF drugs have proven transformational in
these pathologies and their impact on modulation of VEGFR1 signaling is still an opportunity-rich
field for further research.

Keywords

Angiogenesis; Microinflammation; Placental growth factor (PIGF); Vascular endothelial growth
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1. Introduction

The retina is nourished by two distinct vascular networks: the inner retina is maintained

by the retinal vasculature, whereas the outer retina depends on the choroidal vasculature.
The retinal vasculature comprises tightly sealed endothelial cells (ECs) surrounded by
pericytes and glial cells, forming the inner blood-retina barrier (BRB) (Diaz-Coranguez et
al., 2017; Klaassen et al., 2013). In contrast, the choroidal vasculature is highly permeable,
consisting of fenestrated ECs with fewer pericytes, from which oxygen diffuses through the
monolayered retinal pigment epithelial (RPE) cells of the outer BRB to reach photoreceptor
cells (Fields et al., 2020; Kur et al., 2012). At both the inner and outer barriers, pathological
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changes can lead to uncontrolled formation of new fragile blood vessels and extravasation in
both the retinal and choroidal vascular beds, which can lead to severe vision impairment or
blindness (Klaassen et al., 2013).

The most common disease affecting the retinal vasculature is diabetic retinopathy (DR),

the prevalence of which increases with duration of diabetes (approximately 20% versus
75% in individuals with diabetes for <10 versus =20 years) and levels of glycosylated
hemoglobin (approximately 20% versus 50% in individuals with levels <7.0 versus >9.0%),
and is higher in those with type 1 versus type 2 (approximately 75% versus 25%) diabetes
(Yau et al., 2012). Hyperglycemia in diabetes is the major long-term determinant of vascular
changes in DR (Klaassen et al., 2013); damage to the ECs and pericytes of the inner

BRB contribute to subsequent retinal edema and hemorrhage within the retina and impaired
vision (Kempen et al., 2004). In proliferative DR (PDR), an advanced form of DR, retinal
microvascular alterations lead to tissue ischemia and retinal neo-angiogenesis, which are
often accompanied by development of contractile fibrovascular membranes.

The main pathology that occurs in the outer retina is age-related macular degeneration
(AMD). As AMD progresses, sustained stress to RPE cells leads to a loss of photoreceptor
cells, RPE cells, and the underlying choriocapillaris, which in the late stage of “dry
AMD” manifests as geographic atrophy (GA) and leads to vision loss. In “wet AMD”,
choroidal neovascularization (CNV) causes a wide variety of anatomical disruptions in the
neural architecture of the macula, such as retinal edema and detachment with hemorrhagic
exudates, as well as subretinal fibrosis. Again, these changes lead to vision impairment
and, in more extreme cases, vision loss. Although vascular changes are the hallmark of
DR and AMD, there is also an increasing appreciation that within both DR and AMD
there is chronic microinflammation that occurs at a cellular level in the absence of tissue
injury or infection and is also referred to as “subclinical” or “low-grade” inflammation
(Antonelli and Kushner, 2017), “para-inflammation” (Chen and Xu, 2015; Xu et al., 2009),
or “inflamm-aging” (Subhi et al., 2019).

Vascular endothelial growth factor (VEGF) is viewed as a pivotal mediator of pathology

in both AMD and DR and is a target of current therapeutic interventions (Aiello, 2008).
However, the VEGF signaling pathway is complex and includes multiple ligand-receptor
interactions that regulate diverse processes in different cell types, in a context-dependent
manner (Penn et al., 2008). To date, the best characterized process is activation of VEGF
receptor 2 (VEGFR2) tyrosine kinase (TK) in ECs by VEGF-A, which induces angiogenesis
and increases vascular permeability (Peach et al., 2018). In contrast, VEGF receptor 1
(VEGFR1) functions, in part, as a decoy for VEGF-A, attenuating VEGFR2/VEGF-A-
mediated outcomes (Koch and Claesson-Welsh, 2012). In addition, an established body of
evidence indicates disease-specific roles of direct VEGFR1 signaling, which are independent
of VEGFR1 decoy activity, in particular in immune cells expressing VEGFR1 (Clauss et

al., 1996; Crespo-Garcia et al., 2017; Huang et al., 2013; Luttun et al., 2002; Muramatsu
etal., 2010). Yet the complexities in the ligand—receptor interactions and their differential
expression have so far precluded a clear understanding of VEGFR1 functions.
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In this review, we summarize the current understanding of the signals mediated by VEGFR1
and its ligands — VEGF-A, VEGF-B, and placental growth factor (PIGF) — within the retinal
microenvironment in both healthy and pathologic states. We further discuss the possibility
of translating the knowledge gained from basic science into the clinical management of DR
and AMD, as well as other eye diseases. The goal of this review is to highlight the key
research in this area and guide future research in this constantly evolving field. We recognize
that this area of research is extensive, spanning pharmacology to animal models to clinical
trials and it is clear that the science of VEGFR1 continues to grow, as evidenced by the
consistently increasing number of publications on this topic. Accordingly, the review begins
by introducing the current biology of the VEGFRL1 itself and in context with VEGFR2,
followed by an overview of disease-driven biological processes where VEGFR1 is known to
have a role, focusing on retinal vascular and macular degenerative diseases.

2. Molecular signaling mechanisms in the VEGF family

2.1. Basic VEGF receptor properties

There are three evolutionarily related VEGF receptors in humans: VEGFR1 (FLT1),
VEGFR2 (KDR/FLK1), and VEGFR3 (FLT4) (Grassot et al., 2006). They all comprise
an extracellular, ligand-binding domain composed of seven immunoglobulin-like loops, a
transmembrane domain, a juxtamembrane domain, a split intracellular TK domain, and a
C-terminal tail; all three have different ligand-binding properties and biological functions
(D’Amore, 1994; De Falco, 2012; de Vries et al., 1992; Ebos et al., 2004; Jeltsch et al.,
2013; Shibuya, 2013; Takahashi and Shibuya, 1997; Terman et al., 1992; Vaisman et al.,
1990).

There are five VEGFR ligands (VEGF-A, -B, —C, -D, and PIGF) collectively known as the
VEGF family. Isolated and cloned in 1989, VEGF-A was confirmed as a disulfide-linked
dimeric glycoprotein with EC growth-promoting properties (Ferrara, 2011; Jakeman et al.,
1992; Keck et al., 1989; Leung et al., 1989). Of all the VEGF family members, PIGF shares
the greatest homology with VEGF-A, despite its unique nomenclature, which derives from
the fact that it was initially isolated from a human placental complementary DNA library
(lyer et al., 2001). The VEGF-A mRNA contains eight exons, the splicing of which gives
rise to a variety of isoforms. To date, 16 distinct VEGF-A isoforms have been identified
most commonly from six transcripts: VEGF111, VEGF121, VEGF145, VEGF145, VEGF1gg,
and VEGF,qg; the subscripted numbers denoting the number of amino acids present (Peach
et al., 2018). The isoforms have different affinities for extracellular matrix components,
VEGF receptors and associated coreceptors, and the expression profile of each isoform
varies among tissues (Ng et al., 2001). One of the primary differences among the VEGF-A
isoforms is their ability to bind heparan sulfate proteoglycan, affecting their diffusibility
within tissues: the larger isoforms can bind heparan sulfate proteoglycan, whereas VEGF-
A120 in mice and VEGF-A11 in humans do not (Bridgett et al., 2017; Stalmans et al.,
2002). Alternative splicing of the VEGF-A pre-mRNA may also give rise to a non- or
anti-angiogenic family of isoforms (VEGF-Ayxxp) as well as the pro-angiogenic family
(VEGF-Ayyxa) (Bowler and Oltean, 2019; Peach et al., 2018). However, the relevance of
these transcripts has been contested (Bridgett et al., 2017; Harris et al., 2012; Lomet et al.,
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2018). Furthermore, alternative splicing also gives rise to multiple isoforms of PIGF and
VEGF-B (Olofsson et al., 1996; Yang et al., 2003).

2.2. Modulation of VEGFR1/2 signaling

VEGF-A binds VEGFR1 and VEGFR2, whereas VEGF-B and PIGF only bind VEGFR1,
and VEGF-C and VEGF-D primarily bind VEGFR3 (Jeltsch et al., 2013), although
proteolytically processed VEGF-C and VEGF-D can also bind VEGFR2 (Achen et al.,
1998; Joukov et al., 1996, 1997; Masoumi Moghaddam et al., 2012; Stacker et al., 1999).
However, as the VEGF-C/VEGF-D/VEGFR3 pathway mainly regulates the formation of
lymphatic vessels, which are absent in the retina (Alitalo, 2002), this review focuses
primarily on VEGFR1 and its ligands (VEGF-A, VEGF-B, and PIGF), and delineates the
roles between the VEGFR1 and VEGFR2 receptors in retinal development, homeostasis,
and disease.

VEGFR1/2 activation and signaling are heavily influenced by a number of elements, and a
key one is the availability of the VEGFR ligands themselves, which are modulated by a large
array of mechanisms. First, the availability of VEGFR ligands depends on transcriptional
and post-transcriptional regulation of their expression. Second, specific ligands can bind and
activate VEGFR1, causing it to signal via its own kinase domain, but VEGFR1 also has
indirect effects on VEGFR2 activity by acting as a decoy receptor for VEGFR2 ligands
(Koch and Claesson-Welsh, 2012). Third, VEGF-A, VEGF-B, and PIGF can compete for
VEGFRs and extracellular matrix binding sites (Koch and Claesson-Welsh, 2012). Fourth,
VEGF-A, VEGF-B, and PIGF can form heterodimers and VEGFR subtypes can form
homodimers or heterodimers, depending on the binding ligand (Koch and Claesson-Welsh,
2012). Fifth, VEGFR1/2 activity can also be modulated by neuropilins and the glycocalyx
component, endomucin, which act as VEGF co-receptors (Alvarez-Aznar et al., 2017;
LeBlanc et al., 2019).

2.2.1. Expression of VEGFR1 ligands and VEGFRs—VEGFR1 expression has
been detected in various types of cells, including retinal and choroidal ECs (Cao et al.,
2010; Fruttiger, 2002; Stewart et al., 2011), retinal pericytes (Cao et al., 2010; Eilken et al.,
2017), retinal and choroidal mononuclear phagocytes (Couturier et al., 2014; Huang et al.,
2013; Ogura et al., 2017), Maller cells (Stitt et al., 1998), photoreceptor cells (Luo et al.,
2013), and RPE cells (Luo et al., 2013) as shown in Fig. 1a. It should be noted that the
VEGFR1 expression in these cell types is variable depending on their microenvironments in
developmental, homeostatic, and disease conditions. In particular, oxygen concentration and
inflammation largely influence the expression levels of VEGFRL1 as well as its ligands (Hata
et al., 1995; Philipp et al., 2000).

Michaelson et al. first introduced the concept that damage to the ECs and/or pericytes of
the vascular network may lead to vessel closure and ultimately, hypoxia within the retina
(Michaelson et al., 1954). Soon afterwards, Wise proposed the presence of a “hypoxia-
induced growth factor” (Wise, 1961), which was identified as VEGF-A over the subsequent
decades. Mechanistically, it has been shown that tissue exposure to hypoxia provokes

Prog Retin Eye Res. Author manuscript; available in PMC 2021 September 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Uemura et al.

Page 6

an adaptive response that is reliant on the ability of retinal cells to detect alterations in
intracellular oxygen tension.

Hypoxia-induced expression of VEGF-A can be mediated by both transcriptional and
post-transcriptional mechanisms. The transcriptional response depends on hypoxia-inducible
factor (HIF)-1 and HIF-2, heterodimeric transcription factors that modulate the expression
of a large set of genes through binding to the hypoxia-responsive element located in the
promoters or other genomic regulatory regions (Forsythe et al., 1996; Gerber et al., 1997,
Maxwell and Ratcliffe, 2002; Semenza, 2001). VEGF-A mRNA is intrinsically labile and
contains destabilizing elements in its 5”, 3’ untranslated, and coding regions (Dibbens et al.,
1999; Levy, 1998; Yao et al., 2013). Hypoxic conditions stabilize VEGF-A mRNA (Dibbens
etal., 1999; Levy, 1998; Yao et al., 2013), increasing its half-life from about 45 min to more
than 8 h (Shima et al., 1995). This post-transcriptional mechanism can have a greater impact
on VEGF-A protein production than transcriptional regulation.

HIF-mediated gene regulation also impacts expression of other members of the VEGF
family and related receptors. For instance, HIF-1 activates transcription of VEGFR1, but
not VEGFR2 (Gerber et al., 1997). More recently, the molecular mechanisms underlying
the positive modulation of PIGF expression by hypoxia in vascular cells at transcriptional
(Tudisco et al., 2017) and post-transcriptional (Xiang et al., 2014) levels have been
unraveled. Furthermore, hypoxia-related modulation of PIGF expression has been shown to
be mediated by metal-responsive transcription factor-1 in immortalized/H-Ras-transformed
mouse embryonic fibroblasts (Green et al., 2001), and by nuclear factor-xB in human
embryonic kidney 293 cells (Cramer et al., 2005).

Several other mechanisms regulate gene expression in the VEGF family. For instance,
VEGF-A expression is upregulated by several growth factors, including epidermal
growth factor, transforming growth factors (TGF) a. and B, insulin-like growth factor-1,
fibroblast growth factor, and platelet-derived growth factor (PDGF) (Ferrara et al., 2003).
Inflammatory cytokines, such as interleukin (IL)-1p and IL-6, stimulate expression of
VEGF-A in several cell types, modulating angiogenesis and vascular permeability in
inflammatory conditions (Ferrara et al., 2003). Oncogenic mutations can also influence
VEGF-A expression (Ferrara et al., 2003). Similarly, activation of oncogenes (Ras),
inflammatory cytokines (IL-1p and tumor necrosis factor [TNF]-a), and several growth
factors can also positively modulate PIGF expression in pathologic conditions, including
many types of cancer and chronic inflammatory conditions (Kim et al., 2012).

2.2.2. Decoy function of VEGFR1—Animal studies provided evidence of the essential
function of VEGFRL in vascular development as mice lacking VEGFR1 die at embryonic
day 8.5 due to an excess of ECs, which assemble into disorganized tubules (Fong et al.,
1995). In contrast, mice engineered to express a truncated, non-signaling form of VEGFR1
lacking the TK domain (VEGFRI-TK-/-) (Hiratsuka et al., 1998) are healthy and fertile
with close to normal vascularization. Similarly, knock-out (KO) mice for genes encoding the
VEGFR1-specific ligands, PIGF (Apicella et al., 2018; Carmeliet et al., 2001) and VEGF-B
(Bellomo et al., 2000), are also largely normal.
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Although VEGF-A binds VEGFR1 with higher affinity than VEGFR2 (K4 = 15 pM vs

750 pM), VEGFR1 exhibits 10-times lower TK activity (Sawano et al., 2001; Shinkai et
al., 1998). Based on initial observations, it appears that one role of VEGFR1 is to act as

a decoy receptor for VEGF-A rather than a signaling mediator, which limits the activity of
the VEGF-A/VEGFR?2 axis, at least in physiological settings (Carmeliet et al., 2001). In
addition, a soluble/secreted version of VEGFR1 (SVEGFRZ1) can be produced via alternative
splicing or proteolytic cleavage retaining the extracellular ligand—binding domains of
VEGFR1 (Kendall and Thomas, 1993; Raikwar et al., 2013), lowering the availability of
free VEGF-A in the extracellular space and indirectly modulating the intensity of VEGFR2
signaling (Kappas et al., 2008). The powerful anti-VEGF-A activity of SVEGFRL1 is seen
in the cornea, where it is strongly expressed and plays a crucial role in maintaining corneal
avascularity (Ambati et al., 2006).

2.2.3. Competition among VEGFR1 ligands—Because VEGFR1 functions as a
decoy receptor for VEGF-A, the other two VEGFR1 ligands, PIGF and VEGF-B, can
indirectly affect VEGF-A availability by competing for VEGFR1 binding. For example,
increased levels of VEGF-B can increase unbound VEGF-A levels by preventing VEGF-
A from being trapped by VEGFR1, indirectly leading to increased VEGFR2 activation
(Anisimov et al., 2013; Kivela et al., 2014; Robciuc et al., 2016). In other words, despite
its lack of affinity for VEGFR2, VEGF-B can still indirectly activate VEGFR2 signaling, if
VEGF-A is present.

Likewise, PIGF can also increase unbound VEGF-A levels by competing for VEGFR1
binding (Yang et al., 2013) and displacing VEGF-A from VEGFR1 (Carmeliet et al.,

2001; Kowalczuk et al., 2011; Park et al., 1994). However, competition between PIGF

and VEGF-A for VEGFR1 binding is complicated by PIGF also being capable of directly
activating VEGFR1 signaling. Indeed, PIGF can directly stimulate vessel growth by
inducing proliferation, migration, and survival of ECs (Adini et al., 2002; Carmeliet et

al., 2001; Ziche et al., 1997a), as well as vessel maturation, by increasing the proliferation
and recruitment of vascular smooth muscle cells (Bellik et al., 2005; Yonekura et al., 1999).
Thus, when interpreting biological outcomes, it is important to consider the possibility of
effects of PIGF and VEGF-B acting directly via VEGFR1, or indirectly via VEGFR2 due to
VEGF-A displacement.

In summary, PIGF and VEGF-B are able to compete with VEGF-A in binding to VEGFR1,
freeing up VEGF-A. The relative binding affinities of VEGF-A and PIGF to VEGFR1 have
been assessed under various conditions, including levels of glycosylation of the ligands and
binding to specific domains of the receptor (Huang et al., 2019a; Jiao et al., 2019). To date, it
remains unclear whether VEGF-A or PIGF binds more tightly to VEGFR1.

2.2.4. Heterodimerization of VEGFR1 ligands and VEGFRs—VEGF-A, VEGF-B,
and PIGF can form heterodimers (Fig. 2) if they are co-expressed in the same cell (Cao et
al., 1996; DiSalvo et al., 1995). The formation of VEGF-A/PIGF heterodimers can reduce
the number of VEGF-A homodimers formed, thereby reducing signaling via VEGFR2.

On the other hand, VEGF-A/PIGF heterodimers can still bind VEGFR1, competing with
VEGF-A and increasing the amount of unbound VEGF-A available for VEGFR2 binding
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(Autiero et al., 2003; Tarallo et al., 2010; Yang et al., 2013). It is therefore extremely
difficult to predict the effects of PIGF because it can either increase VEGFR?2 signaling (by
freeing up VEGF-A from VEGFR1) or decrease VEGFR?2 signaling (by trapping VEGF-A
in VEGF-A/PLGF heterodimers). What mechanism dominates under which circumstances is
currently not known, but the complexity of the system may be responsible for some of the
apparent contradictory in vivo findings about PIGF described below in section 3.

To complicate matters further, VEGF-A/PIGF heterodimers, like VEGF-A, can bind
VEGFR1/2 heterodimers (Autiero et al., 2003). In fact, VEGFR1/2 heterodimers exist
even in the absence of VEGF-A/PIGF heterodimer ligands (Fig. 2) (Autiero et al.,
2003). Computational modeling has shown that, in cells expressing both receptors,
VEGFR1/2 heterodimers comprise 10-50% of active, signaling VEGFR complexes, and
form preferentially over VEGFR1 homodimers when VEGFR2 is more abundant (Mac
Gabhann and Popel, 2007). It has been suggested that VEGFR1/2 heterodimers reduce
signaling via VEGFR2 homodimers (Cai et al., 2017; Cudmore et al., 2012), but the signal
transduction properties of VEGFR heterodimers are currently not well characterized and
their functional roles in an in vivo context are, at this stage, very difficult to predict.
Nevertheless, some of the known biological effects of VEGF-A/PIGF and VEGFR1/2
heterodimers are discussed further in sections 3.1.2 and 3.2.

2.2.5. VEGF co-receptors—Neuropilins NRP1 and NRP2 were first identified as co-
receptors for semaphorin and VEGF signaling during neural and vascular development
(Giger et al., 1998; Gu et al., 2003; Sulpice et al., 2008). NRPs are transmembrane proteins
with a small cytoplasmic domain that lack intrinsic catalytic function (Fujisawa et al.,
1997). The larger heparin-binding members of the three VEGF ligands (VEGF-A, VEGF-B,
and PIGF) are able to bind NRP1 and NRP2 (Makinen et al., 1999; Migdal et al., 1998),
bridging VEGFRs and NRP1 or NRP2 to create holoreceptor complexes (Pellet-Many et
al., 2008; Wild et al., 2012) and inducing intracellular trafficking of VEGFR2, which is

a critical event for downstream signal transduction (Simons et al., 2016). In ECs, NRPs
modulate VEGFR signaling, enhancing migration (Soker et al., 1998) and survival (Favier
et al., 2006). In addition, NRP1 has also been implicated in the spatial organization of

ECs within angiogenic sprouts (Fantin et al., 2013; Kawamura et al., 2008) and in mouse
models of pathological choroidal and retinal neovascularization (Dejda et al., 2014, 2016;
Fernandez-Robredo et al., 2017).

The biological relevance of NRP1 for VEGF signaling has yet to be fully elucidated because
mice with a mutant version of NRP1 that cannot bind VEGF develop normally (Gelfand et
al., 2014). Furthermore, NRPs have been shown to bind other growth factors, such as TGF-p
(Glinka and Prud’homme, 2008), fibroblast growth factor, and others (Uniewicz and Fernig,
2008; West et al., 2005). In ECs, NRP1 plays an important role during angiogenic sprouting,
modulating differential responsiveness to TGF-f superfamily signaling independently of
VEGF-A (Aspalter et al., 2015). The relevance of interactions between NRPs and other
growth factors in the context of vascular biology remains to be established.

More recently, biochemical studies have revealed that the glycocalyx component endomucin
interacts with VEGFR2 (independent of the presence of VEGF-A) and that knock-down
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of endomucin in cultured human retinal ECs using small interfering RNA blocks the
biologic action of VEGF-A by preventing VEGFR?2 internalization (LeBlanc et al., 2019;
Park-Windhol et al., 2017). Preliminary studies indicate that VEGFR1 internalization also
requires the presence of endomucin, but it is unclear if this applies to VEGFR1 homodimers
or requires dimerization between VEGFR1 and VEGFR2.

2.3. Downstream signaling of VEGFRs

Upon ligand binding, conformational changes in the VEGFR intracellular domains lead to
autophosphorylation of specific tyrosine residues. This allows binding of several signaling
mediators such as phospholipase C gamma, non-receptor TKs such as Src, and adaptor
proteins, such as those containing the Src homology 2 domain. Consequently, VEGFR1

and VEGFR2 activation induce signaling pathways that are normally activated by TK
receptors (Fig. 1b), such as extracellular signal-regulated kinase (ERK)/mitogen-activated
protein kinase (MAPK), phosphoinositide 3-kinase (PI3K)/Akt, and p38 (Jeltsch et al.,
2013; Koch and Claesson-Welsh, 2012). Downstream signals from these receptors converge
to cooperatively regulate transcription of different genes, leading to cell proliferation,
migration, and survival, as well as controlling cell-cell contacts, cell-matrix adhesions, and
cytoskeletal rearrangements (Fig. 1c), depending on cell type and biological context (Jeltsch
et al., 2013; Koch and Claesson-Welsh, 2012).

To date, there is little comparative evidence regarding the relative activation of the different
VEGFR1 signaling pathways following binding by VEGF-A and PIGF homodimers and
heterodimers. However, there are important differences between the downstream signaling
mechanisms induced by activation of VEGFR1 and VEGFR2. VEGFR2 has strong

TK activity that induces a plethora of signals depending on which tyrosine becomes
phosphorylated after ligand binding, whereas VEGFR1 has comparatively weak kinase
activity (Koch and Claesson-Welsh, 2012; Meyer et al., 2006; Olsson et al., 2006), although
some studies suggest potentially stronger downstream activity when PIGF binds VEGFR1
compared to VEGF-A (Roskoski, 2008). Like many other TK receptors, VEGFRs are
internalized by clathrin-mediated endocytosis upon ligand binding and are subsequently
proteolytically degraded (Pitulescu and Adams, 2014).

The downstream signaling of VEGFRs can be modified by VEGFR interactions.
Specifically, PIGF is known to regulate intermolecular and intramolecular crosstalk between
VEGFR1 and VEGFR2. For example, VEGFR1 activated by PIGF can trans-phosphorylate
VEGFR?2 (Autiero et al., 2003). Furthermore, signaling via VEGFR1/2 heterodimers can
lead to outcomes that are different to VEGFR2 homodimer signaling (Cudmore et al., 2012).
Activation of VEGFR1 by VEGF-A and PIGF homodimers, as well as by VEGF-A/PIGF
heterodimers, induces overlapping pathways, but also a distinct downstream response. The
pattern of VEGFRL tyrosine phosphorylation differs in a ligand-dependent manner. PIGF,
but not VEGF-A, directly stimulates ECs through the phosphorylation of tyrosine residues
1213 (Autiero et al., 2003) and 1309 (Dewerchin and Carmeliet, 2012; Fischer et al.,

2008; Koch and Claesson-Welsh, 2012; Selvaraj et al., 2003). VEGFR1 phosphorylation

is stimulated by VEGF-A but fails to alter the gene expression profile of mouse capillary
ECs, whereas PIGF stimulation induces the expression of more than 50 genes (Roskoski,
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2008). Furthermore, VEGF-A/PIGF and VEGF-A, but not PIGF, induce Akt-mediated
cyclin-dependent kinase inhibitor 1B (p27Kipl1) phosphorylation at residue Thr198 that is
associated with its cytoplasmic retention and stimulation of cell motility (Apicella et al.,
2018). Use of a synthetic heterodimer that does not occur naturally in humans, comprising
VEGF-E (a non-mammalian protein) and PIGF, which specifically bind VEGFR2 and
VEGFR1, respectively, activates the VEGFR1/2 heterodimer and highlights the ability of
a receptor heterodimer to regulate EC homeostasis, migration, and vasorelaxation via the
nitric oxide pathway (Cudmore et al., 2012).

It is clear from the research to date that the relationship between PIGF and VEGF-A and
their interactions with the VEGFR1 and VEGFR2 receptors is remarkably complex and the
resulting downstream effects are multifaceted. What is much less clear are the factors that
determine which downstream signaling pathways are activated/modulated, and how these
translate into functional responses, depending on the circumstances. However, the recent
emergence of single cell analysis is likely to facilitate progress in this field in the near future.

3. Biological functions of VEGFR1

Activation of the signaling cascades downstream of VEGFRs can lead to humerous
biological outcomes, depending on cell type and the expression profiles of VEGFRs/ligands
in the tissue, as well as the presence of other growth factors and cytokines. Therefore,

to understand the biological function of VEGFRL, it is important to consider all the signal-
modulating mechanisms outlined in section 2.

3.1. Angiogenesis

VEGF-A is the prototypical VEGF family member and stimulates angiogenesis via
VEGFR?2 activation in ECs in both physiological and pathological settings (Cebe-Suarez

et al., 2006; Ferrara, 2009; Jakeman et al., 1992; Koch and Claesson-Welsh, 2012; Nagy

et al., 2007). Indeed, homozygous VEGFR2 KO mice die at embryonic day 8.5 due to
defective cardiovascular development (Shalaby et al., 1995). Importantly, even single allelic
VEGF-A deficiency results in embryonic lethality (Carmeliet et al., 1996; Ferrara et al.,
1996), indicating that VEGF-A—mediated vascular formation is strictly dose-dependent.
During retinal development, oxygen demand in differentiating neurons induces VEGF-A
expression in astrocytes and Muller glia, which stimulates sprouting and lumenization of
new blood vessels, leading to the formation of superficial and deep layers of the retinal
vasculature (Blanco and Gerhardt, 2013; Claxton and Fruttiger, 2003; Liu et al., 2006; Pierce
et al., 1995; Selvam et al., 2018; Stone et al., 1995; Zhang et al., 2007). Likewise, VEGF-A
signaling is also fundamental for retinal, subretinal, and choroidal neovascularization in
various eye diseases (Campochiaro, 2015).

3.1.1. VEGFR1 decoy activity during angiogenic sprouting—Endothelial cells in
angiogenic sprouts display distinct phenotypes depending on their position. At the front of
the sprout, tip cells “sense” their environment using long filopodia, essentially navigating
along a VEGF-A gradient (Gerhardt and Betsholtz, 2005; Gerhardt et al., 2003; Jeltsch et al.,
2013). VEGF-A increases delta-like 4 expression in tip cells, which in turn induces a stalk
cell phenotype in more proximal ECs via Notch-mediated lateral inhibition (Blanco and
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Gerhardt, 2013; Hellstrom et al., 2007; Jakobsson et al., 2009), triggering down-regulation
of VEGFR2 and upregulation of VEGFRL1 in stalk cells. Accordingly, sequestration of
VEGF-A by VEGFRL1 on these stalk cells results in spatial restriction and fine tuning of
VEGF-A signaling at the growing vascular front.

Pericytes associated with angiogenic sprouts also express transmembrane and soluble
VEGFR1, and the genetic ablation or the biochemical inhibition of PIGF or VEGFRL1 in
tumor models have implicated a direct role of VEGFR1 signaling in pericyte recruitment
and vessel stabilization (Cicatiello et al., 2015; Tarallo et al., 2010). On the other hand,

the developing retinal vasculature of the pericyte-specific VEGFR1 KO mice displayed
normal numbers of pericytes but increased numbers of ECs and angiogenic sprouts with
abnormally expanded morphology, suggesting that VEGFR1 on pericytes spatially restricts
VEGF signaling at the angiogenic sprout (Eilken et al., 2017). Thus, the main role of
VEGFRL1 on pericytes awaits further investigation.

3.1.2. Activity of VEGFRL1 ligands in angiogenic sprouting—The role of direct
VEGFR1 mediated signaling is not obvious, because (1) VEGFRI-TK™'~ mice survive

and do not develop any obviously detrimental phenotypes (Hiratsuka et al., 1998); (2) Pgrf
KO mice display only very subtle developmental angiogenic abnormalities, with small and
transient reductions in angiogenic sprouting during retinal and brain vascularization (Kay et
al., 2017; Luna et al., 2016), and (3) VEGF-B KO mice also appear to have a largely normal
phenotype (Bellomo et al., 2000). Nevertheless, the most pronounced effects of disrupting
the VEGFR1 signaling axis have been observed in the context of pathologies. Tumor growth
(Apicella et al., 2018; Carmeliet et al., 2001), arthritis (Yoo et al., 2009), and recovery

from heart (Luttun et al., 2002; Pipp et al., 2003) and limb ischemia (Gigante et al., 2006)
were all reduced in the absence of PIGF-mediated signaling. Furthermore, angiogenesis in
ischemic retinas and laser-injured choroids, as well as diabetes-induced retinal cell death,
capillary degeneration, pericyte loss, and BRB breakdown were alleviated in PgfKO mice or
by pharmacologically inhibiting PIGF activity (Apicella et al., 2018; Carmeliet et al., 2001;
Crespo-Garcia et al., 2017; Huang et al., 2015; Rakic et al., 2003).

In general, artificially increasing levels of VEGFR1 ligands can result in more obvious
phenotypes, usually characterized by increased angiogenesis. For instance, transgenic mice
overexpressing PIGF in the skin under the keratin-14 promoter have a substantial increase in
the number and size of dermal blood vessels (Odorisio et al., 2002). Similarly, adenovirus-
mediated Pgftransfer in ischemic heart and limb tissue elicits a strong angiogenic response
that is comparable to that of VEGF-A (Luttun et al., 2002). Transcranial injection of adeno-
associated virus vectors encoding Pgfinduces a robust stimulation of angiogenesis and
arteriogenesis in the central nervous system (Gaal et al., 2013).

However, findings have not been entirely consistent. For example, one study has indicated
that reduction of VEGF-B activity (using VEGF-B KO mice or an anti-VEGF-B antibody)
may improve diabetic readouts in mice (Hagberg et al., 2012), whereas another report
suggested that diabetic disease hallmarks can be improved by increasing VEGF-B, rather
than blocking its activity (Robciuc et al., 2016). Transgenic overexpression of PIGF in T
cells under the CD2 promoter produced a significant reduction in placental angiogenesis
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that was linked to the inhibition of BRAF and activation of ERK (Kang et al., 2014),
indicating that the effects of PIGF on angiogenesis are context-dependent. Moreover,
reduced angiogenesis has been described after blocking PIGF in mouse tumor models (Van
de Veire et al., 2010), but this was not confirmed by others (Bais et al., 2010).

Such conflicting results could arise from the complexity and context-dependency of
VEGFR1 signaling and, as detailed in section 2, there are several molecular mechanisms that
can lead to different outcomes. For example, increased PIGF production can increase VEGF-
A activity and angiogenesis via competition for VEGFRL1 binding, whereas, if PIGF is
expressed in the same cell, formation of PIGF/VEGF-A heterodimers could result in reduced
VEGFR2 homodimer activation. In fact, co-expression of VEGF-A and PIGF occurs in
many cell types, including ECs and pericytes (Yonekura et al., 1999), fibroblasts (Green

et al., 2001), macrophages (Bottomley et al., 2000), keratinocytes (Failla et al., 2000), and
RPE cells (Klettner et al., 2015), making it difficult to delineate which biological activity is
attributable to VEGF-A or PIGF homodimers versus PIGF/VEGF-A heterodimers (DiSalvo
etal., 1995).

Recent work by Apicella et al. suggests that PIGF/VEGF-A heterodimers do have a positive
effect on angiogenesis (Apicella et al., 2018), which may be mediated by a VEGFR1/2
heterodimer (Yang et al., 2013). The PgF£-DE knock-in mouse, generated by knocking into
the Pgflocus a variant (PgF-DE) that is unable to bind and activate VEGFR1 (Tarallo et
al., 2010), allowed the investigation of the effects of the complete loss of function of PIGF,
as these mice produce homodimers of PIGF-DE and heterodimers of VEGF-A/PIGF-DE
that are inactive (Apicella et al., 2018). These mice showed significant impairment of
angiogenesis in tumor growth, hind limb ischemia, and CNV compared with PgfKO and
wild-type mice (Fig. 3). Moreover, in a laser-induced CNV model, these mice show a large
reduction in vascular leakage. In parallel, the recombinant VEGF-A/PIGF heterodimer is
able to rescue vascularization and vascular leakage to an extent that is similar to that of
recombinant VEGF-A (Apicella et al., 2018). These results highlight the central role of the
VEGF-A/PIGF heterodimer on vascular leakage and neo-angiogenesis stimulation during
CNV.

3.2. Vascular permeability

Optimal functioning of the neuronal cells of the retina necessitates a tightly regulated
environment in each of the functional compartments. In the healthy state, this is achieved
through an intact BRB that provides such an environment and, through the cellular barriers,
allows the uptake of essential nutrients and elimination of discarded metabolites. As stated
in the introduction, there are two distinct barriers protecting the retina. The outer BRB,
consisting of the RPE, regulates transport between the choriocapillaris and the outer retina
(Fields et al., 2020). The inner BRB regulates transport across the retinal capillaries within
the inner retina and is composed of a single layer of tightly adherent endothelial cells, a
basal lamina, and surrounding pericytes, astrocytes, and microglia (Diaz-Coranguez et al.,
2017; Klaassen et al., 2013). In retinal capillaries, pericytes contribute to maintenance of
barrier function, not only by providing mechanical support, but also by communicating with
ECs via paracrine signals and direct cell-cell contact (Armulik et al., 2011).
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Vascular permeability is thought to be mediated via two mechanisms: the transcellular
route and the paracellular route. The transcellular route involves vesicular transport and
the formation of channels from vesicles or vacuoles, the vesiculo-vacuolar organelle. The
paracellular route is based on transient changes in junctions between ECs (adherens and
tight junctions) (Wettschureck et al., 2019). VEGF-A was initially identified as a factor
secreted by tumor cells that induces vascular permeability (Senger et al., 1983). The
process is mediated via VEGFR2 and is likely to involve the tyrosine phosphorylation,
internalization, and degradation of vascular endothelial-cadherin, a major component of
endothelial adherens junctions (Dejana, 2004; Dejana and Orsenigo, 2013; Dejana et al.,
2008). It may also be attributable to transcellular extravasation via EC vesicles (Lin et
al., 2007). VEGF-A/VEGFR2-mediated modulation of vascular permeability and plasma
extravasation also involves the activation of endothelial nitric oxide synthase (eNOS) and
production of nitric oxide (Papapetropoulos et al., 1997; Ziche et al., 1997b).

Despite the fact that vascular permeability is generally thought to be mediated primarily

by VEGF-A/VEGFR2, there is also evidence for a role for VEGFR1, PIGF, and VEGF-A/
PIGF heterodimers. VEGFR1 activation controls vascular permeability via eNOS activation,
as is the case for VEGFR2. In addition, there is a functional link between PIGF and

eNOS activation. The phosphorylation of eNOS, which occurs downstream of ERK and Akt
activation (Feliers et al., 2005; Hisamoto et al., 2001), has been directly associated with the
activation of VEGFR1 (Bussolati et al., 2001), and is supported by findings that vascular
leakage in mouse models can be reduced by blocking PIGF (Carmeliet et al., 2001) or
VEGFR1 (Huang et al., 2011). An in vitro study of the mechanism of high-glucose-induced
damage to retinal ECs concluded that PIGF was signaling through the Erk1/2-NOS axis via
VEGFR1 (Jiao et al., 2019). A recent study has reported that PIGF directly disrupts barrier
function by suppression of glucose-6-phosphate dehydrogenase and peroxiredoxin, acting
through glutathione peroxidase and phospholipase A, activity (Huang et al., 2019a). VEGF-
A also induces vasodilation, mainly through VEGFR1 signaling, with the involvement of
VEGFR1/2 receptor heterodimerization (Cudmore et al., 2012), a finding that has been
corroborated using the PgF~DE knock-in mouse model (Apicella et al., 2018) described in
section 3.1.2.

In ECs, VEGFR1 and VEGFR?2 are distributed luminally and abluminally, respectively,
suggesting that the highly polarized signaling depends on the receptor position (Hudson

et al., 2014). The majority of VEGFR1 is localized to the apical or luminal sides of

retinal microvascular ECs, whereas VEGFR2 is predominantly located on the basal or
abluminal sides (Hudson et al., 2014); however, this generalization has been the subject of
recent debate (Blaauwgeers et al., 1999; Dragoni and Turowski, 2018; Van Bergen et al.,
2019). Thus, luminal and abluminal endothelial surfaces display differential functionality,
with luminal VEGFR1 activation via circulating VEGF-A leading to Akt activation and
facilitation of EC survival and abluminal VEGFR?2 activation via tissue-borne VEGF-A
leading to increased permeability via p38 (Hudson et al., 2014). This suggests important
roles for the MAPK and PI3K/Akt pathways downstream of VEGFR2 in angiogenesis and
permeability. The impact of differential apicobasal signaling, as a consequence of VEGFR1
or VEGFR?2 activation, should be considered when working with experimental models of
retinal disease (Cao et al., 2010; Liu et al., 2017).
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3.3. VEGFR1 and inflammation

Although not necessarily the primary etiopathogenic factor, persistent microinflammation
can cause considerable collateral damage in many age-related chronic diseases, fueling
further inflammation (Nathan and Ding, 2010) and is a known contributor to retinal
pathology as well (Rashid et al., 2019). In the affected tissues, inflammation is often
associated with the persistence of mononuclear phagocytes, a family of cells that includes
circulating monocytes, tissue-resident macrophages, and monocyte-derived inflammatory
macrophages (Nathan and Ding, 2010). VEGFR1 and PIGF are known to be involved in
the inflammatory pathways (Shibuya, 2015). Genetic ablation of the VEGFR1 TK domain
in mice allows normal vascular development but significantly suppresses VEGF-induced
macrophage migration (Hiratsuka et al., 1998). There is strong evidence that PIGF and
VEGFR1 signaling can influence how immune cells affect tumor growth and metastasis
(Albonici et al., 2019; Ceci et al., 2020; Incio et al., 2016; Kim et al., 2012; Muramatsu et
al., 2010; Qian et al., 2015) as well as cardiovascular disorders (Luttun et al., 2002; Raisky
etal., 2007; Roncal et al., 2010) or rheumatoid arthritis (Murakami et al., 2006).

PIGF/VEGF-A heterodimers have been detected in synovial fluid samples from patients with
inflammatory arthropathy and in human keratinocytes during wound healing, with levels

of PIGF and VEGF-A in synovial fluid correlating significantly with total leukocyte and
neutrophil counts (Bottomley et al., 2000). An increase in inflammatory cytokine production
after VEGFR1 activation in mononuclear phagocytes has also been observed in patients
with rheumatoid arthritis, in which fibroblast-like synoviocytes produce high levels of PIGF
(Yoo et al., 2009). PIGF-induced VEGFR1 activation increased TNF-a and IL-6 expression,
whereas TNF-a and IL-1p upregulated VEGFR1 (Yoo et al., 2009).

In the retina, circulating monocytes, macrophages, and so-called resident microglia —
which are not true glial cells but specialized, resident mononuclear phagocytes — are
constantly engaged in the surveillance of their surrounding tissue (Akhtar-Schafer et al.,
2018; McMenamin et al., 2019). Retinal microglia are maintained mostly by self-renewal
through the entire life span but can also be replenished from extraretinal sources (Huang
et al., 2018). This contrasts with continuous replenishment of choroidal macrophages by
circulating monocytes (O’Koren et al., 2019). During development, microglia contribute
to the refinement of the neural circuits (Akhtar-Schafer et al., 2018; McMenamin et al.,
2019; Reyes et al., 2017) and also influence morphogenetic patterning of the vascular
network, facilitating vascular anastomosis (Fantin et al., 2010; Kubota et al., 2009; Rymo
etal., 2011). The VEGFRL1 signal contributes but is not indispensable for the development
of retinal microglia and the superficial retinal vascular networks (Ogura et al., 2017). In
contrast, microglia in the deep retinal layer express VEGFR1, and the decoy function of this
receptor neutralizes circulating PIGF/VEGF-A, thereby reducing angiogenic branching of
the deep retinal vessels (Stefater et al., 2011).

In addition to microglia, which are the most common immune cells in the retina, the

retina also contains ionized calcium-binding adapter molecule 1 (Ibal)-negative perivascular
macrophages found on the abluminal aspect of the vascular endothelial basal lamina, that
are closely associated with pericytes and Mdller cells in the deeper retina (Mendes-Jorge

et al., 2009). The microglia and perivascular macrophages can also be differentiated from
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one another since the macrophages express BM8 and MOMA-2 antigen epitopes, which

are not expressed by microglia (Mendes-Jorge et al., 2009) and their position relative to
retinal blood vessels indicate their involvement in the preservation of the BRB as well as the
immune defense against blood-borne pathogens (McMenamin et al., 2019). On breakdown
of the BRB and photoreceptor degeneration, the macrophages migrate to the site of damage
as shown in various models of retinopathy (Roubeix et al., 2019; Saban, 2018; Sennlaub et
al., 2013). Retinal injury can activate microglia and trigger the secretion of inflammatory
mediators, such as CC chemokine ligand 2 (CCL2, also known as monocyte chemoattractant
protein-1), IL-1pB, IL-6, and TNF-a (Grossniklaus et al., 2002; Oh et al., 1999), which can
further aggravate retinal injury (Langmann, 2007).

In the disease state, activation of VEGFRL1 results in the production by macrophages

and microglia of proinflammatory and proangiogenic mediators in the retina (Carmeliet

et al., 2001; Crespo-Garcia et al., 2017; Fischer et al., 2008; Rakic et al., 2003; Ziche

etal., 1997a). Furthermore, PIGF may stimulate VEGFR1-dependent migratory pathways
of monocytes more efficiently than does VEGF-A (Cicatiello et al., 2015; Clauss et

al., 1996). Both activated microglia and monocyte-derived macrophages are assumed to
upregulate VEGFR1 in various sites including the retina (Barleon et al., 1996; Ogura et al.,
2017). VEGFR1 activation in these mononuclear phagocytes upregulates their production of
pro-inflammatory and pro-angiogenic cytokines, such as CCL2, IL-1p, IL-6, TNF-a, and
VEGF-A (Murakami et al., 2006; Selvaraj et al., 2003).

However, there remains a large gap in our understanding of how exactly VEGFRL1 signaling
in inflammatory cells contributes to retinal vascular pathology. As outlined in this section,
various types of inflammatory cells of different origins (i.e. resident versus invading) and

in different states of activation are found in the retina. Thus, whilst certain features of the
pathologies provide hints of inflammatory cell involvement, further study of the many levels
of intricacy might resolve some of the apparent experimental paradoxes in the VEGFR1
literature.

4. Role of VEGFRL1 in retinal vascular disease

The seminal discovery of increased VEGF levels in ocular fluids of patients with retinal eye
diseases (Adamis et al., 1994) introduced an era of anti-VEGF therapy in diseases such as
DR, retinal vascular occlusions, retinopathy of prematurity (ROP), neovascular AMD and
others. Currently in use are, 1) aflibercept and conbercept* (fusion proteins consisting of
the ligand binding portions of VEGFR1 and VEGFR?2 extracellular domains fused to the Fc
portion of human IgG), 2) bevacizumab™ (a full-length anti-VEGF monoclonal antibody),
3) ranibizumab (an anti-VEGF monoclonal antibody Fab fragment), and 4) brolucizumab (a
single-chain antibody fragment), recently approved for neovascular AMD (Markham, 2019)
(see Table 1).

*Note on drug approval status: Bevacizumab is not approved for intraocular use, even though it is used off-label in several countries;
conberecpt is currently only approved and used in China.
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Aflibercept and conbercept* bind all known VEGFR1 ligands, VEGF-A, PIGF, and VEGF-
B, unlike ranibizumab, bevacizumab,* and brolucizumab, which are VEGF-A specific (de
Oliveira Dias et al., 2016; Papadopoulos et al., 2012). It is tempting to hypothesize that
some observed differences between the clinical effects of anti-VEGF agents may result from
differences in their targets, i.e. the binding of VEGF-A, VEGF-B and PIGF versus just
VEGF-A, but given the complexity of VEGFR1 signaling and the impact of other factors
like pharmacokinetics, binding affinities, and dosing strategies, this hypothesis remains open
to further investigation. Furthermore, despite significant advances in our understanding of
the molecular and cellular aspects of VEGF receptors and their ligands, it is only more
recently that research has focused on elucidating the effects of VEGFR1 versus VEGFR2 in
the pathophysiology of retinal diseases.

4.1. Diabetic retinopathy

Diabetic retinopathy is the leading vision-threatening disease in the working-age population
globally (Yau et al., 2012). Over years of hyperglycemic episodes, the accumulation of
insults, including advanced glycation end products and oxidative stress, damages retinal
blood vessels and neural cells (Duh et al., 2017). About one-third of diabetic patients
display non-proliferative DR (NPDR) characterized initially by intraretinal microvascular
abnormalities and retinal microaneurysms, and additionally by retinal hemorrhage, edema,
and exudative lipoprotein deposits (known as hard exudates) (Duh et al., 2017; Wong et

al., 2018). In more severe cases, capillary non-perfusion and subsequent tissue ischemia
can lead to retinal microinfarctions and collateral vessel formation and ultimately retinal
neovascularization (Duh et al., 2017; Wong et al., 2018), thus evolving into PDR. PDR

is distinguished by the growth of retinal neovascularization extending into the vitreous
cavity, ultimately resulting in vision-impairing vitreous hemorrhage and tractional retinal
detachment (Duh et al., 2017; Wong et al., 2018). A further complication is diabetic macular
edema (DME), which affects central vision in any DR, with an estimated prevalence of
approximately 7% among people with diabetes (Yau et al., 2012).

For DME treatment, intravitreally injected anti-VEGFs have been demonstrated to be
effective in multiple clinical trials and have subsequently been widely adopted worldwide
(Ferrara and Adamis, 2016; Sivaprasad et al., 2017; Wong et al., 2018; Writing Committee
for the Diabetic Retinopathy Clinical Research et al., 2015). Anti-VEGF agents are
effective in reducing the edema associated with the increased vascular permeability in

the retina and in improving the vision of patients with DME (Heier et al., 2016; Nguyen
etal., 2012). This clearly illustrates the pivotal role VEGF-A plays in angiogenesis as

well as in vascular permeability. However, the exact mechanisms behind this remarkable
success story are less well understood. Additionally, as outlined in the previous section,
VEGF-A does not only play a role in endothelial cell behavior but is also relevant for
inflammatory cells, whose contribution to DR is overshadowed by the current focus on
vascular phenotypes. Furthermore, the roles of the different VEGF ligands within the context
of human retinal pathology have not yet been properly elucidated. Nevertheless, there are
clinical observations and animal experiments that allow us to hypothesize about potential
mechanisms.
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Initiation of the inflammatory response that is linked to the early stages of the pathogenesis
of DR was demonstrated initially by leukocyte-mediated endothelial cell injury and death in
animal models (Joussen et al., 2001, 2004). Indeed, one of the most compelling arguments
for an involvement of inflammation in DR is the well-established potency of corticosteroids
in the treatment of DME (Rittiphairoj et al., 2020; Whitcup et al., 2018; Wykoff, 2017).
Interestingly, there is evidence that benefits of steroid treatment are not limited to just edema
but may also slow down development of PDR and overall progression of DR (Pearson et al.,
2011; Querques et al., 2017; Wykoff et al., 2017), suggesting that inflammatory mechanisms
(such as persistent low-grade inflammation) make a causal contribution to DR (Kinuthia et
al., 2020). This is consistent with a large collection of clinical studies showing increased
ocular levels of inflammatory mediators, including IL-1p, IL-6, IL-8, TNF-a, and CCL2, in
NPDR, DME and PDR (Bolinger and Antonetti, 2016; Chernykh et al., 2015; Funatsu et al.,
2012; Kovacs et al., 2015; Mao and Yan, 2014; Mesquida et al., 2019; Rubsam et al., 2018;
Tang and Kern, 2011; Wykoff, 2017; Zhou et al., 2012).

Considering the likely contributions from inflammatory cells in DR and the role of VEGF
signaling in inflammatory cells (as covered in section 3), a key emerging question is whether
the benefits of anti-VEGFs in ophthalmic practice are based only on the well-established
effects on vessels or if they are also acting on inflammatory cells, and beyond that,

whether signaling via VEGFR1 may be relevant. For the first part of this question there is
considerable clinical evidence showing that anti-VEGFs can reduce inflammatory cytokines
in diabetic eye disease. For instance, aflibercept injections not only suppressed levels of
VEGF-A in DME patients but also reduced inflammatory cytokines such as IL-6, IL-1p and
others (Mastropasqua et al., 2018). Similarly, a study on PDR patients receiving aflibercept
showed reduced levels of IL-6, IL-8, IL-10 and IL-1p in the vitreous (Raczynska et al.,
2018). Likewise, ranibizumab treatment reduced levels of IL-1f, IL-8, IL-10, CCL2 and
TNF-a in DME patients (Lim et al., 2018). However, it is not known yet whether the
changed cytokine levels are a direct result of VEGF signaling inhibition or whether they are
an indirect consequence of reduced vascular pathology.

The functional role of VEGFRL1 in inflammation within the context of human diabetic eye
disease remains to be fully understood. Looking at the VEGFR1 specific ligand, PIGF, is
certainly a path to explore. In human eyes with DR, PIGF is elevated in addition to VEGF-A
(Ando et al., 2014; Noma et al., 2015, 2017), and there are significant increases in the levels
of both VEGF-A and PIGF in vitreous samples from eyes of patients with increasing levels
of ischemia, i.e. from the normal to diabetic state, or from PDR to neovascular glaucoma
(Kovacs et al., 2015; Patel, 1989). Whilst the mere presence of elevated PIGF levels in the
vitreous does not prove a functional involvement in DR pathology, there appears to be an
association between PIGF levels and progressive disease severity in DR and RVO (Noma et
al., 2015). Mechanistic insights may be gained by comparing the clinical effects of drugs
that target specifically VEGF-A (e.g. ranibizumab) versus the ones that in addition also
target the VEGFR1 specific ligands PIGF and VEGF-B (e.g. aflibercept), although this is
not straightforward either. Current clinical trials usually focus on visual acuity or retinal
thickness under therapy and therefore an approach more focused on inflammation markers is
required to shed more light on this topic.
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An intriguing piece of clinical evidence comes, however, from a subtle feature in retinal
OCT images in patients with DME that might be useful for the assessment of inflammation
in vivo. In some patients with early DR, small well-demarcated, hyperreflective foci have
been identified (Yu et al., 2019). Such deposits are located within walls of intraretinal
microaneurysms and in some cases distributed throughout the retinal layers. Various
etiologies have been suggested regarding the possible nature of these hyperreflective foci
and it is suggested that they represent lipoproteins or lipid-laden macrophages, indicating
extravasation and/or neuroinflammation, as an early subclinical sign of barrier breakdown
in DME (Bolz et al., 2009). In early stages of DME with few or no funduscopically visible
exudates, the number of hyperreflective spots, as visualized by OCT, decreased significantly
after either anti-VEGF or steroid treatment and correlated with functional data. DME with
high number of hyperreflective spots showed better morphologic and functional results

(in terms of retinal sensitivity) if treated, at least initially, with steroids versus a selective
VEGF-A inhibitor (ranibizumab) (Frizziero et al., 2016; Vujosevic et al., 2017). However,
the hyperreflective spots cannot be used as a true proxy for inflammation until their cellular
nature has been established more firmly.

The target specificity of currently used anti-VEGF drugs might also yield some hints
about the pathobiological function of VEGFR1 in DR. There are nhumerous studies in
DME patients showing significant differences between ranibizumab and aflibercept when
looking at certain clinical readouts, with aflibercept showing higher efficacy or longer
lasting treatment effects (Bhandari et al., 2020; Jampol et al., 2016; Kaldirim et al., 2019;
Ozkaya et al., 2020; Sarda et al., 2020; Shimizu et al., 2017). Furthermore, comparisons
between aflibercept and bevacizumab™ had similar outcomes (American Academy of
Opthalmology, 2019; Virgili et al., 2018; Wells et al., 2015; Wells et al., 2016). For
example, some studies have found that aflibercept was statistically superior in vision gains
compared with ranibizumab and bevacizumab™* (Protocol T) (Wells et al., 2015, 2016).
These outcome differences may be explained by several factors, such as anti-VEGF-A
relative potency/binding affinity (Papadopoulos et al., 2012), specificity for VEGF-A only
versus VEGFR1 blockade through binding of VEGF-A, PIGF and VEGF-B (Papadopoulos
et al., 2012), duration of intraocular VEGF suppression (Fauser and Muether, 2016; Fauser
et al., 2014; Muether et al., 2013), ocular pharmacokinetics (Do et al., 2020; Krohne et al.,
2008, 2012) and drug formulation. The higher binding affinity, multiple molecular targets
and ocular pharmacokinetics of aflibercept may be contributing factors to the observed
differences in clinical outcomes. While the respective relative importance of these factors
is unknown, these differences have been considered significant enough to define clinical
practice guidelines (American Academy of Opthalmology, 2019; Cheung et al., 2018b;
Schmidt-Erfurth et al., 2017). In this respect it will be interesting to see direct comparisons
between aflibercept or conbercept™* and some of the more recently approved anti-VEGFs.
For example, brolucizumab has a higher molarity of VEGF-A binding sites compared with
aflibercept but only binds VEGF-A and not PIGF and VEGF-B. Differences in future
clinical trial outcomes might inform us further about the molecular effects of these drugs.

Despite the current absence of such comparative data it is intriguing that aflibercept has
been shown to reduce overall DR progression in DME patients (Mitchell et al., 2018) and
to improve DR severity in PDR patients (Nittala et al., 2020). This is remarkable because
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anti-VEGFs are generally seen to treat complications of DR (i.e. high VEGF levels) and

not the underlying disease. It is possible that effects on inflammatory mechanisms could
reduce overall progression and severity in DR. Future clinical studies measuring cytokines in
aqueous humor from DR patients treated with aflibercept or conbercept® versus ranibizumab
or brolucizumab are likely to add further insight here.

In addition to clinical observations, studies in animal models can inform us about potential
functional roles of VEGFR1 and PIGF in retinal pathology. For instance, overexpression

of PIGF in ciliary muscle of rats led to microaneurysms and vascular sprouts in the retinal
vasculature, demonstrating the pathogenic potential of elevated PIGF levels (Kowalczuk

et al., 2011). Similarly, PIGF injection into the rat eye vitreous caused sub-retinal fluid
accumulation by opening RPE tight junctions (Miyamoto et al., 2007). Additionally, deletion
of the Pgfgene in a type 1 diabetic mouse model (/7s2Akita mouse carrying a spontaneous
point mutation in the /nsulin 2gene) (McLenachan et al., 2013) led to protection from
capillary dropout, pericyte loss, and BRB breakdown (Huang et al., 2015). Furthermore, the
absence of PIGF increased Akt phosphorylation and inhibited the HIF-1a—-VEGF pathway,
preventing retinal cell death, capillary degeneration, pericyte loss, and BRB breakdown,
which highlights the critical role of PIGF and VEGFRL in the development of DR. Increased
expression of the tight junction molecule, ZO-1 and vascular endothelial-cadherin alongside
sonic hedgehog and angiopoietin-1 also indicated additional protection associated with Pgf
deletion (Huang et al., 2015). In contrast, expression of intracellular adhesion molecule
(ICAM)-1, vascular cell adhesion molecule-1, CD11b, CD18 and retinal leukostasis were
not inhibited in this study (Huang et al., 2015).

An alternative approach, using VEGFR1 neutralizing antibodies in mice with streptozotocin-
induced diabetes, led to a reduction of leukostasis and various cytokines (including IL-1p),
besides lowered vascular permeability (He et al., 2015). This is consistent with another study
in streptozotocin-treated rats, demonstrating reduced TNF-a after intravitreally injected
aflibercept (Lazzara et al., 2019). Moreover, it has also been shown in type 1 diabetes mouse
models that leukocyte and macrophage infiltration was decreased by an anti-PIGF specific
antibody or aflibercept, but not by VEGF-A specific antibodies, suggesting a specific role

of PIGF in retinal inflammatory mechanisms (Van Bergen et al., 2017). One should keep

in mind though, that models based on diabetic animals (typically rodents) have limitations.
Although they mimic some aspects of human NPDR, other features (such as PDR) are not
present. Furthermore, while these models can indicate what might be going wrong in human
eyes, they cannot be used to validate human disease mechanisms.

In histological analyses of human diabetic eyes, the loss of pericytes in the retinal
vasculature is one of the first cellular pathologies that has been recognized (Cogan et al.,
1961), and it is assumed that pericyte dropout is a key driver of vascular abnormalities in DR
(Arboleda-Velasquez et al., 2015). In line with this notion, pericyte loss can be seen in some
animal models of diabetes (Robinson et al., 2012). The consequences of pericyte loss in

the retinal vasculature can also be studied in diabetes-independent models. For example,
pericyte recruitment to growing retinal vessels can be efficiently disrupted by genetic

or pharmacologic tools leading to disorganized vascular patterning with microaneurysms,
edema, and hemorrhage (Enge et al., 2002; Kitahara et al., 2018; Klinghoffer et al., 2001,
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Kusuhara et al., 2018; Lindblom et al., 2003; Park et al., 2017; Uemura et al., 2002; Valdez
et al., 2014) as shown in Fig. 4A and B.

Interestingly, in addition to the vascular pathologies, pericyte deficiency can also lead to
inflammatory phenotypes via the activation of nuclear factor of activated T (NFAT) cells

in ECs, which upregulates a series of inflammatory mediators and leukocyte adhesion
molecules including CCL2 and ICAM-1, resulting in influx of CCR2-expressing monocytes
and perivascular infiltration of CD45NCD11b*Ly6C* mononuclear phagocytes (Fig. 4C)
(Ogura et al., 2017). These mononuclear phagocytes, which might also comprise activated
microglia, displayed amoeboid cell bodies with fewer dendrites that physically contacted the
denuded ECs (Ogura et al., 2017). In contrast to the tissue-resident microglia, mononuclear
phagocytes infiltrating into pericyte-deficient retinas exhibited elevated VEGF-A, PIGF,
and VEGFR1 (Fig. 4, C-E), which is indicative of VEGFR1 activation in an autocrine

or paracrine manner (Ogura et al., 2017). ECs devoid of pericytes revealed increased
VEGFR2, which would be expected to be activated by VEGF-A derived from mononuclear
phagocytes and exacerbate vascular hyperpermeability (Ogura et al., 2017). In VEGFRI-
7K~ mice, retinal edema and mononuclear phagocyte infiltration were reduced even after
pericyte depletion (Fig. 4F) (Ogura et al., 2017). In addition, time-lapse imaging of ex vivo
explants of pericyte-deficient retinas demonstrated that aflibercept reduced the motility of
mononuclear phagocytes and recovered their dendrite formation (Fig. 4G) (Ogura et al.,
2017). Furthermore, intravitreally injected aflibercept suppressed mononuclear phagocyte
infiltration and vascular leakage in the pericyte-deficient retina (Fig. 4H). Together, as
shown in Fig. 41, these observations indicate a positive feedback loop between ECs and
mononuclear phagocytes in pericyte-deficient retina, in which VEGFR1 signaling facilitates
cell motility of mononuclear phagocytes. Thus, despite the underlying complexity of
multiple signaling pathways mediating interactions between at least three different cell
types, we can conclude that in this setting, simultaneous neutralization of VEGF-A and
PIGF can effectively block the cycle of BRB breakdown.

4.2. Retinal vascular occlusions

Retinal ischemia due to vascular occlusion occurs most commonly in branch retinal vein
occlusion (BRVO) and central retinal vein occlusion (CRVO) but may also appear as

a complication in hemoglobinopathies (sickle cell disease and thalassemia), peripheral
ischemic retinopathies such as Eales’ disease, familial exudative vitreoretinopathy, sickle
cell retinopathy, Susac syndrome and others (Caprara and Grimm, 2012; Gilmour, 2015;
Hartnett, 2017; Sigler et al., 2014). In all instances, key features include elevated vascular
permeability and edema, which can affect central vision (Ho et al., 2016). Furthermore,
sustained retinal ischemia can also result in the formation of new blood vessels that grow
toward the vitreous cavity without resolving retinal hypoxia (Fukushima et al., 2011; Ho et
al., 2016).

Clinically, ocular levels of VEGF-A and PIGF are elevated in RVO (Aiello et al., 1994;
Noma et al., 2015). An analysis of aqueous samples taken from controls and patients with
BRVO showed marked elevations of both VEGF-A and PIGF (Noma et al., 2014), and
importantly a significant positive correlation for both VEGF-A and PIGF with increasing
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levels of ischemia (Ryu et al., 2021). These positive correlations are also observed in
patients who have CRVO (Noma et al., 2015). Furthermore, significant correlations were
observed between levels of PIGF and soluble ICAM-1, PDGF-AA, CCL2, and IL-8 (Noma
et al., 2014, 2015), which implicates activation of microglia and macrophages by VEGFR1
as part of the disease pathology in RVO patients.

As with DME, current treatment strategies for RVO include removal of the angiogenic

and inflammation drivers or the use of anti-VEGFs and steroids to reduce the overall
inflammatory response. Intravitreal use of aflibercept and ranibizumab is effective in
reducing edema and restoring visual acuity in patients with BRVO (Campochiaro et al.,
2010, 2015) and CRVO (Boyer et al., 2012; Brown et al., 2010; Holz et al., 2013).
Furthermore, vision gains and maintenance of vision were reported in patients with
significant areas of non-perfusion as a result of CRVO in the COPERNICUS and GALILEO
studies (Feltgen et al., 2019; Pielen et al., 2017).

Clinical comparative studies show that agents that target VEGF-A only, or those that bind
VEGF-A and PIGF, both provide robust responses in improving vision and reducing macular
edema. Clinical study outcomes are particularly relevant, as any emerging signals are
observed despite the inherent variability between patients. In a comparator trial in DME
(Protocol T) (Wells et al., 2015, 2016), statistical superiority in visual acuity gains was
shown, and in RVO trials (LEAVO (Hykin et al., 2019); SCORE 2 (Scott et al., 2017)), less
frequent treatment was required and fewer non-responders were observed with aflibercept
versus bevacizumab* and/or ranibizumab. In contrast, effects on inflammatory readouts (e.g.
aqueous CCL2, IL-6, IL-8 and others) appear to be similar (Cui et al., 2021; Kotake et al.,
2019). This is different from what was observed in DR and might be due to the different
pathogenic contributions of PIGF signaling in RVO versus DR, or to differences in the
methodologies used to measure these agents in the aqueous.

The pathogenesis of RVO and its subtypes has been described in clinicopathological studies
(Green et al., 1981; Powner et al., 2016; Wolter, 1961), but its pathophysiology is less
clear. Nevertheless, attempts have been made to further explore potential pathobiological
mechanisms of RVO in animal models, typically using laser photocoagulation. Histological
studies on primate RVO models conducted in the 1970s have described the time course of
degenerative changes of the vessels and the surrounding tissue after occlusion (Hockley et
al., 1976, 1979), which match human histology. In addition, retinal vessel occlusion models
have been generated and explored in many different animals, usually with a focus on the
vascular and edematous changes and retinal atrophy (Khayat et al., 2017). Transcriptional
profiling in rabbits and mice has shown a strong upregulation of genes associated with
hypoxia, angiogenesis, cell damage and inflammation (Martin et al., 2018; Neo et al.,
2020) after occlusion. In a non-human primate RVO model, ranibizumab attenuated retinal
edema and atrophy but did not affect expression of CCL2, IL-6 and angiopoietin-1/2
(Inagaki et al., 2020), reflecting the clinical findings mentioned above. On a cellular level,
activation of microglia and invasion of macrophages from the systemic circulation are
prominent responses to experimental BRVO in mice (Ebneter et al., 2017). Remarkably, the
invading macrophages seem to have a protective effect on the vein ECs (VanderVeen and
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Cataltepe, 2019), but whether VEGFR1 signaling is relevant upstream or downstream of the
inflammatory response, specifically in RVO, is not known.

4.3. Retinopathy of prematurity

ROP is a vasoproliferative disorder of premature infants born with an incompletely
vascularized retina. A mismatch between oxygen levels of the in utero and postnatal
environments (exacerbated by supplemental oxygen), can lead to delayed retinal
vascularization, hypoxia and excessive angiogenic stimuli in the peripheral retina. This
results in abnormal vessel growth, in particular at the leading edge of the developing retinal
vasculature, and can cause loss of vision through macular dragging and tractional retinal
detachment (Mintz-Hittner et al., 2011). Clinically, ROP is classified according to the extent
of retinal vasculature development (zone | is the smallest, most central region, and zone Il
the largest). Also relevant are the circumferential extent (described using hours of a clock
face), the severity (stage 1-5, with 5 being the most severe) and the presence of dilated,
tortuous posterior pole vessels (referred to as ‘plus’ disease) (Agarwal and Jalali, 2018;
International Committee for the Classification of Retinopathy of Prematurity, 2005).

The standard of care treatment for ROP is laser ablation of the peripheral - not

yet vascularized - retina, removing the source of the excessive angiogenic stimulus.
Alternatively, anti-VEGFs can be used to directly counteract the main angiogenic mediator
in the retina, but this approach is still novel and its place in the therapeutic armamentarium
remains to be established (VanderVeen and Cataltepe, 2019). The BEAT-ROP study was

the first large randomized trial and demonstrated a superiority of bevacizumab* to laser
treatment in recurrence rate and unfavorable outcome in zone | eyes, with the caveat that this
was not the case for zone Il eyes and recurrence after laser treatment was unusually high in
this study (Mintz-Hittner et al., 2011; VanderVeen and Cataltepe, 2019). Nevertheless, in the
following years several smaller case series studies showed positive effects of bevacizumab*
and ranibizumab (Moran et al., 2014; Stahl et al., 2018, 2019; Yang et al., 2018; Yoon et al.,
2017). Similarly, aflibercept has also been shown to be effective in ROP (Salman and Said,
2015), and further clinical studies are underway assessing aflibercept versus laser treatment
in ROP (e.g. NCT04004208 [FIREFLEYE]). However, treatment decisions, such as laser
versus anti-VEGFs or the optimal timepoint for anti-VEGF injection, depend on multiple
variables and are still not straightforward (Stahl, 2018).

The effects of intravitreally injected anti-VEGFs can be clinically observed within a few
days, when retinal vessels start to grow into the avascular peripheral retina. This apparently
paradoxical, pro-angiogenic effect of an anti-angiogenic drug can be explained by a
normalization of excessively high VEGF levels, which are known to prevent normal vascular
development from studies in model systems (Bentley et al., 2009; Gerhardt, 2008). However,
correct dosage is clearly a crucial issue here as excess inhibition of VEGF-A can prevent
retinal vascularization as it has been shown in a canine model of ROP (Lutty et al., 2011).
To what degree VEGFRL signaling might be relevant in ROP is however less obvious. A
retrospective study (single-center) compared ranibizumab versus aflibercept and found that
the need for retreatment was lower and recurrences were delayed in the aflibercept group
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(Sukgen and Kocluk, 2019). This hints towards an involvement of PIGF or VEGFR1 in ROP
but more clinical studies are needed to draw firmer conclusions.

Nevertheless, some insights about the potential functions of VEGFR1 and PIGF in ROP
have been gained from animal models. The aberrant angiogenesis that develops in ischemic
retinas can be mimicked in neonatal mice or rats by exposing them temporarily to high
atmospheric oxygen, which leads to premature cessation of vascularization followed by

an increase in retinal VEGF-A levels when the animals are returned to room air and the
development of oxygen-induced retinopathy (OIR) (Kim et al., 2016; Smith et al., 1994).
PIGF levels have also been shown to increase in OIR rodent models (Ozgurtas et al., 2016;
Sato et al., 2009). Notably, the formation of neovascular tufts is suppressed by deletion of
the Pgrfgene or administration of an anti-VEGFRL1 antibody in mouse OIR (Carmeliet et al.,
2001; Luttun et al., 2002). Furthermore, in comparison to a VEGFR2 specific antibody, the
anti-VEGFR1 antibody was equally effective at reducing neovascularization and even more
effective at preventing BRB breakdown (Huang et al., 2011). It is unlikely that the effects
of the anti-VEGFR1 antibody are based on preventing VEGF-A from binding to VEGFR1
(i.e. inhibiting the endogenous VEGF-A inhibitor) and raising VEGF-A levels, because it is
established that rising VEGF-A levels in the OIR model worsen neovascularization. It can
therefore be assumed that the relevant mechanism here is the blocking of direct VEGFR1
signaling, affecting either vascular leakage or inflammation. As discussed in sections 3.2 and
3.3, there is evidence for both scenarios.

It is well known that the neovascular response in the OIR model is accompanied by
upregulation of inflammatory signals, infiltration of mononuclear phagocytes and activation
of resident microglia (Binet et al., 2020; Brockmann et al., 2018; Davies et al., 2006; Sun
etal., 2017; Wang et al., 2020). This relates to preterm human infants where the risk of
ROP is associated with sepsis (Huang et al., 2019b) and systemic inflammation (Lee and
Dammann, 2012; Sood et al., 2010). More specifically, soluble VEGFR1, IL-8, TNF-a

and other inflammation-associated proteins in the serum were found to be associated with
increased risk in early ROP (Holm et al., 2017).

Experiments in the OIR model have shown that elimination of mononuclear phagocytes
leads to decreased neovascular tufts and facilitates vascular regeneration, demonstrating

a functional role (Kubota et al., 2009). The contribution of mononuclear phagocytes
towards aberrant angiogenesis is however unlikely to be mediated via VEGF-A, because
macrophage-specific deletion of VEGF-A, HIF-1A, or EPAS1 had no impact on VEGF-A
levels in whole retinas, or on neovascularization in the OIR model (Liyanage et al., 2016;
Nirnberg et al., 2018). Nevertheless, mononuclear phagocytes might contribute indirectly
to VEGF-A upregulation via activation of Mdiller glia in ischemic retinas (Nirnberg et
al., 2018). In this setting, the specific functions of the VEGFR1 signaling in mononuclear
phagocytes await elucidation.

5. Role of VEGFRL1 in age-related macular degeneration

The relationship between the eye and the immune system has often been considered one
of “immune privilege,” in which a combination of the physical BRB and an inhibitory
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ocular microenvironment (such as high levels of TGF) serve to limit local immune and
inflammatory responses in order to preserve vision (Zhou and Caspi, 2010). However,
accumulating evidence suggests a role for chronic inflammation in the pathogenesis of
retinal diseases, including AMD and DR (Chen and Xu, 2015; Guillonneau et al., 2017;
Whitcup et al., 2013). So that we may further explore the role of VEGFRL1 on the migration
and localization of inflammatory cells within the posterior eye with macular degeneration,
we should first fully understand those processes, schematically represented in Fig. 1.

In advanced disease conditions such as GA, in which there has been RPE death and the
photoreceptor cell layer shows signs of degeneration (Fleckenstein et al., 2018; Sarks, 1976),
a substantial body of evidence implicates the subretinal infiltration and accumulation of
mononuclear phagocytes (Combadiere et al., 2007; Eandi et al., 2016; Gupta et al., 2003;

Hu et al., 2015; Lad et al., 2015; Lavalette et al., 2011; Levy et al., 2015a, 2015b; Penfold

et al., 2001; Sennlaub et al., 2013). Mononuclear phagocytes also play a critical role in
photoreceptor degeneration and the recruitment and activation of inflammatory cells is
thought to exacerbate photoreceptor cell death in retinal degenerative conditions such as
AMD (Akhtar-Schafer et al., 2018; Combadiere et al., 2007; Cruz-Guilloty et al., 2013;
Guillonneau et al., 2017; Kohno et al., 2013; Rutar et al., 2012; Sennlaub et al., 2013;
Suzuki et al., 2012). This is supported by findings from Bhutto et al. who showed that donor
eyes with AMD show increased numbers and degranulation of mast cells. It is speculated
that mast cell degranulation may, through release of proteolytic enzymes, contribute to death
of the choriocapillaris and the RPE and ultimately to CNV formation (Bhutto et al., 2016).

Deposits of soft drusen — lipoproteinaceous debris — within Bruch’s membrane and adjacent
to the RPE are a known hallmark of early and intermediate AMD (Fleckenstein et al., 2018;
Guillonneau et al., 2017; Sarks, 1976), and represent a known risk factor for progression to
advanced or late-stage AMD (Klein et al., 2004). More recently, reticular drusen, observed
as discrete yellow-white subretinal dots on fundoscopy, have also been implicated in late
AMD, as they appear to affect photoreceptor integrity and are associated with RPE damage
(Greferath et al., 2016). Interestingly, in late-stage AMD, presence of reticular drusen is also
associated with significantly thinner choroids (Cheung et al., 2018a; Thorell et al., 2015),
offering additional insights in the interplay of choroidal and retinal inflammatory processes
as AMD progresses. Both large classical drusen and reticular drusen are characterized by
the accumulation of mononuclear phagocytes in the subretinal space (Combadiere et al.,
2007; Eandi et al., 2016; Greferath et al., 2016; Guillonneau et al., 2017; Levy et al., 2015a;
Sennlaub et al., 2013).

Mononuclear phagocytes have been identified in donor tissues using various markers:
Ricinus communis agglutinin-1 (Gupta et al., 2003), C-X3-C motif chemokine receptor

1 (CX3CR1) (Combadiere et al., 2007), CD18 (Combadiere et al., 2007; Levy et al.,

2015a; Sennlaub et al., 2013), Ibal (Sennlaub et al., 2013), CD163 (Lad et al., 2015),

and CD14 (Eandi et al., 2016). Although CX3CR1, CD18, and Ibal are expressed on
ramified microglial cells, the presence of CD163-positive and CD14-positive mononuclear
phagocytes in AMD demonstrates an activation of microglial cells and/or the recruitment of
monocyte-derived macrophages, supporting the notion that AMD may be an inflammatory
disease. Interestingly, a significant portion of subretinal mononuclear phagocytes in GA,

Prog Retin Eye Res. Author manuscript; available in PMC 2021 September 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Uemura et al.

Page 25

as well as in and around large drusen, express CCR2, the receptor for the chemokine

CCL2, which is only expressed on inflammatory monocytes and early monocyte-derived
macrophages (Sennlaub et al., 2013), indicating that the subretinal infiltrate comprises

a mixture of monocyte-derived macrophages and activated microglial cells. McLeod et

al. (2016) describe significantly increased numbers of Ibal-positive macrophages in the
choroid of eyes with signs of early and intermediate AMD. In addition, numbers of HLA-
DR-positive submacular macrophages were significantly increased in all stages of AMD,
and they exhibited morphologic features suggesting an activated state (McLeod et al., 2016).
Debate remains regarding how best to distinguish resident and infiltrating mononuclear
phagocyte populations within the retina or the choroid. A subset of mononuclear phagocytes
may be clinically visible in AMD patients and a significant number of mononuclear
phagocytes (identified using immunohistological markers) in AMD donor eyes contain
melanosomes, presumably from ingested RPE debris (Lad et al., 2015; Sennlaub et al.,
2013).

The presence of hyperreflective foci is related to neovascular AMD severity (Altay et

al., 2016). A prospective, observational study conducted by the Age-Related Eye Disease
Study 2 group found that proliferation and inner retinal migration of hyperreflective foci
detected by spectral-domain OCT were correlated with the progression of AMD disease in
terms of RPE atrophy and expansion of GA (Christenbury et al., 2013; Leuschen et al.,
2013). One could postulate that in addition to migrating RPE cells, these cells could be
melanin-containing mononuclear phagocytes (Zanzottera et al., 2015). Hyperreflective foci
are reduced following anti-VEGF treatment; however, the heterogeneity of the anti-VEGF
treatment effects, as well as the mechanism behind this phenomenon, are currently unclear
(Coscas et al., 2013; Ota et al., 2010; Sennlaub et al., 2013). Thus, although it has been
confirmed that relevant inflammatory cells are implicated in the pathogenesis of AMD
disease, these prior studies did not explicitly examine whether VEGFR1 was expressed in
these cells. Consequently, we must turn to preclinical studies to assess the role VEGFR1

may play.

Despite major differences between the murine model and human disease processes, laser-
induced CNV in the mouse model is used extensively in retinal research as it does mimic the
main phenotypical features of exudative AMD (Akhtar-Schafer et al., 2018; Tsutsumi et al.,
2003). The laser ruptures the RPE layer and Bruch’s membrane causing a rapid recruitment
of mononuclear phagocytes, and, within a few days, choroidal capillaries penetrate into the
retina (Akhtar-Schafer et al., 2018). The laser CNV model has been used to demonstrate
that blocking inflammatory macrophage recruitment strongly reduces CNV (Akhtar-Schafer
et al., 2018; Tsutsumi et al., 2003). The role of VEGFR1 itself was recently shown in

the development of CNV post-laser treatment using a tetrameric tripeptide, iVR1, directed
against the receptor and specifically developed as an antagonist of VEGFR1 (Tarallo et

al., 2020). Intravitreal administration of iVR1 potently inhibited laser-induced CNV in a
dose-dependent manner seven days after laser-included damage (reduction of CNV volume
by around 70%, p = 0.0002 compared with DMSO control injections). Remarkably, this
treatment was more effective than an anti-mouse VEGF-A polyclonal antibody (which
achieved a reduction of CNV volumes of around 50%, p = 0.001). The observation points to
the involvement of VEGFR1 in pathological neovascularization and therefore blocking this
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receptor provides a potential alternate treatment route besides VEGF blockade. Interestingly,
when a chemically slightly modified version of iVR1 was administered by gavage, a
significant reduction in CNV was also observed (around 50% of CNV volume, p = 0.001).

Macrophage-derived VEGF-A does not contribute significantly to CNV development in
mice (Huang et al., 2013; Liyanage et al., 2016). However, VEGF-A can promote
mononuclear phagocyte recruitment and infiltration in models of laser-induced CNV (Balser
et al., 2019). This effect could be due, in part, to the stabilizing effect of VEGF inhibition

on the local vasculature as well as to a direct effect of VEGF-A on mononuclear phagocytes.
Indeed, circulating human monocytes, which participate in mononuclear phagocyte
infiltration in AMD, express VEGFR1 but not VEGFR2, and a VEGFR1-neutralizing
monoclonal antibody has been shown to significantly suppress VEGF-A-induced migration
of microglial cells (Sawano et al., 2001). In addition, Massena et al. described a specific
population of neutrophils, characterized as CD49d*CXCR4MINVEGFR1MN that migrate

to hypoxic areas, potentially enhancing angiogenesis (Massena et al., 2015). This process

is dependent on neutrophil VEGFR1 and endothelial VEGFR2 expression. Recruited
neutrophils co-express CD49d, CXCR4, and VEGFR1 and use VLA-4 integrin to facilitate
extravasation: VEGFR2 is not expressed by this specific, pro-angiogenic population
(Massena et al., 2015).

Similarly, a comparison of an RNA sequencing database (Immunological Genome Project,
immgen.org) revealed that monocytes, but not microglial cells, express significant amounts
of VEGFR1, while neither cell expresses VEGFR?2 in this analysis, at least in mice.
Consistent with the role of VEGFR1 in monocyte recruitment to the laser-injured subretinal
space is the observation that the blockade of PIGF (Crespo-Garcia et al., 2017) and
VEGFR1, but not VEGFR2, inhibits the peak of mononuclear phagocyte recruitment three
to four days following laser injury (Huang et al., 2013). The inhibitory effect of VEGFR2-
blockade at 14 days after laser impact (Huang et al., 2013) is likely due to the direct effect of
VEGF-A/VEGFR2 on vascular permeability.

Two recent studies investigated the role of PIGF and VEGF-A inhibition on neovessel
formation and mononuclear phagocyte reactivity in the murine laser-CNV model (Balser et
al., 2019; Crespo-Garcia et al., 2017). Both reports showed that PIGF inhibition, particularly
with aflibercept, dampened vascular leakage and CNV. Importantly, blocking PIGF and
VEGF-A, but not VEGF-A alone, prevented the accumulation of reactive microglia and
macrophages in the lesion area. Higher levels of PIGF and VEGF-A were detected in the
laser-damaged retina by immunostaining, and in situ co-expression of PIGF and VEGF-A
was demonstrated by the presence of Ibal-positive mononuclear phagocytes in the RPE/
choroid complex. These data were verified by quantitative enzyme-linked immunosorbent
assays, again demonstrating a strong induction of VEGF-A and PIGF protein levels in the
laser-CNV model and effective inhibition of both factors, especially with aflibercept (Fig. 5)
(Balser et al., 2019).

Use of intravitreally administered anti-VEGF agents has been associated with a reduction in
intraocular (aqueous humor/vitreous humor) levels of selected pro-inflammatory cytokines
that are produced by mononuclear phagocytes (Noma et al., 2017), which could indicate
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that inhibiting VEGF reduces the inflammation in human patients. AMD patients treated
with intravitreal ranibizumab or aflibercept displayed a reduction in aqueous humor levels of
inflammatory factors and VEGF-A, which accompanied improvements in visual acuity and
central macular thickness (Motohashi et al., 2017). Furthermore, some studies have shown
increased growth factors and pro-inflammatory mediators after anti-VEGF treatment in
subpopulations of patients categorized as low- to non-responders (Pongsachareonnont et al.,
2018), suggesting that there is complexity in the underlying mechanisms of inflammation,
and in the identification and role of relevant mononuclear phagocytes.

In summary, these reports suggest that the main effect of VEGF-A and PIGF on subretinal
inflammation is the participation of VEGFRL1 signaling in monocyte recruitment and
activation of retinal mononuclear phagocytes. In human AMD, indirect evidence suggests
that a similar VEGF-A/PIGF-mediated mechanism might contribute to the pathogenic retinal
inflammation. Aqueous humor concentrations of CCL2, which is expressed by subretinal
mononuclear phagocytes in AMD (Grossniklaus et al., 2002; Sennlaub et al., 2013) and
implicated in inflammatory monocyte recruitment, is reduced following two months of
anti-VEGF therapy (Motohashi et al., 2017). In addition, anti-VEGF-A/anti-PIGF therapy
reduces the number of hyperreflective foci that likely represent pigment-laden infiltrating
mononuclear phagocytes, at least in part (Coscas et al., 2013). Taken together, the inhibition
of VEGFR1 signaling might contribute to the beneficial effects of anti-VEGF-A/anti-PIGF
in AMD, as it is likely to help control the pathogenic inflammation.

Results of a number of randomized clinical studies comparing anti-VEGF-A therapies

with the anti-VEGF-A/anti-PIGF therapy have been published, but it remains unclear
whether there are distinct differences between therapies in terms of vision improvements

or anatomical benefits. One recent meta-analysis of observational studies with wet AMD
patients suggests that an anti-VEGF-A/anti-PIGF strategy may be more beneficial for those
patients with initial reduced vision (Zhang et al., 2017), which would likely be a more
difficult-to-treat population. This would suggest a potential benefit of VEGFR1 inhibition by
agents that block all VEGFR1 ligands including PIGF, such as aflibercept and conbercept*,
versus other anti-VEGFs such as ranibizumab, bevacizumab* or brolucizumab, which do not
bind PIGF. It has been established that inflammation and hypoxia are important contributors
to retinal vascular and choroidal diseases. Notably, inflammatory cells such as microglia

and monocytes upregulate VEGFR1, and it has also been shown that VEGFRL1 is the sole
VEGF receptor upregulated during hypoxic conditions (Miyamoto et al., 2007). There is

a clear need in this area to better understand, from the clinical perspective, the interplay
between microinflammation and angiogenesis in CNV. Furthermore, studies that examine
the interplay of target binding affinity and potency, intraocular half-life and duration of
VEGF suppression within the eye may provide further context to assign relative order of
importance for understanding clinical differences in efficacy among the agents.

6. Future directions

To date, the use of VEGF inhibitors has revolutionized the treatment of retinal diseases
characterized by neovascularization, including AMD and DR, with many of these agents
coming to represent new standards of care (Bakri et al., 2019; Framme et al., 2018; Singh
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etal., 2019; Tsilimbaris et al., 2016). Estimates suggest that more than 90% of patients

with AMD treated with anti-VEGF therapy avoid moderate to severe vision loss (Miller,
2016). However, despite these therapeutic successes, a subset of patients fails to respond to
anti-VEGF therapy or show sub-optimal or a diminishing response over time (Nguyen et al.,
2018). It is therefore important to understand the mechanistic basis of these shortcomings so
we can continue to raise therapeutic standards. As our understanding of the pathogenesis of
ocular neovascular diseases continues to evolve and potential new therapeutic targets and/or
formats of anti-VEGF mediated mechanisms of action are being identified, the hope is that
this progress can be translated into the clinical setting (Table 1).

6.1. Receptor-ligand interrelationships and localization

One of the biggest challenges in this field remains the lack of clarity around the

functional relevance of ligand and receptor heterodimers versus homodimers. As discussed
in this review, it is possible for heterodimers to have stimulatory as well as inhibitory
effects depending on the circumstances. Unless we fully understand the full range of
relevant molecular interactions between VEGF-A, VEGF-B and PIGF, we will continue

to struggle with the interpretation of experimental manipulations and clinical observations.
Furthermore, it is essential to gain a clearer picture about which cells send signals and
which cells receive them, including within inflammatory cell subpopulations, and further
experimental research is clearly needed here. In this context it is important to keep in mind
that there may be important differences between animal models and humans with regards
to the prevalence of isoforms and heterodimers in the VEGF ligand/receptor family as well
as immune cell subpopulations. It is likely that the rapidly evolving technologies enabling
integrative single-cell analysis (Stuart and Satija, 2019) will be transformational in this field.

6.2. Research models

We have discussed the complexity of the pathogenic processes in this review and identified
some of the multifactorial interactions between different cell types. An ongoing need exists
for new, or modified, research models with which to explore those cellular interactions

and their impact on neovascular disease and retinal and choroidal vascular permeability
disorders. Although existing preclinical models have proven helpful — and new models
continue to emerge (Kitahara et al., 2018; Morita et al., 2018) — they never fully represent a
given human pathology. An overreliance on animal models that phenocopy particular traits
of human eye diseases (e.g. neovascularization) may arguably be at least in part responsible
for the high failure rate at the transition from preclinical proof of concept to clinical
application. Instead, models that aim to improve our understanding of specific molecular
interactions and signaling pathways, which have been validated as relevant in humans, are
more likely to advance therapeutic development.

6.3. Inflammation

We have also seen that questions remain regarding VEGFR1 in the context of inflammatory
cells in ocular disease processes. These concern the potential differentiating effects of
blocking PIGF versus VEGF-A or VEGF-B on inflammatory processes; the specific role of
VEGFR1 on microglia/macrophages (Ding et al., 2018) in terms of downstream signaling;
the possible role of co-receptors; the composition and dynamics of different immune cell
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subpopulations; and the consequences of selective targeting with pharmacological agents.
Recent human data have implicated inflammatory processes in AMD and DR, with high
intraocular levels of VEGF family ligands (e.g. VEGF-A and PIGF) and pro-inflammatory
cytokines (e.g. TNF-a and CCL2) reported (Ten Berge et al., 2019; Tsai et al., 2018),
although the impact of immunomodulation at the cellular level remains unclear. In patients
with various retinal diseases, only a limited number of studies have examined the effects
of anti-VEGF treatment on aqueous/vitreous levels of selected pro-inflammatory cytokines
(Motohashi et al., 2017; Noma et al., 2017). Further robust studies are required to clarify
the complex relationships between intravitreal VEGF-A or PIGF inhibition and effects on
downstream mediators quantified in aqueous/vitreous media.

Conclusions

This review has delved into the context and role of VEGFR1 in retinal and choroidal
vascular diseases, providing updates on the requisite preclinical studies and clinical context
that inform on emerging evidence of potentially greater contributions by VEGFRL to these
mechanisms than were previously recognized. Signal transduction following VEGF-A,
VEGF-B, or PIGF binding to relevant VEGFRs was examined in the context of known,
versus yet to be elucidated, downstream activity. Preclinical studies have shown that
VEGFR1 acts as a decoy receptor, and that transduction signaling following VEGF-A versus
PIGF binding to VEGFR1 may demonstrate attenuated versus potentiated signaling. Thus,
further work is merited to clarify the differences and the downstream consequences of these
differences in retinal diseases.

Advances have been made in the understanding and the importance of VEGF-A/

PIGF heterodimers, VEGFR1/VEGFR2 heterodimers versus homodimeric ligands and/or
homodimeric VEGF receptors in the context of the pathobiology of retinal diseases and
other relevant organ systems. It remains challenging, however, to show clear clinical benefit
of specific ligand/receptor interactions in retinal disease function. Greater understanding will
require more nuanced studies to interpret and establish robust relationships.

Both preclinical and clinical studies in retinal vascular diseases such as diabetic eye
disease, RVO and ROP have provided support and understanding for the contributory

role of inflammation mediated by VEGFR1/PIGF/VVEGF-A. The results of well-designed
comparative trials may provide insights regarding the functional benefit of specific anti-
VEGF agents with different target profiles. As discussed in section 4, in retinal vascular
diseases such as DME and RVO some trials have shown outcome differences between
aflibercept and other agents that bind VEGF-A only, which has led to speculation
concerning a potential role for PIGF inhibition contributing to these differences. Further
characterization of the molecular features and pharmacokinetic profiles for these agents may
contribute to our understanding and support our quest to explain these clinical differences.
In choroidal vascular diseases, preclinical evidence is just beginning to clarify a role for
VEGFR1/PIGF in their pathobiology (Balser et al., 2019; Crespo-Garcia et al., 2017).

Prior mechanistic work in multiple studies has confirmed that mononuclear phagocytes
contribute to the pro-inflammatory environment within AMD (Kauppinen et al., 2016;
Knickelbein et al., 2015). It remains to be determined whether VEGFR1 is induced in these
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mononuclear phagocytes which, upon binding to VEGF-A or PIGF, in turn contributes to
the inflammatory milieu described by such studies. Even as experiments have confirmed

the major contribution of inflammation to the pathology of AMD, most studies have

not examined whether VEGFRL1 is induced in the mononuclear phagocytes. Thus, an
opportunity remains to better understand the potential interplay between known complement
cascades within the retina and VEGFR1-induced inflammatory cytokines, and to further
examine and/or establish a role for VEGFR1/PIGF and its clinical relevance in AMD.
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Blood-retina barrier

BRVO
Branch retinal vein occlusion
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CC chemokine ligand 2
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Choroidal neovascularization
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Central retinal vein occlusion

CX3CR1
C-X3-C motif chemokine receptor 1

DME
Diabetic macular edema

DR
Diabetic retinopathy
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Endothelial cell
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Endothelial nitric oxide synthase
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Extracellular signal-regulated kinase

GA
Geographic atrophy

HIF
Hypoxia-inducible factor

Ibal
lonized calcium-binding adapter molecule 1

ICAM
Intracellular adhesion molecule

IL
Interleukin

KO
Knock-out

MAPK
Mitogen-activated protein kinase

NPDR
Non-proliferative diabetic retinopathy

NRP
Neuropilin

OCT
Optical coherence tomography

OIR
Oxygen-induced retinopathy

PI3K
Phosphoinositide 3-kinase

PDGF
Platelet-derived growth factor

PDR
Proliferative diabetic retinopathy

Pof
Placental growth factor (mouse gene)

PIGF
Placental growth factor (protein)
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ROP
Retinopathy of prematurity

RPE
Retinal pigment epithelium

RVO
Retinal vein occlusion

sVEGFR1
Soluble/secreted VEGFR1

TGF
Transforming growth factor

TK
Tyrosine kinase

TNF
Tumor necrosis factor

VEGF
Vascular endothelial growth factor

VEGFR
Vascular endothelial growth factor receptor

References

Achen MG, Jeltsch M, Kukk E, Makinen T, Vitali A, Wilks AF, Alitalo K, Stacker SA, 1998. Vascular
endothelial growth factor D (VEGF-D) is a ligand for the tyrosine kinases VEGF receptor 2 (FIk1)
and VEGF receptor 3 (FIt4). Proc. Natl. Acad. Sci. U. S. A95, 548-553. [PubMed: 9435229]

Adamis AP, Miller JW, Bernal MT, D’Amico DJ, Folkman J, Yeo TK, Yeo KT, 1994. Increased
vascular endothelial growth factor levels in the vitreous of eyes with proliferative diabetic
retinopathy. Am. J. Ophthalmol118, 445-450. [PubMed: 7943121]

Adini A, Kornaga T, Firoozbakht F, Benjamin LE, 2002. Placental growth factor is a survival factor for
tumor endothelial cells and macrophages. Cancer Res62, 2749-2752. [PubMed: 12019148]

Agarwal K, Jalali S, 2018. Classification of retinopathy of prematurity: from then till now. Community
Eye Health31, S4-S7. [PubMed: 30275659]

Aiello LP, Avery RL, Arrigg PG, Keyt BA, Jampel HD, Shah ST, Pasquale LR, Thieme H, lwamoto
MA, Park JE, et al., 1994. Vascular endothelial growth factor in ocular fluid of patients with diabetic
retinopathy and other retinal disorders. N. Engl. J. Med331, 1480-1487. [PubMed: 7526212]

Aiello LP, 2008. Targeting intraocular neovascularization and edema—one drop at a time. N. Engl. J.
Med359, 967-969. [PubMed: 18753655]

Akhtar-Schafer I, Wang L, Krohne TU, Xu H, Langmann T, 2018. Modulation of three key innate
immune pathways for the most common retinal degenerative diseases. EMBO Mol. Med10, e8259.
[PubMed: 30224384]

Albonici L, Giganti MG, Modesti A, Manzari V, Bei R, 2019. Multifaceted role of the placental growth
factor (PIGF) in the antitumor immune response and cancer progression. Int. J. Mol. Sci20, 2970.

Alitalo K, 2002. Growth factors controlling angiogenesis and lymphangiogenesis. Ugeskr Laeger164,
3170-3172. [PubMed: 12082760]

Prog Retin Eye Res. Author manuscript; available in PMC 2021 September 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Uemura et al.

Page 33

Altay L, Scholz P, Schick T, Felsch M, Hoyng CB, den Hollander Al, Langmann T, Fauser S, 2016.
Association of hyperreflective foci present in early forms of age-related macular degeneration
with known age-related macular degeneration risk polymorphisms. Invest. Ophthalmol. Vis. Sci57,
4315-4320. [PubMed: 27552409]

Alvarez-Aznar A, Muhl L, Gaengel K, 2017. VEGF receptor tyrosine kinases: key regulators of
vascular function. Curr. Top. Dev. Biol123, 433-482. [PubMed: 28236974]

Ambati BK, Nozaki M, Singh N, Takeda A, Jani PD, Suthar T, Albuguerque RJ, Richter E, Sakurai
E, Newcomb MT, Kleinman ME, Caldwell RB, Lin Q, Ogura Y, Orecchia A, Samuelson DA,
Agnew DW, St Leger J, Green WR, Mahasreshti PJ, Curiel DT, Kwan D, Marsh H, lkeda S, Leiper
LJ, Collinson JM, Bogdanovich S, Khurana TS, Shibuya M, Baldwin ME, Ferrara N, Gerber HP,
De Falco S, Witta J, Baffi JZ, Raisler BJ, Ambati J, 2006. Corneal avascularity is due to soluble
VEGEF receptor-1. Nature443, 993-997. [PubMed: 17051153]

American Academy of Opthalmology, 2019. Preferred Practice Pattern®Guidelines. Diabetic
Retinopthy

Ando R, Noda K, Namba S, Saito W, Kanda A, Ishida S, 2014. Aqueous humour levels of placental
growth factor in diabetic retinopathy. Acta Ophthalmol92, e245-246. [PubMed: 23910830]

Anisimov A, Leppanen VM, Tvorogov D, Zarkada G, Jeltsch M, Holopainen T, Kaijalainen S, Alitalo
K, 2013. The basis for the distinct biological activities of vascular endothelial growth factor
receptor-1 ligands. Sci. Signal6, ra52. [PubMed: 23821770]

Antonelli M, Kushner I, 2017. It’s time to redefine inflammation. FASEB J31, 1787-1791. [PubMed:
28179421]

Apicella I, Cicatiello V, Acampora D, Tarallo V, De Falco S, 2018. Full functional knockout of
placental growth factor by knockin with an inactive variant able to heterodimerize with VEGF-A.
Cell Rep23, 3635-3646. [PubMed: 29925004]

Arboleda-Velasquez JF, Valdez CN, Marko CK, D’ Amore PA, 2015. From pathobiology to the
targeting of pericytes for the treatment of diabetic retinopathy. Curr. Diabetes Rep15, 5.

Armulik A, Genové G, Betsholtz C, 2011. Pericytes: developmental, physiological, and pathological
perspectives, problems, and promises. Dev. Cell21, 193-215. [PubMed: 21839917]

Aspalter IM, Gordon E, Dubrac A, Ragab A, Narloch J, Vizan P, Geudens I, Collins RT, Franco CA,
Abrahams CL, Thurston G, Fruttiger M, Rosewell I, Eichmann A, Gerhardt H, 2015. Alk1 and
AIK5 inhibition by Nrpl controls vascular sprouting downstream of Notch. Nat. Commun6, 7264.
[PubMed: 26081042]

Autiero M, Waltenberger J, Communi D, Kranz A, Moons L, Lambrechts D, Kroll J, Plaisance S, De
Mol M, Bono F, Kliche S, Fellbrich G, Ballmer-Hofer K, Maglione D, Mayr-Beyrle U, Dewerchin
M, Dombrowski S, Stanimirovic D, Van Ballmer-HoferHummelen P, Dehio C, Hicklin DJ, Persico
G, Herbert JM, Communi D, Shibuya M, Collen D, Conway EM, Carmeliet P, 2003. Role of PIGF
in the intra- and intermolecular cross talk between the VEGF receptors FIt1 and FIk1. Nat. Med9,
936-943. [PubMed: 12796773]

Bais C, Wu X, Yao J, Yang S, Crawford Y, McCutcheon K, Tan C, Kolumam G, Vernes JM, Eastham-
Anderson J, Haughney P, Kowanetz M, Hagenbeek T, Kasman I, Reslan HB, Ross J, Van Bruggen
N, Carano RA, Meng YJ, Hongo JA, Stephan JP, Shibuya M, Ferrara N, 2010. PIGF blockade does
not inhibit angiogenesis during primary tumor growth. Cell141, 166-177. [PubMed: 20371352]

Bakri SJ, Thorne JE, Ho AC, Ehlers JP, Schoenberger SD, Yeh S, Kim SJ, 2019. Safety and efficacy of
anti-vascular endothelial growth factor therapies for neovascular age-related macular degeneration:
a report by the American Academy of Ophthalmology. Ophthalmology126, 55-63. [PubMed:
30077616]

Balser C, Wolf A, Herb M, Langmann T, 2019. Co-inhibition of PGF and VEGF blocks their
expression in mononuclear phagocytes and limits neovascularization and leakage in the murine
retina. J. Neuroinflammation16, 26. [PubMed: 30732627]

Barleon B, Sozzani S, Zhou D, Weich HA, Mantovani A, Marme D, 1996. Migration of human
monocytes in response to vascular endothelial growth factor (VEGF) is mediated via the VEGF
receptor flt-1. Blood87, 3336-3343. [PubMed: 8605350]

Prog Retin Eye Res. Author manuscript; available in PMC 2021 September 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Uemura et al.

Page 34

Bellik L, Vinci MC, Filippi S, Ledda F, Parenti A, 2005. Intracellular pathways triggered by the
selective FLT-1-agonist placental growth factor in vascular smooth muscle cells exposed to
hypoxia. Br. J. Pharmacol146, 568-575. [PubMed: 16086034]

Bellomo D, Headrick JP, Silins GU, Paterson CA, Thomas PS, Gartside M, Mould A, Cahill MM,
Tonks ID, Grimmond SM, Townson S, Wells C, Little M, Cummings MC, Hayward NK, Kay
GF, 2000. Mice lacking the vascular endothelial growth factor-B gene (Vegfb) have smaller hearts,
dysfunctional coronary vasculature, and impaired recovery from cardiac ischemia. Circ. Res86,
E29-E35. [PubMed: 10666423]

Bentley K, Mariggi G, Gerhardt H, Bates PA, 2009. Tipping the balance: robustness of tip cell
selection, migration and fusion in angiogenesis. PLoS Comput. Biol5, e1000549. [PubMed:
19876379]

Bhandari S, Nguyen V, Fraser-Bell S, Mehta H, Viola F, Baudin F, Gabrielle PH, Creuzot-Garcher
C, Gillies M, Barthelmes D, 2020. Ranibizumab or aflibercept for diabetic macular edema:
comparison of 1-year outcomes from the Fight Retinal Blindness! registry. Ophthalmology127,
608-615. [PubMed: 31932092]

Bhutto 1A, McLeod DS, Jing T, Sunness JS, Seddon JM, Lutty GA, 2016. Increased choroidal mast
cells and their degranulation in age-related macular degeneration. Br. J. Ophthalmol100, 720-726.
[PubMed: 26931413]

Binet F, Cagnone G, Crespo-Garcia S, Hata M, Neault M, Dejda A, Wilson AM, Buscarlet M,
Mawambo GT, Howard JP, Diaz-Marin R, Parinot C, Guber V, Pilon F, Juneau R, Laflamme
R, Sawchyn C, Boulay K, Leclerc S, Abu-Thuraia A, Cote JF, Andelfinger G, Rezende FA,
Sennlaub F, Joyal JS, Mallette FA, Sapieha P, 2020. Neutrophil extracellular traps target senescent
vasculature for tissue remodeling in retinopathy. Science369, eaay5356. [PubMed: 32820093]

Blaauwgeers HG, Holtkamp GM, Rutten H, Witmer AN, Koolwijk P, Partanen TA, Alitalo K, Kroon
ME, Kijlstra A, van Hinsbergh VW, Schlingemann RO, 1999. Polarized vascular endothelial
growth factor secretion by human retinal pigment epithelium and localization of vascular
endothelial growth factor receptors on the inner choriocapillaris. Evidence for a trophic paracrine
relation. Am. J. Pathol155, 421-428. [PubMed: 10433935]

Blanco R, Gerhardt H, 2013. VEGF and Notch in tip and stalk cell selection. Cold Spring Harb.
Perspect. Med3, a006569. [PubMed: 23085847]

Bolinger MT, Antonetti DA, 2016. Moving past anti-VEGF: novel therapies for treating diabetic
retinopathy. Int. J. Mol. Scil7, 1498.

Bolz M, Schmidt-Erfurth U, Deak G, Mylonas G, Kriechbaum K, Scholda C, 2009. Optical coherence
tomographic hyperreflective foci: a morphologic sign of lipid extravasation in diabetic macular
edema. Ophthalmology116, 914-920. [PubMed: 19410950]

Bottomley MJ, Webb NJ, Watson CJ, Holt L, Bukhari M, Denton J, Freemont AJ, Brenchley PE,
2000. Placenta growth factor (PIGF) induces vascular endothelial growth factor (VEGF) secretion
from mononuclear cells and is co-expressed with VEGF in synovial fluid. Clin. Exp. Immunol119,
182-188. [PubMed: 10606981]

Bowler E, Oltean S, 2019. Alternative splicing in angiogenesis. Int. J. Mol. Sci20, 2067.

Boyer D, Heier J, Brown DM, Clark WL, Vitti R, Berliner AJ, Groetzbach G, Zeitz O, Sandbrink R,
Zhu X, Beckmann K, Haller JA, 2012. Vascular endothelial growth factor Trap-Eye for macular
edema secondary to central retinal vein occlusion: six-month results of the phase 3 COPERNICUS
study. Ophthalmology119, 1024-1032. [PubMed: 22440275]

Bridgett S, Dellett M, Simpson DA, 2017. RNA-sequencing data supports the existence of novel
VEGFA splicing events but not of VEGFAxxxb isoforms. Sci. Rep7, 58. [PubMed: 28246395]

Brockmann C, Dege S, Crespo-Garcia S, Kociok N, Brockmann T, Strauss O, Joussen AM, 2018.
Spatial distribution of CD115(+) and CD11b(+) cells and their temporal activation during oxygen-
induced retinopathy in mice. Graefes Arch. Clin. Exp. Ophthalmol256, 313-323. [PubMed:
29185100]

Brown DM, Campochiaro PA, Singh RP, Li Z, Gray S, Saroj N, Rundle AC, Rubio RG, Murahashi
WY, 2010. Ranibizumab for macular edema following central retinal vein occlusion: six-month
primary end point results of a phase 111 study. Ophthalmology117, 1124-1133. [PubMed:
20381871]

Prog Retin Eye Res. Author manuscript; available in PMC 2021 September 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Uemura et al.

Page 35

Bussolati B, Dunk C, Grohman M, Kontos CD, Mason J, Ahmed A, 2001. Vascular endothelial growth
factor receptor-1 modulates vascular endothelial growth factor-mediated angiogenesis via nitric
oxide. Am. J. Pathol159, 993-1008. [PubMed: 11549592]

Cai M, Wang K, Murdoch CE, Gu Y, Ahmed A, 2017. Heterodimerisation between VEGFR-1 and
VEGFR-2 and not the homodimers of VEGFR-1 inhibit VEGFR-2 activity. Vasc. Pharmacol88,
11-20.

Campochiaro PA, Heier JS, Feiner L, Gray S, Saroj N, Rundle AC, Murahashi WY, Rubio RG,
BRAVO Investigators, 2010. Ranibizumab for macular edema following branch retinal vein
occlusion: six-month primary end point results of a phase 111 study. Ophthalmology117, 1102—
1112. [PubMed: 20398941]

Campochiaro PA, 2015. Molecular pathogenesis of retinal and choroidal vascular diseases. Prog.
Retin. Eye Res49, 67-81. [PubMed: 26113211]

Campochiaro PA, Clark WL, Boyer DS, Heier JS, Brown DM, Vitti R, Kazmi H, Berliner AJ,
Erickson K, Chu KW, Soo Y, Cheng Y, Haller JA, 2015. Intravitreal aflibercept for macular
edema following branch retinal vein occlusion: the 24-week results of the VIBRANT study.
Ophthalmology122, 538-544. [PubMed: 25315663]

Cao R, Xue Y, Hedlund EM, Zhong Z, Tritsaris K, Tondelli B, Lucchini F, Zhu Z, Dissing S, Cao Y,
2010. VEGFR1-mediated pericyte ablation links VEGF and PIGF to cancer-associated retinopathy.
Proc. Natl. Acad. Sci. U. S. A107, 856-861. [PubMed: 20080765]

Cao Y, Chen H, Zhou L, Chiang MK, Anand-Apte B, Weatherbee JA, Wang Y, Fang F, Flanagan
JG, Tsang ML, 1996. Heterodimers of placenta growth factor/vascular endothelial growth factor.
Endothelial activity, tumor cell expression, and high affinity binding to FIk-1/KDR. J. Biol.
Chem271, 3154-3162. [PubMed: 8621715]

Caprara C, Grimm C, 2012. From oxygen to erythropoietin: relevance of hypoxia for retinal
development, health and disease. Prog. Retin. Eye Res31, 89-119. [PubMed: 22108059]

Carmeliet P, Ferreira V, Breier G, Pollefeyt S, Kieckens L, Gertsenstein M, Fahrig M, Vandenhoeck
A, Harpal K, Eberhardt C, Declercq C, Pawling J, Moons L, Collen D, Risau W, Nagy A,

1996. Abnormal blood vessel development and lethality in embryos lacking a single VEGF allele.
Nature380, 435-439. [PubMed: 8602241]

Carmeliet P, Moons L, Luttun A, Vincenti V, Compernolle V, De Mol M, Wu Y, Bono F, Devy L,
Beck H, Scholz D, Acker T, DiPalma T, Dewerchin M, Noel A, Stalmans I, Barra A, Blacher S,
VandenDriessche T, Ponten A, Eriksson U, Plate KH, Foidart JM, Schaper W, Charnock-Jones DS,
Hicklin DJ, Herbert JM, Collen D, Persico MG, 2001. Synergism between vascular endothelial
growth factor and placental growth factor contributes to angiogenesis and plasma extravasation in
pathological conditions. Nat. Med7, 575-583. [PubMed: 11329059]

Cebe-Suarez S, Zehnder-Fjallman A, Ballmer-Hofer K, 2006. The role of VEGF receptors in
angiogenesis; complex partnerships. Cell. Mol. Life Sci63, 601-615. [PubMed: 16465447]

Ceci C, Atzori MG, Lacal PM, Graziani G, 2020. Role of VEGFs/VEGFR-1 signaling and its
inhibition in modulating tumor invasion: experimental evidence in different metastatic cancer
models. Int. J. Mol. Sci21, 1388.

Chen M, Xu H, 2015. Parainflammation, chronic inflammation, and age-related macular degeneration.
J. Leukoc. Biol98, 713-725. [PubMed: 26292978]

Chernykh VV, Varvarinsky EV, Smirnov EV, Chernykh DV, Trunov AN, 2015. Proliferative and
inflammatory factors in the vitreous of patients with proliferative diabetic retinopathy. Indian J.
Ophthalmol63, 33-36. [PubMed: 25686060]

Cheung CMG, Gan A, Yanagi Y, Wong TY, Spaide R, 2018a. Association between choroidal thickness
and drusen subtypes in age-related macular degeneration. Ophthalmol. Retina2, 1196-1205.
[PubMed: 31047191]

Cheung GC, Yoon YH, Chen LJ, Chen SJ, George TM, Lai TY, Park KH, Tahija SG, Uy HS,

Wong TY, 2018b. Diabetic macular oedema: evidence-based treatment recommendations for Asian
countries. Clin. Exp. Ophthalmol46, 75-86. [PubMed: 28558152]

Christenbury JG, Folgar FA, O’Connell RV, Chiu SJ, Farsiu S, Toth CA, Age-related Eye Disease

Study 2 Ancillary Spectral Domain Optical Coherence Tomography Study, G, 2013. Progression

Prog Retin Eye Res. Author manuscript; available in PMC 2021 September 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Uemura et al.

Page 36

of intermediate age-related macular degeneration with proliferation and inner retinal migration of
hyperreflective foci. Ophthalmology120, 1038-1045. [PubMed: 23352193]

Cicatiello V, Apicella I, Tudisco L, Tarallo V, Formisano L, Sandomenico A, Kim Y, Bastos-Carvalho
A, Orlandi A, Ambati J, Ruvo M, Bianco R, De Falco S, 2015. Powerful anti-tumor and
anti-angiogenic activity of a new anti-vascular endothelial growth factor receptor 1 peptide in
colorectal cancer models. Oncotarget6, 10563-10576. [PubMed: 25868854]

Clauss M, Weich H, Breier G, Knies U, Rockl W, Waltenberger J, Risau W, 1996. The vascular
endothelial growth factor receptor Flt-1 mediates biological activities. Implications for a functional
role of placenta growth factor in monocyte activation and chemotaxis. J. Biol. Chem271, 17629-
17634. [PubMed: 8663424]

Claxton S, Fruttiger M, 2003. Role of arteries in oxygen induced vaso-obliteration. Exp. Eye Res77,
305-311. [PubMed: 12907163]

Cogan DG, Toussaint D, Kuwabara T, 1961. Retinal vascular patterns: V. Diabetic retinopathy. Arch.
Ophthalmol66, 366-378. [PubMed: 13694291]

Combadiere C, Feumi C, Raoul W, Keller N, Rodero M, Pezard A, Lavalette S, Houssier M, Jonet
L, Picard E, Debre P, Sirinyan M, Deterre P, Ferroukhi T, Cohen SY, Chauvaud D, Jeanny JC,
Chemtob S, Behar-Cohen F, Sennlaub F, 2007. CX3CR1-dependent subretinal microglia cell
accumulation is associated with cardinal features of age-related macular degeneration. J. Clin.
Invest117, 2920-2928. [PubMed: 17909628]

Coscas G, De Benedetto U, Coscas F, Li Calzi Cl, Vismara S, Roudot-Thoraval F, Bandello F, Souied
E, 2013. Hyperreflective dots: a new spectral-domain optical coherence tomography entity for
follow-up and prognosis in exudative age-related macular degeneration. Ophthalmologica229, 32—
37. [PubMed: 23006969]

Couturier A, Bousquet E, Zhao M, Naud MC, Klein C, Jonet L, Tadayoni R, de Kozak Y, Behar-Cohen
F, 2014. Anti-vascular endothelial growth factor acts on retinal microglia/macrophage activation in
a rat model of ocular inflammation. Mol. Vis20, 908-920. [PubMed: 24966662]

Cramer M, Nagy |, Murphy BJ, Gassmann M, Hottiger MO, Georgiev O, Schaffner W, 2005. NF-
kappaB contributes to transcription of placenta growth factor and interacts with metal responsive
transcription factor-1 in hypoxic human cells. Biol. Chem386, 865-872. [PubMed: 16164411]

Crespo-Garcia S, Corkhill C, Roubeix C, Davids AM, Kociok N, Strauss O, Joussen AM,

Reichhart N, 2017. Inhibition of placenta growth factor reduces subretinal mononuclear phagocyte
accumulation in choroidal neovascularization. Invest. Ophthalmol. Vis. Sci58, 4997-5006.
[PubMed: 28979997]

Cruz-Guilloty F, Saeed AM, Echegaray JJ, Duffort S, Ballmick A, Tan Y, Betancourt M, Viteri E,
Ramkhellawan GC, Ewald E, Feuer W, Huang D, Wen R, Hong L, Wang H, Laird JM, Sene
A, Apte RS, Salomon RG, Hollyfield JG, Perez VL, 2013. Infiltration of proinflammatory m1
macrophages into the outer retina precedes damage in a mouse model of age-related macular
degeneration. Int. J. Inflamm503725.

Cudmore MJ, Hewett PW, Ahmad S, Wang KQ, Cai M, Al-Ani B, Fujisawa T, Ma B, Sissaoui
S, Ramma W, Miller MR, Newby DE, Gu Y, Barleon B, Weich H, Ahmed A, 2012. The role
of heterodimerization between VEGFR-1 and VEGFR-2 in the regulation of endothelial cell
homeostasis. Nat. Commun3, 972. [PubMed: 22828632]

Cui W, Sun XY, Sun LP, LiJ, Liu ZL, Zhang H, 2021. Comparison of the effect of intravitreal
conbercept and ranibizumab on aqueous humor cytokines in central retinal vein occlusion-related
macular edema. J. Ocul. Pharmacol. Therapeut37, 52-59.

D’Amore PA, 1994. Mechanisms of retinal and choroidal neovascularization. Invest. Ophthalmol. Vis.
Sci35, 3974-3979. [PubMed: 7525506]

Davies MH, Eubanks JP, Powers MR, 2006. Microglia and macrophages are increased in response to
ischemia-induced retinopathy in the mouse retina. Mol. Vis12, 467-477. [PubMed: 16710171]

De Falco S, 2012. The discovery of placenta growth factor and its biological activity. Exp. Mol.
Med44, 1-9. [PubMed: 22228176]

de Oliveira Dias JR, de Andrade GC, Novais EA, Farah ME, Rodrigues EB, 2016. Fusion proteins for
treatment of retinal diseases: aflibercept, ziv-aflibercept, and conbercept. Int J Retina Vitreous2, 3.
[PubMed: 27847621]

Prog Retin Eye Res. Author manuscript; available in PMC 2021 September 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Uemura et al.

Page 37

de Vries C, Escobedo JA, Ueno H, Houck K, Ferrara N, Williams LT, 1992. The fms-like tyrosine
kinase, a receptor for vascular endothelial growth factor. Science255, 989-991. [PubMed:
1312256]

Dejana E, 2004. Endothelial cell-cell junctions: happy together. Nat. Rev. Mol. Cell Biol5, 261-270.
[PubMed: 15071551]

Dejana E, Orsenigo F, Lampugnani MG, 2008. The role of adherens junctions and VE-cadherin in the
control of vascular permeability. J. Cell Scil21, 2115-2122. [PubMed: 18565824]

Dejana E, Orsenigo F, 2013. Endothelial adherens junctions at a glance. J. Cell Sci126, 2545-2549.
[PubMed: 23781019]

Dejda A, Mawambo G, Cerani A, Miloudi K, Shao Z, Daudelin JF, Boulet S, Oubaha M, Beaudoin F,
Akla N, Henriques S, Menard C, Stahl A, Delisle JS, Rezende FA, Labrecque N, Sapieha P, 2014.
Neuropilin-1 mediates myeloid cell chemoattraction and influences retinal neuroimmune crosstalk.
J. Clin. Invest124, 4807-4822. [PubMed: 25271625]

Dejda A, Mawambo G, Daudelin JF, Miloudi K, Akla N, Patel C, Andriessen EM, Labrecque N,
Sennlaub F, Sapieha P, 2016. Neuropilin-1-expressing microglia are associated with nascent retinal
vasculature yet dispensable for developmental angiogenesis. Invest. Ophthalmol. Vis. Sci57, 1530-
1536. [PubMed: 27035626]

Dewerchin M, Carmeliet P, 2012. PIGF: a multitasking cytokine with disease-restricted activity. Cold
Spring Harb. Perspect. Med2, a011056. [PubMed: 22908198]

Diaz-Coranguez M, Ramos C, Antonetti DA, 2017. The inner blood-retinal barrier: cellular basis and
development. Vis. Res139, 123-137. [PubMed: 28619516]

Dibbens JA, Miller DL, Damert A, Risau W, Vadas MA, Goodall GJ, 1999. Hypoxic regulation
of vascular endothelial growth factor mRNA stability requires the cooperation of multiple RNA
elements. Mol. Biol. Cell10, 907-919. [PubMed: 10198046]

Ding X, Gu R, Zhang M, Ren H, Shu Q, Xu G, Wu H, 2018. Microglia enhanced the
angiogenesis, migration and proliferation of co-cultured RMECs. BMC Ophthalmol18, 249.
[PubMed: 30223824]

DiSalvo J, Bayne ML, Conn G, Kwok PW, Trivedi PG, Soderman DD, Palisi TM, Sullivan KA,
Thomas KA, 1995. Purification and characterization of a naturally occurring vascular endothelial
growth factor.placenta growth factor heterodimer. J. Biol. Chem270, 7717-7723. [PubMed:
7706320]

Do DV, Rhoades W, Nguyen QD, 2020. Pharmacokinetic study of intravitreal aflibercept in humans
with neovascular age-related macular degeneration. Retina40, 643-647. [PubMed: 31145389]

Dragoni S, Turowski P, 2018. Polarised VEGFA signalling at vascular blood-neural barriers. Int. J.
Mol. Scil9, 1378.

Duh EJ, Sun JK, Stitt AW, 2017. Diabetic retinopathy: current understanding, mechanisms, and
treatment strategies. JCI Insight2, e93751.

Eandi CM, Charles Messance H, Augustin S, Dominguez E, Lavalette S, Forster V, Hu SJ, Siquieros
L, Craft CM, Sahel JA, Tadayoni R, Paques M, Guillonneau X, Sennlaub F, 2016. Subretinal
mononuclear phagocytes induce cone segment loss via IL-1beta. eLife5, e16490. [PubMed:
27438413]

Ebneter A, Kokona D, Schneider N, Zinkernagel MS, 2017. Microglia activation and recruitment
of circulating macrophages during ischemic experimental branch retinal vein occlusion. Invest.
Ophthalmol. Vis. Sci58, 944-953. [PubMed: 28170538]

Ebos JM, Bocci G, Man S, Thorpe PE, Hicklin DJ, Zhou D, Jia X, Kerbel RS, 2004. A naturally
occurring soluble form of vascular endothelial growth factor receptor 2 detected in mouse and
human plasma. Mol. Cancer Res2, 315-326. [PubMed: 15235107]

Eilken HM, Dieguez-Hurtado R, Schmidt I, Nakayama M, Jeong H-W, Arf H, Adams S, Ferrara N,
Adams RH, 2017. Pericytes regulate VEGF-induced endothelial sprouting through VEGFR1. Nat.
Commun8, 1-14. [PubMed: 28232747]

Enge M, Bjarnegard M, Gerhardt H, Gustafsson E, Kalen M, Asker N, Hammes HP, Shani M, Fassler
R, Betsholtz C, 2002. Endothelium-specific platelet-derived growth factor-B ablation mimics
diabetic retinopathy. EMBO J21, 4307-4316. [PubMed: 12169633]

Prog Retin Eye Res. Author manuscript; available in PMC 2021 September 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Uemura et al.

Page 38

Failla CM, Odorisio T, Cianfarani F, Schietroma C, Puddu P, Zambruno G, 2000. Placenta growth
factor is induced in human Kkeratinocytes during wound healing. J. Invest. Dermatol115, 388-395.
[PubMed: 10951273]

Fantin A, Vieira JM, Gestri G, Denti L, Schwarz Q, Prykhozhij S, Peri F, Wilson SW, Ruhrberg
C, 2010. Tissue macrophages act as cellular chaperones for vascular anastomosis downstream of
VEGF-mediated endothelial tip cell induction. Blood116, 829-840. [PubMed: 20404134]

Fantin A, Vieira JM, Plein A, Denti L, Fruttiger M, Pollard JW, Ruhrberg C, 2013. NRP1 acts
cell autonomously in endothelium to promote tip cell function during sprouting angiogenesis.
Blood121, 2352-2362. [PubMed: 23315162]

Fauser S, Schwabecker V, Muether PS, 2014. Suppression of intraocular vascular endothelial growth
factor during aflibercept treatment of age-related macular degeneration. Am. J. Ophthalmol158,
532-536. [PubMed: 24879948]

Fauser S, Muether PS, 2016. Clinical correlation to differences in ranibizumab and aflibercept
vascular endothelial growth factor suppression times. Br. J. Ophthalmol100, 1494-1498. [PubMed:
26888975]

Favier B, Alam A, Barron P, Bonnin J, Laboudie P, Fons P, Mandron M, Herault JP, Neufeld G, Savi
P, Herbert JM, Bono F, 2006. Neuropilin-2 interacts with VEGFR-2 and VEGFR-3 and promotes
human endothelial cell survival and migration. Blood108, 1243-1250. [PubMed: 16621967]

Feliers D, Chen X, Akis N, Choudhury GG, Madaio M, Kasinath BS, 2005. VEGF regulation of
endothelial nitric oxide synthase in glomerular endothelial cells. Kidney Int68, 1648-1659.
[PubMed: 16164642]

Feltgen N, Ogura Y, Boscia F, Holz FG, Korobelnik JF, Brown DM, Heier JS, Stemper B, Rittenhouse
KD, Asmus F, Ahlers C, Vitti R, Saroj N, Mitchell P, 2019. Impact of baseline retinal
nonperfusion and macular retinal capillary nonperfusion on outcomes in the COPERNICUS and
GALILEO Studies. Ophthalmol. Retina3, 553-560. [PubMed: 31277796]

Fernandez-Robredo P, Selvam S, Powner MB, Sim DA, Fruttiger M, 2017. Neuropilin 1 involvement
in choroidal and retinal neovascularisation. PLoS Onel2, €0169865. [PubMed: 28107458]

Ferrara N, Carver-Moore K, Chen H, Dowd M, Lu L, O’Shea KS, Powell-Braxton L, Hillan KJ,
Moore MW, 1996. Heterozygous embryonic lethality induced by targeted inactivation of the
VEGF gene. Nature380, 439-442. [PubMed: 8602242]

Ferrara N, Gerber HP, LeCouter J, 2003. The biology of VEGF and its receptors. Nat. Med9, 669-676.
[PubMed: 12778165]

Ferrara N, 2009. VEGF-A: a critical regulator of blood vessel growth. Eur. Cytokine Netw?20, 158—
163. [PubMed: 20167554]

Ferrara N, 2011. From the discovery of vascular endothelial growth factor to the introduction of avastin
in clinical trials - an interview with Napoleone Ferrara by Domenico Ribatti. Int. J. Dev. Biol55,
383-388. [PubMed: 21858763]

Ferrara N, Adamis AP, 2016. Ten years of anti-vascular endothelial growth factor therapy. Nat. Rev.
Drug Discov15, 385-403. [PubMed: 26775688]

Fields MA, Del Priore LV, Adelman RA, Rizzolo LJ, 2020. Interactions of the choroid, Bruch’s
membrane, retinal pigment epithelium, and neurosensory retina collaborate to form the outer
blood-retinal-barrier. Prog. Retin. Eye Res76, 100803. [PubMed: 31704339]

Fischer C, Mazzone M, Jonckx B, Carmeliet P, 2008. FLT1 and its ligands VEGFB and PIGF: drug
targets for anti-angiogenic therapy?Nat. Rev. Cancer8, 942-956. [PubMed: 19029957]

Fleckenstein M, Mitchell P, Freund KB, Sadda S, Holz FG, Brittain C, Henry EC, Ferrara D,

2018. The progression of geographic atrophy secondary to age-related macular degeneration.
Ophthalmology125, 369-390. [PubMed: 29110945]

Fong GH, Rossant J, Gertsenstein M, Breitman ML, 1995. Role of the Flt-1 receptor tyrosine kinase in
regulating the assembly of vascular endothelium. Nature376, 66—70. [PubMed: 7596436]

Forsythe JA, Jiang BH, lyer NV, Agani F, Leung SW, Koos RD, Semenza GL, 1996. Activation of
vascular endothelial growth factor gene transcription by hypoxia-inducible factor 1. Mol. Cell
Biol16, 4604-4613. [PubMed: 8756616]

Framme C, Eter N, Hamacher T, Hasanbasic Z, Jochmann C, Johnson KT, Kahl M, Sachs H,
Schilling H, Thelen U, Wiedemann P, Wachtlin J, Prospective Noninterventional Study to Assess

Prog Retin Eye Res. Author manuscript; available in PMC 2021 September 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Uemura et al.

Page 39

the Effectiveness of Aflibercept in Routine Clinical Practice in Patients with Neovascular Age-
Related Macular Degeneration Study, G, 2018. Aflibercept for patients with neovascular age-
related macular degeneration in routine clinical practice in Germany: twelve-month outcomes of
PERSEUS. Ophthalmol. Retina2, 539-549. [PubMed: 31047606]

Frizziero L, Parrozzani R, Midena G, Miglionico G, Vujosevic S, Pilotto E, Midena E, 2016.
Hyperreflective intraretinal spots in radiation macular edema on spectral domain optical
coherence tomography. Retina36, 1664-1669. [PubMed: 26960014]

Fruttiger M, 2002. Development of the mouse retinal vasculature: angiogenesis versus vasculogenesis.
Invest. Ophthalmol. Vis. Sci43, 522-527. [PubMed: 11818400]

Fujisawa H, Kitsukawa T, Kawakami A, Takagi S, Shimizu M, Hirata T, 1997. Roles of a neuronal
cell-surface molecule, neuropilin, in nerve fiber fasciculation and guidance. Cell Tissue Res290,
465-470. [PubMed: 9321711]

Fukushima Y, Okada M, Kataoka H, Hirashima M, Yoshida Y, Mann F, Gomi F, Nishida K, Nishikawa
S, Uemura A, 2011. Sema3E-PlexinD1 signaling selectively suppresses disoriented angiogenesis
in ischemic retinopathy in mice. J. Clin. Invest121, 1974-1985. [PubMed: 21505259]

Funatsu H, Noma H, Mimura T, Eguchi S, 2012. Vitreous inflammatory factors and macular oedema.
Br. J. Ophthalmol96, 302-304. [PubMed: 20860986]

Gaal EI, Tammela T, Anisimov A, Marbacher S, Honkanen P, Zarkada G, Leppanen VM, Tatlisumak
T, Hernesniemi J, Niemela M, Alitalo K, 2013. Comparison of vascular growth factors in
the murine brain reveals placenta growth factor as prime candidate for CNS revascularization.
Blood122, 658-665. [PubMed: 23803710]

Gelfand MV, Hagan N, Tata A, Oh WJ, Lacoste B, Kang KT, Kopycinska J, Bischoff J, Wang JH, Gu
C, 2014. Neuropilin-1 functions as a VEGFR2 coreceptor to guide developmental angiogenesis
independent of ligand binding. eLife3, €03720. [PubMed: 25244320]

Gerber HP, Condorelli F, Park J, Ferrara N, 1997. Differential transcriptional regulation of the two
vascular endothelial growth factor receptor genes. Flt-1, but not FIk-1/KDR, is up-regulated by
hypoxia. J. Biol. Chem272, 23659-23667. [PubMed: 9295307]

Gerhardt H, Golding M, Fruttiger M, Ruhrberg C, Lundkvist A, Abramsson A, Jeltsch M, Mitchell C,
Alitalo K, Shima D, Betsholtz C, 2003. VEGF guides angiogenic sprouting utilizing endothelial
tip cell filopodia. J. Cell Biol161, 1163-1177. [PubMed: 12810700]

Gerhardt H, Betsholtz C, 2005. How do endothelial cells orientate?EXS3-15. [PubMed: 15617467]

Gerhardt H, 2008. VEGF and endothelial guidance in angiogenic sprouting. Organogenesis4, 241-246.
[PubMed: 19337404]

Gigante B, Morlino G, Gentile MT, Persico MG, De Falco S, 2006. Plgf-/-eNos-/-mice show
defective angiogenesis associated with increased oxidative stress in response to tissue ischemia.
FASEB J20, 970-972. [PubMed: 16608872]

Giger RJ, Urquhart ER, Gillespie SK, Levengood DV, Ginty DD, Kolodkin AL, 1998. Neuropilin-2 is
a receptor for semaphorin I1V: insight into the structural basis of receptor function and specificity.
Neuron21, 1079-1092. [PubMed: 9856463]

Gilmour DF, 2015. Familial exudative vitreoretinopathy and related retinopathies. Eye29, 1-14.
[PubMed: 25323851]

Glinka Y, Prud’homme GJ, 2008. Neuropilin-1 is a receptor for transforming growth factor beta-1,
activates its latent form, and promotes regulatory T cell activity. J. Leukoc. Biol84, 302-310.
[PubMed: 18436584]

Grassot J, Gouy M, Perriere G, Mouchiroud G, 2006. Origin and molecular evolution of receptor
tyrosine kinases with immunoglobulin-like domains. Mol. Biol. Evol23, 1232-1241. [PubMed:
16551648]

Green CJ, Lichtlen P, Huynh NT, Yanovsky M, Laderoute KR, Schaffner W, Murphy BJ, 2001.
Placenta growth factor gene expression is induced by hypoxia in fibroblasts: a central role for
metal transcription factor-1. Cancer Res61, 2696-2703. [PubMed: 11289150]

Green WR, Chan CC, Hutchins GM, Terry JM, 1981. Central retinal vein occlusion: a prospective
histopathologic study of 29 eyes in 28 cases. Trans. Am. Ophthalmol. Soc79, 371-422. [PubMed:
7342407]

Prog Retin Eye Res. Author manuscript; available in PMC 2021 September 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Uemura et al.

Page 40

Greferath U, Guymer RH, Vessey KA, Brassington K, Fletcher EL, 2016. Correlation of histologic
features with in vivo imaging of reticular pseudodrusen. Ophthalmology123, 1320-1331.
[PubMed: 27039021]

Grossniklaus HE, Ling JX, Wallace TM, Dithmar S, Lawson DH, Cohen C, Elner VM, Elner SG,
Sternberg P Jr., 2002. Macrophage and retinal pigment epithelium expression of angiogenic
cytokines in choroidal neovascularization. Mol. Vis8, 119-126. [PubMed: 11979237]

Gu C, Rodriguez ER, Reimert DV, Shu T, Fritzsch B, Richards LJ, Kolodkin AL, Ginty DD,
2003. Neuropilin-1 conveys semaphorin and VEGF signaling during neural and cardiovascular
development. Dev. Cell5, 45-57. [PubMed: 12852851]

Guillonneau X, Eandi CM, Paques M, Sahel JA, Sapieha P, Sennlaub F, 2017. On phagocytes and
macular degeneration. Prog. Retin. Eye Res61, 98-128. [PubMed: 28602950]

Gupta N, Brown KE, Milam AH, 2003. Activated microglia in human retinitis pigmentosa, late-onset
retinal degeneration, and age-related macular degeneration. Exp. Eye Res76, 463-471. [PubMed:
12634111]

Hagberg CE, Mehlem A, Falkevall A, Muhl L, Fam BC, Ortsater H, Scotney P, Nygvist D, Samen
E, Lu L, Stone-Elander S, Proietto J, Andrikopoulos S, Sjoholm A, Nash A, Eriksson U, 2012.
Targeting VEGF-B as a novel treatment for insulin resistance and type 2 diabetes. Nature490,
426-430. [PubMed: 23023133]

Harris S, Craze M, Newton J, Fisher M, Shima DT, Tozer GM, Kanthou C, 2012. Do anti-angiogenic
VEGF (VEGFxxxb) isoforms exist? A cautionary tale. PLoS One7, e35231. [PubMed:
22567098]

Hartnett ME, 2017. Advances in understanding and management of retinopathy of prematurity. Surv.
Ophthalmol62, 257-276. [PubMed: 28012875]

Hata Y, Nakagawa K, Sueishi K, Ishibashi T, Inomata H, Ueno H, 1995. Hypoxia-induced expression
of vascular endothelial growth factor by retinal glial cells promotes in vitro angiogenesis.
Virchows Arch426, 479-486. [PubMed: 7543339]

He J, Wang H, Liu Y, Li W, Kim D, Huang H, 2015. Blockade of vascular endothelial growth
factor receptor 1 prevents inflammation and vascular leakage in diabetic retinopathy. J.
Ophthalmol2015, 605946. [PubMed: 25821590]

Heier JS, Korobelnik JF, Brown DM, Schmidt-Erfurth U, Do DV, Midena E, Boyer DS, Terasaki H,
Kaiser PK, Marcus DM, Nguyen QD, Jaffe GJ, Slakter JS, Simader C, Soo Y, Schmelter T, Vitti
R, Berliner AJ, Zeitz O, Metzig C, Holz FG, 2016. Intravitreal aflibercept for diabetic macular
edema: 148-week results from the VISTA and VIVID studies. Ophthalmology123, 2376-2385.
[PubMed: 27651226]

Hellstrom M, Phng LK, Gerhardt H, 2007. VEGF and Notch signaling: the yin and yang of angiogenic
sprouting. Cell Adhes. Migratl, 133-136.

Hiratsuka S, Minowa O, Kuno J, Noda T, Shibuya M, 1998. Flt-1 lacking the tyrosine kinase domain
is sufficient for normal development and angiogenesis in mice. Proc. Natl. Acad. Sci. U. S. A95,
9349-9354. [PubMed: 9689083]

Hisamoto K, Ohmichi M, Kanda Y, Adachi K, Nishio Y, Hayakawa J, Mabuchi S, Takahashi K,
Tasaka K, Miyamoto Y, Taniguchi N, Murata Y, 2001. Induction of endothelial nitric-oxide
synthase phosphorylation by the raloxifene analog LY117018 is differentially mediated by Akt
and extracellular signal-regulated protein kinase in vascular endothelial cells. J. Biol. Chem276,
47642-47649. [PubMed: 11595733]

Ho M, Liu DT, Lam DS, Jonas JB, 2016. Retinal vein occlusions, from basics to the latest treatment.
Retina36, 432-448. [PubMed: 26716954]

Hockley DJ, Tripathi RC, Ashton N, 1976. Experimental retinal branch vein occlusion in the
monkey. Histopathological and ultrastructural studies. Trans. Ophthalmol. Soc. U. K96, 202-209.
[PubMed: 827828]

Hockley DJ, Tripathi RC, Ashton N, 1979. Experimental retinal branch vein occlusion in rhesus
monkeys. 111. Histopathological and electron microscopical studies. Br. J. Ophthalmol63, 393—
411. [PubMed: 111703]

Prog Retin Eye Res. Author manuscript; available in PMC 2021 September 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Uemura et al.

Page 41

Holm M, Morken TS, Fichorova RN, VanderVeen DK, Allred EN, Dammann O, Leviton A, 2017.
Systemic inflammation-associated proteins and retinopathy of prematurity in infants born before
the 28th week of gestation. Invest. Ophthalmol. Vis. Sci58, 6419-6428. [PubMed: 29260199]

Holz FG, Roider J, Ogura Y, Korobelnik JF, Simader C, Groetzbach G, Vitti R, Berliner AJ, Hiemeyer
F, Beckmann K, Zeitz O, Sandbrink R, 2013. VEGF Trap-Eye for macular oedema secondary
to central retinal vein occlusion: 6-month results of the phase 111 GALILEO study. Br. J.
Ophthalmol97, 278-284. [PubMed: 23298885]

Hu SJ, Calippe B, Lavalette S, Roubeix C, Montassar F, Housset M, Levy O, Delarasse C, Paques
M, Sahel JA, Sennlaub F, Guillonneau X, 2015. Upregulation of P2RX7 in Cx3crl-deficient
mononuclear phagocytes leads to increased interleukin-1beta secretion and photoreceptor
neurodegeneration. J. Neurosci35, 6987-6996. [PubMed: 25948251]

Huang H, Shen J, Vinores SA, 2011. Blockade of VEGFRL1 and 2 suppresses pathological
angiogenesis and vascular leakage in the eye. PLoS One6.

Huang H, Parlier R, Shen JK, Lutty GA, Vinores SA, 2013. VEGF receptor blockade markedly
reduces retinal microglia/macrophage infiltration into laser-induced CNV. PLoS One8, e71808.
[PubMed: 23977149]

Huang H, He J, Johnson D, Wei Y, Liu Y, Wang S, Lutty GA, Duh EJ, Semba RD, 2015. Deletion
of placental growth factor prevents diabetic retinopathy and is associated with Akt activation and
HIFlalpha-VEGF pathway inhibition. Diabetes64, 200-212. [PubMed: 25187372]

Huang H, Lennikov A, Saddala MS, Gozal D, Grab DJ, Khalyfa A, Fan L, 2019a. Placental
growth factor negatively regulates retinal endothelial cell barrier function through suppression
of glucose-6-phosphate dehydrogenase and antioxidant defense systems. FASEB J13695-137009.
[PubMed: 31585507]

Huang J, Tang Y, Zhu T, Li Y, Chun H, Qu Y, Mu D, 2019b. Cumulative evidence for association of
sepsis and retinopathy of prematurity. Medicine98, e17512. [PubMed: 31626109]

Huang Y, Xu Z, Xiong S, Qin G, Sun F, Yang J, Yuan TF, Zhao L, Wang K, Liang YX, FuL, Wu T, So
KF, Rao Y, Peng B, 2018. Dual extra-retinal origins of microglia in the model of retinal microglia
repopulation. Cell Discov4, 9. [PubMed: 29507754]

Hudson N, Powner MB, Sarker MH, Burgoyne T, Campbell M, Ockrim ZK, Martinelli R, Futter CE,
Grant MB, Fraser PA, Shima DT, Greenwood J, Turowski P, 2014. Differential apicobasal VEGF
signaling at vascular blood-neural barriers. Dev. Cell30, 541-552. [PubMed: 25175707]

Hykin P, Prevost AT, Vasconcelos JC, Murphy C, Kelly J, Ramu J, Hounsome B, Yang Y, Harding SP,
Lotery A, Chakravarthy U, Sivaprasad S, 2019. Clinical effectiveness of intravitreal therapy with
ranibizumab vs aflibercept vs bevacizumab for macular edema secondary to central retinal vein
occlusion: a randomized clinical trial. JAMA Ophthalmol137, 1256-1264. [PubMed: 31465100]

Inagaki S, Shimazawa M, Otsu W, Araki T, Numata Y, Nakamura S, Tsusaki H, Hara H, 2020.
Creation of retinal vein occlusion model in cynomolgusmonkeys and determination of its
pathological features. Curr. Neurovascular Res10.2174/1567202617999200831151118.

Incio J, Tam J, Rahbari NN, Suboj P, McManus DT, Chin SM, Vardam TD, Batista A, Babykutty S,
Jung K, Khachatryan A, Hato T, Ligibel JA, Krop IE, Puchner SB, Schlett CL, Hoffmman U,
Ancukiewicz M, Shibuya M, Carmeliet P, Soares R, Duda DG, Jain RK, Fukumura D, 2016.
PIGF/VEGFR-1 signaling promotes macrophage polarization and accelerated tumor progression
in obesity. Clin. Cancer Res22, 2993-3004. [PubMed: 26861455]

International Committee for the Classification of Retinopathy of Prematurity, 2005. The international
classification of retinopathy of prematurity revisited. Arch. Ophthalmol123, 991-999. [PubMed:
16009843]

lyer S, Leonidas DD, Swaminathan GJ, Maglione D, Battisti M, Tucci M, Persico MG, Acharya KR,
2001. The crystal structure of human placenta growth factor-1 (PIGF-1), an angiogenic protein, at
2.0 A resolution. J. Biol. Chem276, 12153-12161. [PubMed: 11069911]

Jakeman LB, Winer J, Bennett GL, Altar CA, Ferrara N, 1992. Binding sites for vascular endothelial
growth factor are localized on endothelial cells in adult rat tissues. J. Clin. Invest89, 244-253.
[PubMed: 1729274]

Jakobsson L, Bentley K, Gerhardt H, 2009. VEGFRs and Notch: a dynamic collaboration in vascular
patterning. Biochem. Soc. Trans37, 1233-1236. [PubMed: 19909253]

Prog Retin Eye Res. Author manuscript; available in PMC 2021 September 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Uemura et al.

Page 42

Jampol LM, Glassman AR, Bressler NM, Wells JA, Ayala AR, 2016. Anti-vascular endothelial growth
factor comparative eEffectiveness trial for diabetic macular edema: additional efficacy post hoc
analyses of a randomized clinical trial. JAMA Ophthalmol134, 1429-1434.

Jeltsch M, Leppanen VM, Saharinen P, Alitalo K, 2013. Receptor tyrosine kinase-mediated
angiogenesis. Cold Spring Harb. Perspect. Biol5, a009183. [PubMed: 24003209]

Jiao W, Ji JF, Xu W, Bu W, Zheng Y, Ma A, Zhao B, Fan Q, 2019. Distinct downstream signaling and
the roles of VEGF and PIGF in high glucose-mediated injuries of human retinal endothelial cells
in culture. Sci. Rep9, 15339. [PubMed: 31653890]

Joukov V, Pajusola K, Kaipainen A, Chilov D, Lahtinen I, Kukk E, Saksela O, Kalkkinen N, Alitalo K,
1996. A novel vascular endothelial growth factor, VEGF-C, is a ligand for the Flt4 (VEGFR-3)
and KDR (VEGFR-2) receptor tyrosine kinases. EMBO J15, 290-298. [PubMed: 8617204]

Joukov V, Sorsa T, Kumar V, Jeltsch M, Claesson-Welsh L, Cao Y, Saksela O, Kalkkinen N, Alitalo K,
1997. Proteolytic processing regulates receptor specificity and activity of VEGF-C. EMBO J16,
3898-3911. [PubMed: 9233800]

Joussen AM, Murata T, Tsujikawa A, Kirchhof B, Bursell SE, Adamis AP, 2001. Leukocyte-mediated
endothelial cell injury and death in the diabetic retina. Am. J. Pathol158, 147-152. [PubMed:
11141487]

Joussen AM, Poulaki V, Le ML, Koizumi K, Esser C, Janicki H, Schraermeyer U, Kociok N, Fauser S,
Kirchhof B, Kern TS, Adamis AP, 2004. A central role for inflammation in the pathogenesis of
diabetic retinopathy. FASEB J18, 1450-1452. [PubMed: 15231732]

Kaldirim H, Yazgan S, Kirgiz A, Atalay K, Savur F, 2019. A comparison study of ranibizumab
and aflibercept in patients with naive diabetic macular edema in presence of serous retinal
detachment. Curr. Eye Res44, 987-993. [PubMed: 30983426]

Kang MC, Park SJ, Kim HJ, Lee J, Yu DH, Bae KB, Ji YR, Park SJ, Jeong J, Jang WY, Kim JH,

Choi MS, Lee DS, Lee HS, Lee S, Kim SH, Kim MO, Park G, Choo YS, Cho JY, Ryoo ZY,
2014. Gestational loss and growth restriction by angiogenic defects in placental growth factor
transgenic mice. Arterioscler. Thromb. Vasc. Biol34, 2276-2282. [PubMed: 25147341]

Kappas NC, Zeng G, Chappell JC, Kearney JB, Hazarika S, Kallianos KG, Patterson C, Annex BH,
Bautch VL, 2008. The VEGF receptor Flt-1 spatially modulates FIk-1 signaling and blood vessel
branching. J. Cell Biol181, 847-858. [PubMed: 18504303]

Kauppinen A, Paterno JJ, Blasiak J, Salminen A, Kaarniranta K, 2016. Inflammation and its role in
age-related macular degeneration. Cell. Mol. Life Sci73, 1765-1786. [PubMed: 26852158]
Kawamura H, Li X, Goishi K, van Meeteren LA, Jakobsson L, Cebe-Suarez S, Shimizu A, Edholm D,
Ballmer-Hofer K, Kjellen L, Klagsbrun M, Claesson-Welsh L, 2008. Neuropilin-1 in regulation
of VEGF-induced activation of p38MAPK and endothelial cell organization. Blood112, 3638—

3649. [PubMed: 18664627]

Kay VR, Tayade C, Carmeliet P, Croy BA, 2017. Influences of placental growth factor on mouse
retinal vascular development. Dev. Dynam246, 700-712.

Keck PJ, Hauser SD, Krivi G, Sanzo K, Warren T, Feder J, Connolly DT, 1989. Vascular permeability
factor, an endothelial cell mitogen related to PDGF. Science246, 1309-1312. [PubMed: 2479987]

Kempen JH, O’Colmain BJ, Leske MC, Haffner SM, Klein R, Moss SE, Taylor HR, Hamman
RF, 2004. The prevalence of diabetic retinopathy among adults in the United States. Arch.
Ophthalmol122, 552-563. [PubMed: 15078674]

Kendall RL, Thomas KA, 1993. Inhibition of vascular endothelial cell growth factor activity by
an endogenously encoded soluble receptor. Proc. Natl. Acad. Sci. U. S. A90, 10705-10709.
[PubMed: 8248162]

Khayat M, Lois N, Williams M, Stitt AW, 2017. Animal models of retinal vein occlusion. Invest.
Ophthalmol. Vis. Sci58, 6175-6192. [PubMed: 29222552]

Kim CB, D’Amore PA, Connor KM, 2016. Revisiting the mouse model of oxygen-induced
retinopathy. Eye Brain8, 67-79. [PubMed: 27499653]

Kim KJ, Cho CS, Kim WU, 2012. Role of placenta growth factor in cancer and inflammation. Exp.
Mol. Med44, 10-19. [PubMed: 22217448]

Kinuthia UM, Wolf A, Langmann T, 2020. Microglia and inflammatory responses in diabetic
retinopathy. Front. Immunoll11, 564077. [PubMed: 33240260]

Prog Retin Eye Res. Author manuscript; available in PMC 2021 September 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Uemura et al.

Page 43

Kitahara H, Kajikawa S, Ishii Y, Yamamoto S, Hamashima T, Azuma E, Sato H, Matsushima T,
Shibuya M, Shimada Y, 2018. The novel pathogenesis of retinopathy mediated by multiple RTK
signals is uncovered in newly developed mouse model. EBioMedicine31, 190-201. [PubMed:
29724654]

Kivela R, Bry M, Robciuc MR, Rasanen M, Taavitsainen M, Silvola JM, Saraste A, Hulmi JJ,
Anisimov A, Mayranpaa MI, Lindeman JH, Eklund L, Hellberg S, Hlushchuk R, Zhuang ZW,
Simons M, Djonov V, Knuuti J, Mervaala E, Alitalo K, 2014. VEGF-B-induced vascular growth
leads to metabolic reprogramming and ischemia resistance in the heart. EMBO Mol. Med6,
307-321. [PubMed: 24448490]

Klaassen I, Van Noorden CJ, Schlingemann RO, 2013. Molecular basis of the inner blood-retinal
barrier and its breakdown in diabetic macular edema and other pathological conditions. Prog.
Retin. Eye Res34, 19-48. [PubMed: 23416119]

Klein R, Peto T, Bird A, Vannewkirk MR, 2004. The epidemiology of age-related macular
degeneration. Am. J. Ophthalmol137, 486—495. [PubMed: 15013873]

Klettner A, Kaya L, Flach J, Lassen J, Treumer F, Roider J, 2015. Basal and apical regulation of
VEGF-A and placenta growth factor in the RPE/choroid and primary RPE. Mol. Vis21, 736-748.
[PubMed: 26167115]

Klinghoffer RA, Mueting-Nelsen PF, Faerman A, Shani M, Soriano P, 2001. The two PDGF receptors
maintain conserved signaling in vivo despite divergent embryological functions. Mol. Cell7, 343-
354. [PubMed: 11239463]

Knickelbein JE, Chan CC, Sen HN, Ferris FL, Nussenblatt RB, 2015. Inflammatory mechanisms of
age-related macular degeneration. Int. Ophthalmol. Clin55, 63-78.

Koch S, Claesson-Welsh L, 2012. Signal transduction by vascular endothelial growth factor receptors.
Cold Spring Harb. Perspect. Med2, a006502. [PubMed: 22762016]

Kohno H, Chen Y, Kevany BM, Pearlman E, Miyagi M, Maeda T, Palczewski K, Maeda
A, 2013. Photoreceptor proteins initiate microglial activation via Toll-like receptor 4 in
retinal degeneration mediated by all-trans-retinal. J. Biol. Chem288, 15326-15341. [PubMed:
23572532]

Kotake O, Noma H, Yasuda K, Motohashi R, Goto H, Shimura M, 2019. Comparing cytokine kinetics
between ranibizumab and aflibercept in central retinal vein occlusion with macular edema.
Ophthalmic Res61, 210-217.

Kovacs K, Marra KV, Yu G, Wagley S, Ma J, Teague GC, Nandakumar N, Lashkari K, Arroyo JG,
2015. Angiogenic and inflammatory vitreous biomarkers associated with increasing levels of
retinal ischemia. Invest. Ophthalmol. Vis. Sci56, 6523-6530. [PubMed: 26447988]

Kowalczuk L, Touchard E, Omri S, Jonet L, Klein C, Valamanes F, Berdugo M, Bigey P, Massin
P, Jeanny JC, Behar-Cohen F, 2011. Placental growth factor contributes to micro-vascular
abnormalization and blood-retinal barrier breakdown in diabetic retinopathy. PLoS One6,
e17462. [PubMed: 21408222]

Krohne TU, Eter N, Holz FG, Meyer CH, 2008. Intraocular pharmacokinetics of bevacizumab after a
single intravitreal injection in humans. Am. J. Ophthalmol146, 508-512. [PubMed: 18635152]

Krohne TU, Liu Z, Holz FG, Meyer CH, 2012. Intraocular pharmacokinetics of ranibizumab following
a single intravitreal injection in humans. Am. J. Ophthalmol154, 682-686. [PubMed: 22818800]

Kubota Y, Takubo K, Shimizu T, Ohno H, Kishi K, Shibuya M, Saya H, Suda T, 2009. M-CSF
inhibition selectively targets pathological angiogenesis and lymphangiogenesis. J. Exp. Med206,
1089-1102. [PubMed: 19398755]

Kur J, Newman EA, Chan-Ling T, 2012. Cellular and physiological mechanisms underlying blood
flow regulation in the retina and choroid in health and disease. Prog. Retin. Eye Res31, 377-406.
[PubMed: 22580107]

Kusuhara S, Fukushima Y, Ogura S, Inoue N, Uemura A, 2018. Pathophysiology of diabetic
retinopathy: the old and the new. Diabetes Metab. J42, 364-376. [PubMed: 30362302]

Lad EM, Cousins SW, Van Arnam JS, Proia AD, 2015. Abundance of infiltrating CD163+ cells in the
retina of postmortem eyes with dry and neovascular age-related macular degeneration. Graefes
Arch. Clin. Exp. Ophthalmol253, 1941-1945. [PubMed: 26148801]

Prog Retin Eye Res. Author manuscript; available in PMC 2021 September 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Uemura et al.

Page 44

Langmann T, 2007. Microglia activation in retinal degeneration. J. Leukoc. Biol81, 1345-1351.
[PubMed: 17405851]

Lavalette S, Raoul W, Houssier M, Camelo S, Levy O, Calippe B, Jonet L, Behar-Cohen F,

Chemtob S, Guillonneau X, Combadiere C, Sennlaub F, 2011. Interleukin-1beta inhibition
prevents choroidal neovascularization and does not exacerbate photoreceptor degeneration. Am.
J. Pathol178, 2416-2423. [PubMed: 21514452]

Lazzara F, Fidilio A, Platania CBM, Giurdanella G, Salomone S, Leggio GM, Tarallo V, Cicatiello V,
De Falco S, Eandi CM, Drago F, Bucolo C, 2019. Aflibercept regulates retinal inflammation
elicited by high glucose via the PIGF/ERK pathway. Biochem. Pharmacol168, 341-351.
[PubMed: 31351870]

LeBlanc ME, Saez-Torres KL, Cano I, Hu Z, Saint-Geniez M, Ng YS, D’Amore PA, 2019. Glycocalyx
regulation of vascular endothelial growth factor receptor 2 activity. FASEB J33, 9362-9373.
[PubMed: 31141406]

Lee J, Dammann O, 2012. Perinatal infection, inflammation, and retinopathy of prematurity. Semin.
Fetal Neonatal Med17, 26-29. [PubMed: 21903492]

Leung DW, Cachianes G, Kuang WJ, Goeddel DV, Ferrara N, 1989. Vascular endothelial growth factor
is a secreted angiogenic mitogen. Science246, 1306-1309. [PubMed: 2479986]

Leuschen JN, Schuman SG, Winter KP, McCall MN, Wong WT, Chew EY, Hwang T,

Srivastava S, Sarin N, Clemons T, Harrington M, Toth CA, 2013. Spectral-domain optical
coherence tomography characteristics of intermediate age-related macular degeneration.
Ophthalmology120, 140-150. [PubMed: 22968145]

Levy AP, 1998. Hypoxic regulation of VEGF mRNA stability by RNA-binding proteins. Trends
Cardiovasc. Med8, 246-250. [PubMed: 14987559]

Levy O, Calippe B, Lavalette S, Hu SJ, Raoul W, Dominguez E, Housset M, Paques M, Sahel JA,
Bemelmans AP, Combadiere C, Guillonneau X, Sennlaub F, 2015a. Apolipoprotein E promotes
subretinal mononuclear phagocyte survival and chronic inflammation in age-related macular
degeneration. EMBO Mol. Med7, 211-226. [PubMed: 25604058]

Levy O, Lavalette S, Hu SJ, Housset M, Raoul W, Eandi C, Sahel JA, Sullivan PM, Guillonneau X,
Sennlaub F, 2015b. APOE isoforms control pathogenic subretinal inflammation in age-related
macular degeneration. J. Neurosci35, 13568-13576. [PubMed: 26446211]

Lim SW, Bandala-Sanchez E, Kolic M, Rogers SL, McAuley AK, Lim LL, Wickremasinghe SS, 2018.
The influence of intravitreal ranibizumab on inflammation-associated cytokine concentrations
in eyes with diabetic macular edema. Invest. Ophthalmol. Vis. Sci59, 5382-5390. [PubMed:
30452591]

Lin MI, Yu J, Murata T, Sessa WC, 2007. Caveolin-1-deficient mice have increased tumor
microvascular permeability, angiogenesis, and growth. Cancer Res67, 2849-2856. [PubMed:
17363608]

Lindblom P, Gerhardt H, Liebner S, Abramsson A, Enge M, Hellstrom M, Béckstrom G, Fredriksson
S, Landegren U, Nystrém HC, 2003. Endothelial PDGF-B retention is required for proper
investment of pericytes in the microvessel wall. Genes Dev17, 1835-1840. [PubMed: 12897053]

Liu XL, Li YJ, Liu YZ, Ge J, 2006. [Effects of human retinal glial cells under hypoxic conditions
on circulating endothelial progenitor cells]. Zhonghua Yan Ke Za Zhi42, 1089-1094. [PubMed:
17415966]

Liu 'Y, Chen Z, Cheng H, Chen J, Qian J, 2017. Gremlin promotes retinal pigmentation epithelial
(RPE) cell proliferation, migration and VEGF production via activating VEGFR2-Akt-mTORC2
signaling. Oncotarget8, 979-987. [PubMed: 27894090]

Liyanage SE, Fantin A, Villacampa P, Lange CA, Denti L, Cristante E, Smith AJ, Ali RR,

Luhmann UF, Bainbridge JW, 2016. Myeloid-derived vascular endothelial growth factor and
hypoxia-inducible factor are dispensable for ocular neovascularization—nbrief report. Arterioscler.
Thromb. Vasc. Biol36, 19-24. [PubMed: 26603154]

Lomet D, Piegu B, Wood SH, Dardente H, 2018. Anti-angiogenic VEGFAxxxb transcripts are not
expressed in the medio-basal hypothalamus of the seasonal sheep. PLoS Onel3, e0197123.
[PubMed: 29746548]

Prog Retin Eye Res. Author manuscript; available in PMC 2021 September 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Uemura et al.

Page 45

Luna RL, Kay VR, Rétsep MT, Khalaj K, Bidarimath M, Peterson N, Carmeliet P, Jin A, Anne
Croy B, 2016. Placental growth factor deficiency is associated with impaired cerebral vascular
development in mice. Mol. Hum. Reprod22, 130-142. [PubMed: 26646502]

Luo L, Uehara H, Zhang X, Das SK, Olsen T, Holt D, Simonis JM, Jackman K, Singh N, Miya TR,
2013. Photoreceptor avascular privilege is shielded by soluble VEGF receptor-1. eLife2, e00324.
[PubMed: 23795287]

Luttun A, Tjwa M, Moons L, Wu Y, Angelillo-Scherrer A, Liao F, Nagy JA, Hooper A, Priller J,

De Klerck B, Compernolle V, Daci E, Bohlen P, Dewerchin M, Herbert JM, Fava R, Matthys P,
Carmeliet G, Collen D, Dvorak HF, Hicklin DJ, Carmeliet P, 2002. Revascularization of ischemic
tissues by PIGF treatment, and inhibition of tumor angiogenesis, arthritis and atherosclerosis by
anti-FIt1. Nat. Med8, 831-840. [PubMed: 12091877]

Lutty GA, McLeod DS, Bhutto I, Wiegand SJ, 2011. Effect of VEGF trap on normal retinal vascular
development and oxygen-induced retinopathy in the dog. Invest. Ophthalmol. Vis. Sci52, 4039—
4047. [PubMed: 21357392]

Mac Gabhann F, Popel AS, 2007. Dimerization of VEGF receptors and implications for signal
transduction: a computational study. Biophys. Chem128, 125-139. [PubMed: 17442480]

Makinen T, Olofsson B, Karpanen T, Hellman U, Soker S, Klagsbrun M, Eriksson U, Alitalo K, 1999.
Differential binding of vascular endothelial growth factor B splice and proteolytic isoforms to
neuropilin-1. J. Biol. Chem274, 21217-21222. [PubMed: 10409677]

Mao C, Yan H, 2014. Roles of elevated intravitreal IL-1beta and IL-10 levels in proliferative diabetic
retinopathy. Indian J. Ophthalmol62, 699-701. [PubMed: 25005199]

Markham A, 2019. Brolucizumab: first approval. Drugs79, 1997-2000. [PubMed: 31768932]

Martin G, Conrad D, Cakir B, Schlunck G, Agostini HT, 2018. Gene expression profiling in a mouse
model of retinal vein occlusion induced by laser treatment reveals a predominant inflammatory
and tissue damage response. PLoS Onel3, e0191338. [PubMed: 29529099]

Masoumi Moghaddam S, Amini A, Morris DL, Pourgholami MH, 2012. Significance of vascular
endothelial growth factor in growth and peritoneal dissemination of ovarian cancer. Cancer
Metastasis Rev31, 143-162. [PubMed: 22101807]

Massena S, Christoffersson G, Vagesjo E, Seignez C, Gustafsson K, Binet F, Herrera Hidalgo
C, Giraud A, Lomei J, Westrom S, Shibuya M, Claesson-Welsh L, Gerwins P, Welsh M,
Kreuger J, Phillipson M, 2015. Identification and characterization of VEGF-A-responsive
neutrophils expressing CD49d, VEGFR1, and CXCR4 in mice and humans. Blood126, 2016—
2026. [PubMed: 26286848]

Mastropasqua R, D’Aloisio R, Di Nicola M, Di Martino G, Lamolinara A, Di Antonio L, Tognetto D,
Toto L, 2018. Relationship between aqueous humor cytokine level changes and retinal vascular
changes after intravitreal aflibercept for diabetic macular edema. Sci. Rep8, 16548. [PubMed:
30410092]

Maxwell PH, Ratcliffe PJ, 2002. Oxygen sensors and angiogenesis. Semin. Cell Dev. Biol13, 29-37.
[PubMed: 11969369]

McLenachan S, Chen X, McMenamin PG, Rakoczy EP, 2013. Absence of clinical correlates of
diabetic retinopathy in the Ins2Akita retina. Clin. Exp. Ophthalmol41, 582-592. [PubMed:
23433122]

McLeod DS, Bhutto I, Edwards MM, Silver RE, Seddon JM, Lutty GA, 2016. Distribution and
quantification of choroidal macrophages in human eyes with age-related macular degeneration.
Invest. Ophthalmol. Vis. Sci57, 5843-5855. [PubMed: 27802514]

McMenamin PG, Saban DR, Dando SJ, 2019. Immune cells in the retina and choroid: two different
tissue environments that require different defenses and surveillance. Prog. Retin. Eye Res70,
85-98. [PubMed: 30552975]

Mendes-Jorge L, Ramos D, Luppo M, Llombart C, Alexandre-Pires G, Nacher V, Melgarejo V,
Correia M, Navarro M, Carretero A, Tafuro S, Rodriguez-Baeza A, Esperanca-Pina JA, Bosch
F, Ruberte J, 2009. Scavenger function of resident autofluorescent perivascular macrophages and
their contribution to the maintenance of the blood-retinal barrier. Invest. Ophthalmol. Vis. Sci50,
5997-6005. [PubMed: 19608545]

Prog Retin Eye Res. Author manuscript; available in PMC 2021 September 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Uemura et al.

Page 46

Mesquida M, Drawnel F, Fauser S, 2019. The role of inflammation in diabetic eye disease. Semin.
Immunopathol41, 427-445. [PubMed: 31175392]

Meyer RD, Mohammadi M, Rahimi N, 2006. A single amino acid substitution in the activation loop
defines the decoy characteristic of VEGFR-1/FLT-1. J. Biol. Chem281, 867-875. [PubMed:
16286478]

Michaelson IC, Herz N, Lewkowitz E, Kertesz D, 1954. Effect of increased oxygen on the
development of the retinal vessels; an experimental study. Br. J. Ophthalmol38, 577-587.
[PubMed: 13199228]

Migdal M, Huppertz B, Tessler S, Comforti A, Shibuya M, Reich R, Baumann H, Neufeld G, 1998.
Neuropilin-1 is a placenta growth factor-2 receptor. J. Biol. Chem273, 22272-22278. [PubMed:
9712843]

Miller JW, 2016. Beyond VEGF - the Weisenfeld lecture. Invest. Ophthalmol. Vis. Sci57, 6911-6918.
[PubMed: 28027565]

Mintz-Hittner HA, Kennedy KA, Chuang AZ, 2011. Efficacy of intravitreal bevacizumab for stage 3+
retinopathy of prematurity. N. Engl. J. Med364, 603-615. [PubMed: 21323540]

Mitchell P, McAllister I, Larsen M, Staurenghi G, Korobelnik JF, Boyer DS, Do DV, Brown DM, Katz
TA, Berliner A, Vitti R, Zeitz O, Metzig C, Lu C, Holz FG, 2018. Evaluating the impact of
intravitreal aflibercept on diabetic retinopathy progression in the VIVID-DME and VISTA-DME
studies. Ophthalmol. Retina2, 988-996. [PubMed: 31047501]

Miyamoto N, de Kozak Y, Jeanny JC, Glotin A, Mascarelli F, Massin P, BenEzra D, Behar-Cohen
F, 2007. Placental growth factor-1 and epithelial haemato-retinal barrier breakdown: potential
implication in the pathogenesis of diabetic retinopathy. Diabetologia50, 461-470. [PubMed:
17187248]

Moran S, O’Keefe M, Hartnett C, Lanigan B, Murphy J, Donoghue V, 2014. Bevacizumab versus
diode laser in stage 3 posterior retinopathy of prematurity. Acta Ophthalmol92, e496-497.
[PubMed: 24428792]

Morita A, Sawada S, Mori A, Arima S, Sakamoto K, Nagamitsu T, Nakahara T, 2018. Establishment
of an abnormal vascular patterning model in the mouse retina. J. Pharmacol. Sci136, 177-188.
[PubMed: 29627228]

Motohashi R, Noma H, Yasuda K, Kotake O, Goto H, Shimura M, 2017. Dynamics of inflammatory
factors in aqueous humor during ranibizumab or aflibercept treatment for age-related macular
degeneration. Ophthalmic Res58, 209-216. [PubMed: 28796997]

Muether PS, Hermann MM, Droge K, Kirchhof B, Fauser S, 2013. Long-term stability of vascular
endothelial growth factor suppression time under ranibizumab treatment in age-related macular
degeneration. Am. J. Ophthalmol156, 989-993. [PubMed: 23938122]

Murakami M, Iwai S, Hiratsuka S, Yamauchi M, Nakamura K, Iwakura Y, Shibuya M, 2006. Signaling
of vascular endothelial growth factor receptor-1 tyrosine kinase promotes rheumatoid arthritis
through activation of monocytes/macrophages. Blood108, 1849-1856. [PubMed: 16709927]

Muramatsu M, Yamamoto S, Osawa T, Shibuya M, 2010. Vascular endothelial growth factor receptor-1
signaling promotes mobilization of macrophage lineage cells from bone marrow and stimulates
solid tumor growth. Cancer Res70, 8211-8221. [PubMed: 20924106]

Nagy JA, Dvorak AM, Dvorak HF, 2007. VEGF-A and the induction of pathological angiogenesis.
Annu. Rev. Pathol2, 251-275. [PubMed: 18039100]

Nathan C, Ding A, 2010. Nonresolving inflammation. Cell140, 871-882. [PubMed: 20303877]

Neo T, Gozawa M, Takamura Y, Inatani M, Oki M, 2020. Gene expression profile analysis of the
rabbit retinal vein occlusion model. PLoS Onel5, e0236928. [PubMed: 32735610]

Ng YS, Rohan R, Sunday ME, Demello DE, D’Amore PA, 2001. Differential expression of VEGF
isoforms in mouse during development and in the adult. Dev. Dynam220, 112-121.

Nguyen QD, Brown DM, Marcus DM, Boyer DS, Patel S, Feiner L, Gibson A, Sy J, Rundle AC,
Hopkins JJ, Rubio RG, Ehrlich JS, Rise Group RR, 2012. Ranibizumab for diabetic macular
edema: results from 2 phase Il randomized trials: RISE and RIDE. Ophthalmology119, 789—
801. [PubMed: 22330964]

Prog Retin Eye Res. Author manuscript; available in PMC 2021 September 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Uemura et al.

Page 47

Nguyen QD, De Falco S, Behar-Cohen F, Lam WC, Li X, Reichhart N, Ricci F, Pluim J, Li WW, 2018.
Placental growth factor and its potential role in diabetic retinopathy and other ocular neovascular
diseases. Acta Ophthalmol96, e1—e9. [PubMed: 27874278]

Nittala MG, Alagorie AR, Velaga SB, Zhou B, Rusakevich AM, Wykoff CC, Ip MS, Sadda S, 2020.
Effect of intravitreal aflibercept on diabetic retinopathy severity and visual function in subjects
with proliferative diabetic retinopathy. Invest. Ophthalmol. Vis. Sci61, 5280.

Noma H, Mimura T, Yasuda K, Shimura M, 2014. Role of soluble vascular endothelial growth factor
receptors-1 and -2, their ligands, and other factors in branch retinal vein occlusion with macular
edema. Invest. Ophthalmol. Vis. Sci55, 3878-3885. [PubMed: 24894397]

Noma H, Mimura T, Yasuda K, Shimura M, 2015. Role of soluble vascular endothelial growth factor
receptor signaling and other factors or cytokines in central retinal vein occlusion with macular
edema. Invest. Ophthalmol. Vis. Sci56, 1122-1128. [PubMed: 25634982]

Noma H, Mimura T, Yasuda K, Motohashi R, Kotake O, Shimura M, 2017. Aqueous humor levels of
soluble vascular endothelial growth factor receptor and inflammatory factors in diabetic macular
edema. Ophthalmologica238, 81-88. [PubMed: 28564655]

Nirnberg C, Kociok N, Brockmann C, Lischke T, Crespo-Garcia S, Reichhart N, Wolf S, Baumgrass
R, Eming SA, Beer-Hammer S, 2018. Myeloid cells contribute indirectly to VEGF expression
upon hypoxia via activation of Miller cells. Exp. Eye Res166, 56—69. [PubMed: 29042140]

O’Koren EG, Yu C, Klingeborn M, Wong AYW, Prigge CL, Mathew R, Kalnitsky J, Msallam RA,
Silvin A, Kay JN, Bowes Rickman C, Arshavsky VY, Ginhoux F, Merad M, Saban DR, 2019.
Microglial function is distinct in different anatomical locations during retinal homeostasis and
degeneration. Immunity50, 723-737. [PubMed: 30850344]

Odorisio T, Schietroma C, Zaccaria ML, Cianfarani F, Tiveron C, Tatangelo L, Failla CM, Zambruno
G, 2002. Mice overexpressing placenta growth factor exhibit increased vascularization and vessel
permeability. J. Cell Sci115, 2559-2567. [PubMed: 12045226]

Ogura S, Kurata K, Hattori Y, Takase H, Ishiguro-Oonuma T, Hwang Y, Ahn S, Park I, lkeda W,
Kusuhara S, Fukushima Y, Nara H, Sakai H, Fujiwara T, Matsushita J, Ema M, Hirashima M,
Minami T, Shibuya M, Takakura N, Kim P, Miyata T, Ogura Y, Uemura A, 2017. Sustained
inflammation after pericyte depletion induces irreversible blood-retina barrier breakdown. JCI
Insight2, e90905. [PubMed: 28194443]

Oh H, Takagi H, Takagi C, Suzuma K, Otani A, Ishida K, Matsumura M, Ogura Y, Honda Y,

1999. The potential angiogenic role of macrophages in the formation of choroidal neovascular
membranes. Invest. Ophthalmol. Vis. Sci40, 1891-1898. [PubMed: 10440240]

Olofsson B, Pajusola K, von Euler G, Chilov D, Alitalo K, Eriksson U, 1996. Genomic organization
of the mouse and human genes for vascular endothelial growth factor B (VEGF-B) and
characterization of a second splice isoform. J. Biol. Chem271, 19310-19317. [PubMed:
8702615]

Olsson AK, Dimberg A, Kreuger J, Claesson-Welsh L, 2006. VEGF receptor signalling - in control of
vascular function. Nat. Rev. Mol. Cell Biol7, 359-371. [PubMed: 16633338]

Ota M, Nishijima K, Sakamoto A, Murakami T, Takayama K, Horii T, Yoshimura N, 2010. Optical
coherence tomographic evaluation of foveal hard exudates in patients with diabetic maculopathy
accompanying macular detachment. Ophthalmology117, 1996-2002. [PubMed: 20723993]

Ozgurtas T, Tekin S, Yesildal F, Karaca U, Aydin FN, Ugurlu MT, Ozler M, Durukan H, 2016. A novel
model of retinopathy of prematurity in normobaric hyperoxic conditions. Int. J. Ophthalmol9,
1265-1270. [PubMed: 27672589]

Ozkaya A, Demir G, Kirmaci A, 2020. Comparison of aflibercept and ranibizumab in diabetic
macular edema associated with subretinal detachment. Eur. J. Ophthalmol30, 363-369. [PubMed:
30757913]

Papadopoulos N, Martin J, Ruan Q, Rafique A, Rosconi MP, Shi E, Pyles EA, Yancopoulos GD, Stahl
N, Wiegand SJ, 2012. Binding and neutralization of vascular endothelial growth factor (VEGF)
and related ligands by VEGF Trap, ranibizumab and bevacizumab. Angiogenesis15, 171-185.
[PubMed: 22302382]

Prog Retin Eye Res. Author manuscript; available in PMC 2021 September 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Uemura et al.

Page 48

Papapetropoulos A, Garcia-Cardena G, Madri JA, Sessa WC, 1997. Nitric oxide production contributes
to the angiogenic properties of vascular endothelial growth factor in human endothelial cells. J.
Clin. Invest100, 3131-3139. [PubMed: 9399960]

Park-Windhol C, Ng Y, Yang J, Primo V, Saint-Geniez M, D’ Amore PA, 2017. Endomucin inhibits
VEGF-induced endothelial cell migration, growth, and morphogenesis by modulating VEGFR2
signaling. Sci. Rep7, 17138. [PubMed: 29215001]

Park DY, Lee J, Kim J, Kim K, Hong S, Han S, Kubota Y, Augustin HG, Ding L, Kim JW, Kim
H, 2017. Plastic roles of pericytes in the blood-retinal barrier. Nat. Commun8, 1-16. [PubMed:
28232747]

Park JE, Chen HH, Winer J, Houck KA, Ferrara N, 1994. Placenta growth factor. Potentiation of
vascular endothelial growth factor bioactivity, in vitro and in vivo, and high affinity binding to
FIt-1 but not to FIk-1/KDR. J. Biol. Chem269, 25646-25654. [PubMed: 7929268]

Patel JC, 1989. Prevalence of cerebrovascular accident in 4349 diabetic cases. Indian J. Med. Sci43,
59-70. [PubMed: 2788618]

Peach CJ, Mignone VW, Arruda MA, Alcobia DC, Hill SJ, Kilpatrick LE, Woolard J, 2018. Molecular
pharmacology of VEGF-A isoforms: binding and signalling at VEGFR2. Int. J. Mol. Sci19,
1264.

Pearson PA, Comstock TL, Ip M, Callanan D, Morse LS, Ashton P, Levy B, Mann ES, Eliott D, 2011.
Fluocinolone acetonide intravitreal implant for diabetic macular edema: a 3-year multicenter,
randomized, controlled clinical trial. Ophthalmology118, 1580-1587. [PubMed: 21813090]

Pellet-Many C, Frankel P, Jia H, Zachary I, 2008. Neuropilins: structure, function and role in disease.
Biochem. J411, 211-226. [PubMed: 18363553]

Penfold PL, Madigan MC, Gillies MC, Provis JM, 2001. Immunological and aetiological aspects of
macular degeneration. Prog. Retin. Eye Res20, 385-414. [PubMed: 11286898]

Penn JS, Madan A, Caldwell RB, Bartoli M, Caldwell RW, Hartnett ME, 2008. Vascular endothelial
growth factor in eye disease. Prog. Retin. Eye Res27, 331-371. [PubMed: 18653375]

Philipp W, Speicher L, Humpel C, 2000. Expression of vascular endothelial growth factor and its
receptors in inflamed and vascularized human corneas. Invest. Ophthalmol. Vis. Sci41, 2514—
2522. [PubMed: 10937562]

Pielen A, Clark WL, Boyer DS, Ogura Y, Holz FG, Korobelnik JF, Stemper B, Asmus F, Rittenhouse
KD, Ahlers C, Vitti R, Saroj N, Zeitz O, Haller JA, 2017. Integrated results from the
COPERNICUS and GALILEO studies. Clin. Ophthalmol11, 1533-1540. [PubMed: 28883712]

Pierce EA, Avery RL, Foley ED, Aiello LP, Smith LE, 1995. Vascular endothelial growth factor/
vascular permeability factor expression in a mouse model of retinal neovascularization. Proc.
Natl. Acad. Sci. U. S. A92, 905-909. [PubMed: 7846076]

Pipp F, Heil M, Issbrucker K, Ziegelhoeffer T, Martin S, van den Heuvel J, Weich H, Fernandez B,
Golomb G, Carmeliet P, Schaper W, Clauss M, 2003. VEGFR-1-selective VEGF homologue
PIGF is arteriogenic: evidence for a monocyte-mediated mechanism. Circ. Res92, 378-385.
[PubMed: 12600898]

Pitulescu ME, Adams RH, 2014. Regulation of signaling interactions and receptor endocytosis in
growing blood vessels. Cell Adh. Mig8, 366-377.

Pongsachareonnont P, Mak MYK, Hurst CP, Lam WC, 2018. Neovascular age-related macular
degeneration: intraocular inflammatory cytokines in the poor responder to ranibizumab treatment.
Clin. Ophthalmol12, 1877-1885. [PubMed: 30310267]

Powner MB, Sim DA, Zhu M, Nobre-Cardoso J, Jones R, Syed A, Chang AA, Keane PA, Tufail A,
Egan CA, Fruttiger M, 2016. Evaluation of nonperfused retinal vessels in ischemic retinopathy.
Invest. Ophthalmol. Vis. Sci57, 5031-5037. [PubMed: 27661854]

Qian BZ, Zhang H, Li J, He T, Yeo EJ, Soong DY, Carragher NO, Munro A, Chang A, Bresnick
AR, Lang RA, Pollard JW, 2015. FLT1 signaling in metastasis-associated macrophages activates
an inflammatory signature that promotes breast cancer metastasis. J. Exp. Med212, 1433-1448.
[PubMed: 26261265]

Querques L, Parravano M, Sacconi R, Rabiolo A, Bandello F, Querques G, 2017. Ischemic index
changes in diabetic retinopathy after intravitreal dexamethasone implant using ultra-widefield
fluorescein angiography: a pilot study. Acta Diabetol54, 769-773. [PubMed: 28577137]

Prog Retin Eye Res. Author manuscript; available in PMC 2021 September 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Uemura et al.

Page 49

Raczynska D, Lisowska KA, Pietruczuk K, Borucka J, Slizien M, Raczynska K, Glasner L, Witkowski
JM, 2018. The level of cytokines in the vitreous body of severe proliferative diabetic retinopathy
patients undergoing posterior vitrectomy. Curr. Pharm. Des24, 3276-3281. [PubMed: 30255745]

Raikwar NS, Liu KZ, Thomas CP, 2013. Protein kinase C regulates FLT1 abundance and stimulates its
cleavage in vascular endothelial cells with the release of a soluble PIGF/VEGF antagonist. Exp.
Cell Res319, 2578-2587. [PubMed: 23911939]

Raisky O, Nykanen Al, Krebs R, Hollmen M, Keranen MA, Tikkanen JM, Sihvola R, Alhonen L,
Salven P, Wu Y, Hicklin DJ, Alitalo K, Koskinen PK, Lemstrom KB, 2007. VEGFR-1 and
-2 regulate inflammation, myocardial angiogenesis, and arteriosclerosis in chronically rejecting
cardiac allografts. Arterioscler. Thromb. Vasc. Biol27, 819-825. [PubMed: 17290032]

Rakic JM, Lambert V, Devy L, Luttun A, Carmeliet P, Claes C, Nguyen L, Foidart JM, Noel
A, Munaut C, 2003. Placental growth factor, a member of the VEGF family, contributes to
the development of choroidal neovascularization. Invest. Ophthalmol. Vis. Sci44, 3186-3193.
[PubMed: 12824270]

Rashid K, Akhtar-Schaefer I, Langmann T, 2019. Microglia in retinal degeneration. Front. Immunol10,
1975. [PubMed: 31481963]

Reyes NJ, O’Koren EG, Saban DR, 2017. New insights into mononuclear phagocyte biology from the
visual system. Nat. Rev. Immunol17, 322-332. [PubMed: 28345586]

Rittiphairoj T, Mir TA, Li T, Virgili G, 2020. Intravitreal steroids for macular edema in diabetes.
Cochrane Database Syst. Rev11l, CD005656. [PubMed: 33206392]

Robciuc MR, Kivela R, Williams 1M, de Boer JF, van Dijk TH, Elamaa H, Tigistu-Sahle F, Molotkov
D, Leppanen VM, Kakela R, Eklund L, Wasserman DH, Groen AK, Alitalo K, 2016. VEGFB/
VEGFR1-induced expansion of adipose vasculature counteracts obesity and related metabolic
complications. Cell Metab23, 712-724. [PubMed: 27076080]

Robinson R, Barathi VA, Chaurasia SS, Wong TY, Kern TS, 2012. Update on animal models of
diabetic retinopathy: from molecular approaches to mice and higher mammals. Dis Model
Mech5, 444-456. [PubMed: 22730475]

Roncal C, Buysschaert I, Gerdes N, Georgiadou M, Ovchinnikova O, Fischer C, Stassen JM, Moons
L, Collen D, De Bock K, Hansson GK, Carmeliet P, 2010. Short-term delivery of anti-PIGF
antibody delays progression of atherosclerotic plaques to vulnerable lesions. Cardiovasc. Res86,
29-36. [PubMed: 19952000]

Roskoski R Jr., 2008. VEGF receptor protein-tyrosine kinases: structure and regulation. Biochem.
Biophys. Res. Commun375, 287-291. [PubMed: 18680722]

Roubeix C, Dominguez E, Raoul W, Guillonneau X, Paques M, Sahel JA, Sennlaub F, 2019. Mo-
derived perivascular macrophage recruitment protects against endothelial cell death in retinal
vein occlusion. J. Neuroinflammation16, 157. [PubMed: 31351497]

Rubsam A, Parikh S, Fort PE, 2018. Role of inflammation in diabetic retinopathy. Int. J. Mol. Scil9,
942.

Rutar M, Natoli R, Provis JM, 2012. Small interfering RNA-mediated suppression of Ccl2 in Muller
cells attenuates microglial recruitment and photoreceptor death following retinal degeneration. J.
Neuroinflammation9, 221. [PubMed: 22992301]

Rymo SF, Gerhardt H, Wolfhagen Sand F, Lang R, Uv A, Betsholtz C, 2011. A two-way
communication between microglial cells and angiogenic sprouts regulates angiogenesis in aortic
ring cultures. PLoS One6, €15846. [PubMed: 21264342]

Ryu G, Park D, Lim J, van Hemert J, Sagong M, 2021. Macular microvascular changes and
their correlation with peripheral non-perfusion in branch retinal vein occlusion. Am. J.
Ophthalmol10.1016/j.aj0.2020.1012.1026.

Saban DR, 2018. New concepts in macrophage ontogeny in the adult neural retina. Cell. Immunol330,
79-85. [PubMed: 29703455]

Salman AG, Said AM, 2015. Structural, visual and refractive outcomes of intravitreal aflibercept
injection in high-risk prethreshold type 1 retinopathy of prematurity. Ophthalmic Res53, 15-20.
[PubMed: 25471087]

Prog Retin Eye Res. Author manuscript; available in PMC 2021 September 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Uemura et al.

Page 50

Sarda V, Eymard P, Hrarat L, Fajnkuchen F, Giocanti-Auregan A, 2020. Comparison of the effect of
ranibizumab and aflibercept on changes in macular choroidal thickness in patients treated for
diabetic macular edema. J. Ophthalmol2020, 5708354. [PubMed: 32850142]

Sarks SH, 1976. Ageing and degeneration in the macular region: a clinico-pathological study. Br. J.
Ophthalmol60, 324-341. [PubMed: 952802]

Sato T, Kusaka S, Hashida N, Saishin Y, Fujikado T, Tano Y, 2009. Comprehensive gene-expression
profile in murine oxygen-induced retinopathy. Br. J. Ophthalmol93, 96-103. [PubMed:
18838407]

Sawano A, Iwai S, Sakurai Y, Ito M, Shitara K, Nakahata T, Shibuya M, 2001. Flt-1, vascular
endothelial growth factor receptor 1, is a novel cell surface marker for the lineage of monocyte-
macrophages in humans. Blood97, 785-791. [PubMed: 11157498]

Schmidt-Erfurth U, Garcia-Arumi J, Bandello F, Berg K, Chakravarthy U, Gerendas BS, Jonas J,
Larsen M, Tadayoni R, Loewenstein A, 2017. Guidelines for the management of diabetic macular
edema by the European Society of Retina Specialists (EURETINA). Ophthalmologica237, 185-
222. [PubMed: 28423385]

Scott 1U, VanVeldhuisen PC, Ip MS, Blodi BA, Oden NL, Awh CC, Kunimoto DY, Marcus DM,
Wroblewski JJ, King J, 2017. Effect of bevacizumab vs aflibercept on visual acuity among
patients with macular edema due to central retinal vein occlusion: the SCORE2 randomized
clinical trial. J. Am. Med. Assoc317, 2072—-2087.

Selvam S, Kumar T, Fruttiger M, 2018. Retinal vasculature development in health and disease. Prog.
Retin. Eye Res63, 1-19. [PubMed: 29129724]

Selvaraj SK, Giri RK, Perelman N, Johnson C, Malik P, Kalra VK, 2003. Mechanism of monocyte
activation and expression of proinflammatory cytochemokines by placenta growth factor.
Blood102, 1515-1524. [PubMed: 12689930]

Semenza GL, 2001. HIF-1, O(2), and the 3 PHDs: how animal cells signal hypoxia to the nucleus.
Cell107, 1-3. [PubMed: 11595178]

Senger DR, Galli SJ, Dvorak AM, Perruzzi CA, Harvey VS, Dvorak HF, 1983. Tumor cells secrete a
vascular permeability factor that promotes accumulation of ascites fluid. Science219, 983-985.
[PubMed: 6823562]

Sennlaub F, Auvynet C, Calippe B, Lavalette S, Poupel L, Hu SJ, Dominguez E, Camelo S, Levy O,
Guyon E, 2013. CCR2+ monocytes infiltrate atrophic lesions in age-related macular disease and
mediate photoreceptor degeneration in experimental subretinal inflammation in Cx3crl deficient
mice. EMBO Mol. Med5, 1775-1793. [PubMed: 24142887]

Shalaby F, Rossant J, Yamaguchi TP, Gertsenstein M, Wu XF, Breitman ML, Schuh AC, 1995.
Failure of blood-island formation and vasculogenesis in FIk-1-deficient mice. Nature376, 62-66.
[PubMed: 7596435]

Shibuya M, 2013. Vascular endothelial growth factor and its receptor system: physiological functions
in angiogenesis and pathological roles in various diseases. J. Biochem153, 13-19. [PubMed:
23172303]

Shibuya M, 2015. VEGF-VEGFR system as a target for suppressing inflammation and other diseases.
Endocr. Metab. Immune Disord. - Drug Targets15, 135-144. [PubMed: 25772179]

Shima DT, Deutsch U, D’ Amore PA, 1995. Hypoxic induction of vascular endothelial growth factor
(VEGF) in human epithelial cells is mediated by increases in mRNA stability. FEBS Lett370,
203-208. [PubMed: 7656977]

Shimizu N, Oshitari T, Tatsumi T, Takatsuna Y, Arai M, Sato E, Baba T, Yamamoto S, 2017.
Comparisons of efficacy of intravitreal aflibercept and ranibizumab in eyes with diabetic macular
edema. BioMed Res. Int2017, 1747108. [PubMed: 28758110]

Shinkai A, Ito M, Anazawa H, Yamaguchi S, Shitara K, Shibuya M, 1998. Mapping of the sites
involved in ligand association and dissociation at the extracellular domain of the kinase insert
domain-containing receptor for vascular endothelial growth factor. J. Biol. Chem273, 31283—
31288. [PubMed: 9813036]

Sigler EJ, Randolph JC, Calzada JI, Wilson MW, Haik BG, 2014. Current management of Coats
disease. Surv. Ophthalmol59, 30—-46. [PubMed: 24138893]

Prog Retin Eye Res. Author manuscript; available in PMC 2021 September 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Uemura et al.

Page 51

Simons M, Gordon E, Claesson-Welsh L, 2016. Mechanisms and regulation of endothelial VEGF
receptor signalling. Nat. Rev. Mol. Cell Biol17, 611-625. [PubMed: 27461391]

Singh RP, EIman MJ, Singh SK, Fung AE, Stoilov I, 2019. Advances in the treatment of diabetic
retinopathy. J. Diabet. Complicat33, 107417.

Sivaprasad S, Prevost AT, Vasconcelos JC, Riddell A, Murphy C, Kelly J, Bainbridge J, Tudor-
Edwards R, Hopkins D, Hykin P, 2017. Clinical efficacy of intravitreal aflibercept versus
panretinal photocoagulation for best corrected visual acuity in patients with proliferative diabetic
retinopathy at 52 weeks (CLARITY): a multicentre, single-blinded, randomised, controlled,
phase 2b, non-inferiority trial. Lancet389, 2193-2203. [PubMed: 28494920]

Smith LE, Wesolowski E, McLellan A, Kostyk SK, D’Amato R, Sullivan R, D’Amore PA, 1994,
Oxygen-induced retinopathy in the mouse. Invest. Ophthalmol. Vis. Sci35, 101-111. [PubMed:
7507904]

Soker S, Takashima S, Miao HQ, Neufeld G, Klagsbrun M, 1998. Neuropilin-1 is expressed by
endothelial and tumor cells as an isoform-specific receptor for vascular endothelial growth factor.
Cell92, 735-745. [PubMed: 9529250]

Sood BG, Madan A, Saha S, Schendel D, Thorsen P, Skogstrand K, Hougaard D, Shankaran S,

Carlo W, Nichd Neonatal Research Network, 2010. Perinatal systemic inflammatory response
syndrome and retinopathy of prematurity. Pediatr. Res67, 394-400. [PubMed: 20032809]

Stacker SA, Stenvers K, Caesar C, Vitali A, Domagala T, Nice E, Roufail S, Simpson RJ, Moritz R,
Karpanen T, Alitalo K, Achen MG, 1999. Biosynthesis of vascular endothelial growth factor-D
involves proteolytic processing which generates non-covalent homodimers. J. Biol. Chem274,
32127-32136. [PubMed: 10542248]

Stahl A, 2018. [Review of clinical trials in retinopathy of prematurity : current state and future
perspectives]. Ophthalmologel115, 456-463. [PubMed: 29789899]

Stahl A, Krohne TU, Eter N, Oberacher-Velten I, Guthoff R, Meltendorf S, Ehrt O, Aisenbrey S,
Roider J, Gerding H, Jandeck C, Smith LEH, Walz JM, Comparing Alternative Ranibizumab
Dosages for, S., Efficacy in Retinopathy of Prematurity Study, G., 2018. Comparing alternative
ranibizumab dosages for safety and efficacy in retinopathy of prematurity: a randomized clinical
trial. JAMA Pediatrl72, 278-286. [PubMed: 29309486]

Stahl A, Lepore D, Fielder A, Fleck B, Reynolds JD, Chiang MF, Li J, Liew M, Maier R, Zhu Q,
Marlow N, 2019. Ranibizumab versus laser therapy for the treatment of very low birthweight
infants with retinopathy of prematurity (RAINBOW): an open-label randomised controlled trial.
Lancet394, 1551-1559. [PubMed: 31522845]

Stalmans I, Ng YS, Rohan R, Fruttiger M, Bouche A, Yuce A, Fujisawa H, Hermans B, Shani M,
Jansen S, Hicklin D, Anderson DJ, Gardiner T, Hammes HP, Moons L, Dewerchin M, Collen D,
Carmeliet P, D’Amore PA, 2002. Arteriolar and venular patterning in retinas of mice selectively
expressing VEGF isoforms. J. Clin. Invest109, 327-336. [PubMed: 11827992]

Stefater JA 3rd, Lewkowich I, Rao S, Mariggi G, Carpenter AC, Burr AR, Fan J, Ajima R, Molkentin
JD, Williams BO, Wills-Karp M, Pollard JW, Yamaguchi T, Ferrara N, Gerhardt H, Lang
RA, 2011. Regulation of angiogenesis by a non-canonical Wnt-FIt1 pathway in myeloid cells.
Nature474, 511-515. [PubMed: 21623369]

Stewart EA, Samaranayake GJ, Browning AC, Hopkinson A, Amoaku WM, 2011. Comparison of
choroidal and retinal endothelial cells: characteristics and response to VEGF isoforms and anti-
VEGF treatments. Exp. Eye Res93, 761-766. [PubMed: 21970900]

Stitt AW, Simpson DA, Boocock C, Gardiner TA, Murphy GM, Archer DB, 1998. Expression of
vascular endothelial growth factor (VEGF) and its receptors is regulated in eyes with intra-ocular
tumours. J. Pathol186, 306-312. [PubMed: 10211121]

Stone J, Itin A, Alon T, Pe’er J, Gnessin H, Chan-Ling T, Keshet E, 1995. Development of
retinal vasculature is mediated by hypoxia-induced vascular endothelial growth factor (VEGF)
expression by neuroglia. J. Neuroscil5, 4738-4747. [PubMed: 7623107]

Stuart T, Satija R, 2019. Integrative single-cell analysis. Nat. Rev. Genet20, 257-272. [PubMed:
30696980]

Subhi Y, Krogh Nielsen M, Molbech CR, Oishi A, Singh A, Nissen MH, Sorensen TL, 2019.

Plasma markers of chronic low-grade inflammation in polypoidal choroidal vasculopathy

Prog Retin Eye Res. Author manuscript; available in PMC 2021 September 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Uemura et al.

Page 52

and neovascular age-related macular degeneration. Acta Ophthalmol97, 99-106. [PubMed:
30288946]

Sukgen EA, Kocluk Y, 2019. Comparison of clinical outcomes of intravitreal ranibizumab and
aflibercept treatment for retinopathy of prematurity. Graefes Arch. Clin. Exp. Ophthalmol257,
49-55. [PubMed: 30397793]

Sulpice E, Plouet J, Berge M, Allanic D, Tobelem G, Merkulova-Rainon T, 2008. Neuropilin-1
and neuropilin-2 act as coreceptors, potentiating proangiogenic activity. Blood111, 2036—2045.
[PubMed: 18065694]

Sun'Y, Lin Z, Liu CH, Gong Y, Liegl R, Fredrick TW, Meng SS, Burnim SB, Wang Z, Akula JD, Pu
WT, Chen J, Smith LEH, 2017. Inflammatory signals from photoreceptor modulate pathological
retinal angiogenesis via c-Fos. J. Exp. Med214, 1753-1767. [PubMed: 28465464]

Suzuki M, Tsujikawa M, Itabe H, Du ZJ, Xie P, Matsumura N, Fu X, Zhang R, Sonoda KH, Egashira
K, Hazen SL, Kamei M, 2012. Chronic photo-oxidative stress and subsequent MCP-1 activation
as causative factors for age-related macular degeneration. J. Cell Sci125, 2407-2415. [PubMed:
22357958]

Takahashi T, Shibuya M, 1997. The 230 kDa mature form of KDR/FIK-1 (VEGF receptor-2)
activates the PLC-gamma pathway and partially induces mitotic signals in NIH3T3 fibroblasts.
Oncogenel4, 2079-2089. [PubMed: 9160888]

Tang J, Kern TS, 2011. Inflammation in diabetic retinopathy. Prog. Retin. Eye Res30, 343-358.
[PubMed: 21635964]

Tarallo V, Vesci L, Capasso O, Esposito MT, Riccioni T, Pastore L, Orlandi A, Pisano C, De Falco S,
2010. A placental growth factor variant unable to recognize vascular endothelial growth factor
(VEGF) receptor-1 inhibits VEGF-dependent tumor angiogenesis via heterodimerization. Cancer
Res70, 1804-1813. [PubMed: 20145150]

Tarallo V, laccarino E, Cicatiello V, Sanna R, Ruvo M, De Falco S, 2020. Oral delivery of a tetrameric
tripeptide inhibitor of VEGFR1 suppresses pathological choroid neovascularization. Int. J. Mol.
Sci21, 410.

Ten Berge JC, Fazil Z, van den Born I, Wolfs RCW, Schreurs MWJ, Dik WA, Rothova A,

2019. Intraocular cytokine profile and autoimmune reactions in retinitis pigmentosa, age-
related macular degeneration, glaucoma and cataract. Acta Ophthalmol97, 185-192. [PubMed:
30298670]

Terman BI, Dougher-Vermazen M, Carrion ME, Dimitrov D, Armellino DC, Gospodarowicz D,
Bohlen P, 1992. Identification of the KDR tyrosine kinase as a receptor for vascular endothelial
cell growth factor. Biochem. Biophys. Res. Commun187, 1579-1586. [PubMed: 1417831]

Thorell MR, Goldhardt R, Nunes RP, de Amorim Garcia Filho CA, Abbey AM, Kuriyan AE,

Modi Y'S, Gregori G, Yehoshua Z, Feuer W, Sadda S, Rosenfeld PJ, 2015. Association
between subfoveal choroidal thickness, reticular pseudodrusen, and geographic atrophy in age-
related macular degeneration. Ophthalmic Surg. Lasers Imaging Retina46, 513-521. [PubMed:
26057754]

Tsai T, Kuehn S, Tsiampalis N, Vu MK, Kakkassery V, Stute G, Dick HB, Joachim SC, 2018. Anti-
inflammatory cytokine and angiogenic factors levels in vitreous samples of diabetic retinopathy
patients. PLoS Onel3, e0194603. [PubMed: 29584759]

Tsilimbaris MK, Lopez-Galvez MI, Gallego-Pinazo R, Margaron P, Lambrou GN, 2016.
Epidemiological and clinical baseline characteristics as predictive biomarkers of pesponse to
anti-VEGF treatment in patients with neovascular AMD. J. Ophthalmol4367631. [PubMed:
27073691]

Tsutsumi C, Sonoda KH, Egashira K, Qiao H, Hisatomi T, Nakao S, Ishibashi M, Charo IF, Sakamoto
T, Murata T, Ishibashi T, 2003. The critical role of ocular-infiltrating macrophages in the
development of choroidal neovascularization. J. Leukoc. Biol74, 25-32. [PubMed: 12832439]

Tudisco L, Orlandi A, Tarallo V, De Falco S, 2017. Hypoxia activates placental growth factor
expression in lymphatic endothelial cells. Oncotarget8, 32873—-32883. [PubMed: 28427198]

Uemura A, Ogawa M, Hirashima M, Fujiwara T, Koyama S, Takagi H, Honda Y, Wiegand SJ,
Yancopoulos GD, Nishikawa S-1, 2002. Recombinant angiopoietin-1 restores higher-order

Prog Retin Eye Res. Author manuscript; available in PMC 2021 September 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Uemura et al.

Page 53

architecture of growing blood vessels in mice in the absence of mural cells. J. Clin. Invest110,
1619-1628. [PubMed: 12464667]

Uniewicz KA, Fernig DG, 2008. Neuropilins: a versatile partner of extracellular molecules that
regulate development and disease. Front. Bioscil3, 4339-4360. [PubMed: 18508514]

Vaisman N, Gospodarowicz D, Neufeld G, 1990. Characterization of the receptors for vascular
ndothelial growth factor. J. Biol. Chem265, 19461-19466. [PubMed: 2246236]

Valdez CN, Arboleda-Velasquez JF, Amarnani DS, Kim LA, D’Amore PA, 2014. Retinal
microangiopathy in a mouse model of inducible mural cell loss. Am. J. Pathol184, 2618-2626.
[PubMed: 25092275]

Van Bergen T, Hu TT, Etienne I, Reyns GE, Moons L, Feyen JHM, 2017. Neutralization of placental
growth factor as a novel treatment option in diabetic retinopathy. Exp. Eye Res165, 136-150.
[PubMed: 28965804]

Van Bergen T, Etienne I, Cunningham F, Moons L, Schlingemann RO, Feyen JHM, Stitt AW, 2019.
The role of placental growth factor (PIGF) and its receptor system in retinal vascular diseases.
Prog. Retin. Eye Res69, 116-136. [PubMed: 30385175]

Van de Veire S, Stalmans I, Heindryckx F, Oura H, Tijeras-Raballand A, Schmidt T, Loges S, Albrecht
1, Jonckx B, Vinckier S, 2010. Further pharmacological and genetic evidence for the efficacy of
PIGF inhibition in cancer and eye disease. Cell141, 178-190. [PubMed: 20371353]

VanderVeen DK, Cataltepe SU, 2019. Anti-vascular endothelial growth factor intravitreal therapy for
retinopathy of prematurity. Semin. Perinatol43, 375-380. [PubMed: 31174872]

Virgili G, Parravano M, Evans JR, Gordon I, Lucenteforte E, 2018. Anti-vascular endothelial growth
factor for diabetic macular oedema: a network meta-analysis. Cochrane Database Syst. Rev10,
CD007419. [PubMed: 30325017]

Vujosevic S, Bini S, Torresin T, Berton M, Midena G, Parrozzani R, Martini F, Pucci P, Daniele AR,
Cavarzeran F, Midena E, 2017. Hyperreflective retinal spots in normal and diabetic eyes: B-scan
and en face spectral domain optical coherence tomography Evaluation. Retina37, 1092-1103.
[PubMed: 27668929]

Wang T, Tsirukis DI, Sun Y, 2020. Targeting neuroinflammation in neovascular retinal diseases. Front.
Pharmacol11l, 234. [PubMed: 32210818]

Wells JA, Glassman AR, Ayala AR, Jampol LM, Aiello LP, Antoszyk AN, Arnold-Bush B, Baker CW,
Bressler NM, Browning DJ, EIman MJ, Ferris FL, Friedman SM, Melia M, Pieramici DJ, Sun
JK, Beck RW, 2015. Aflibercept, bevacizumab, or ranibizumab for diabetic macular edema. N.
Engl. J. Med372, 1193-1203. [PubMed: 25692915]

Wells JA, Glassman AR, Ayala AR, Jampol LM, Bressler NM, Bressler SB, Brucker AJ, Ferris FL,
Hampton GR, Jhaveri C, Melia M, Beck RW, 2016. Aflibercept, bevacizumab, or ranibizumab
for diabetic macular edema: two-year results from a comparative effectiveness randomized
clinical trial. Ophthalmology123, 1351-1359. [PubMed: 26935357]

West DC, Rees CG, Duchesne L, Patey SJ, Terry CJ, Turnbull JE, Delehedde M, Heegaard CW,
Allain F, Vanpouille C, Ron D, Fernig DG, 2005. Interactions of multiple heparin binding growth
factors with neuropilin-1 and potentiation of the activity of fibroblast growth factor-2. J. Biol.
Chem280, 13457-13464. [PubMed: 15695515]

Wettschureck N, Strilic B, Offermanns S, 2019. Passing the vascular barrier: endothelial signaling
processes controlling extravasation. Physiol. Rev99, 1467-1525. [PubMed: 31140373]

Whitcup SM, Nussenblatt RB, Lightman SL, Hollander DA, 2013. Inflammation in retinal disease. Int.
J. Inflamm2013, 724648.

Whitcup SM, Cidlowski JA, Csaky KG, Ambati J, 2018. Pharmacology of corticosteroids for diabetic
macular edema. Invest. Ophthalmol. Vis. Sci59, 1-12. [PubMed: 29297055]

Wild JR, Staton CA, Chapple K, Corfe BM, 2012. Neuropilins: expression and roles in the epithelium.
Int. J. Exp. Pathol93, 81-103.

Wise GN, 1961. Factors influencing retinal new vessel formation. Am. J. Ophthalmol52, 637—650.
[PubMed: 14007666]

Wolter JR, 1961. Retinal pathology after central retinal vein occlusion. Br. J. Ophthalmol45, 683-694.
[PubMed: 18170723]

Prog Retin Eye Res. Author manuscript; available in PMC 2021 September 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Uemura et al.

Page 54

Wong TY, Sun J, Kawasaki R, Ruamviboonsuk P, Gupta N, Lansingh VVC, Maia M, Mathenge W,
Moreker S, Mugit MMK, Resnikoff S, Vlerdaguer J, Zhao P, Ferris F, Aiello LP, Taylor HR, 2018.
Guidelines on diabetic eye care: the International Council of Ophthalmology recommendations
for screening, follow-up, referral, and treatment based on resource settings. Ophthalmology125,
1608-1622. [PubMed: 29776671]

Writing Committee for the Diabetic Retinopathy Clinical Research, N., Gross JG, Glassman AR,
Jampol LM, Inusah S, Aiello LP, Antoszyk AN, Baker CW, Berger BB, Bressler NM, Browning
D, Elman MJ, Ferris FL 3rd, Friedman SM, Marcus DM, Melia M, Stockdale CR, Sun JK, Beck
RW, 2015. Panretinal photocoagulation vs intravitreous ranibizumab for proliferative diabetic
retinopathy: a randomized clinical trial. J. Am. Med. Assoc314, 2137-2146.

Wykoff CC, 2017. Impact of intravitreal pharmacotherapies including antivascular endothelial growth
factor and corticosteroid agents on diabetic retinopathy. Curr. Opin. Ophthalmol28, 213-218.
[PubMed: 28376510]

Wykoff CC, Chakravarthy U, Campochiaro PA, Bailey C, Green K, Cunha-Vaz J, 2017. Long-term
effects of intravitreal 0.19 mg fluocinolone acetonide implant on progression and regression of
diabetic retinopathy. Ophthalmology124, 440-449. [PubMed: 28081945]

Xiang L, Varshney R, Rashdan NA, Shaw JH, Lloyd PG, 2014. Placenta growth factor and vascular
endothelial growth factor a have differential, cell-type specific patterns of expression in vascular
cells. Microcirculation21, 368-379. [PubMed: 24410720]

Xu H, Chen M, Forrester JV, 2009. Para-inflammation in the aging retina. Prog. Retin. Eye Res28,
348-368. [PubMed: 19560552]

Yang W, Ahn H, Hinrichs M, Torry RJ, Torry DS, 2003. Evidence of a novel isoform of placenta
growth factor (PIGF-4) expressed in human trophoblast and endothelial cells. J. Reprod.
Immunol60, 53-60. [PubMed: 14568677]

Yang X, Zhang Y, Yang Y, Lim S, Cao Z, Rak J, Cao Y, 2013. Vascular endothelial growth factor-
dependent spatiotemporal dual roles of placental growth factor in modulation of angiogenesis and
tumor growth. Proc. Natl. Acad. Sci. U. S. A110, 13932-13937. [PubMed: 23918367]

Yang XM, Zhao Y X, Wang ZH, Liu L, 2018. Effect of anti-VEGF treatment on retinopathy of
prematurity in Zone Il Stage 3. Int. J. Ophthalmol11, 641-644. [PubMed: 29675384]

Yao P, Potdar AA, Ray PS, Eswarappa SM, Flagg AC, Willard B, Fox PL, 2013. The HILDA complex
coordinates a conditional switch in the 3’-untranslated region of the VEGFA mRNA. PLoS
Biol11, e1001635. [PubMed: 23976881]

Yau JW, Rogers SL, Kawasaki R, Lamoureux EL, Kowalski JW, Bek T, Chen SJ, Dekker JM, Fletcher
A, Grauslund J, Haffner S, Hamman RF, Ikram MK, Kayama T, Klein BE, Klein R, Krishnaiah
S, Mayurasakorn K, O’Hare JP, Orchard TJ, Porta M, Rema M, Roy MS, Sharma T, Shaw J,
Taylor H, Tielsch JM, Varma R, Wang JJ, Wang N, West S, Xu L, Yasuda M, Zhang X, Mitchell
P, Wong TY, Meta-Analysis for Eye Disease Study Group, 2012. Global prevalence and major
risk factors of diabetic retinopathy. Diabetes Care35, 556-564. [PubMed: 22301125]

Yonekura H, Sakurai S, Liu X, Migita H, Wang H, Yamagishi S, Nomura M, Abedin MJ, Unoki H,
Yamamoto Y, Yamamoto H, 1999. Placenta growth factor and vascular endothelial growth factor
B and C expression in microvascular endothelial cells and pericytes. Implication in autocrine and
paracrine regulation of angiogenesis. J. Biol. Chem274, 35172-35178. [PubMed: 10575000]

Yoo SA, Yoon HJ, Kim HS, Chae CB, De Falco S, Cho CS, Kim WU, 2009. Role of placenta
growth factor and its receptor flt-1 in rheumatoid inflammation: a link between angiogenesis and
inflammation. Arthritis Rheum60, 345-354. [PubMed: 19180491]

Yoon JM, Shin DH, Kim SJ, Ham DI, Kang SW, Chang YS, Park WS, 2017. Outcomes after laser
versus combined laser and bevacizumab treatment for type 1 retinopathy of prematurity in zone 1.
Retina37, 88-96. [PubMed: 27347645]

Yu C, Xie S, Niu S, Ji Z, Fan W, Yuan S, Liu Q, Chen Q, 2019. Hyper-reflective foci segmentation
in SD-OCT retinal images with diabetic retinopathy using deep convolutional neural networks.
Med. Phys46, 4502-4519. [PubMed: 31315159]

Zanzottera EC, Messinger JD, Ach T, Smith RT, Curcio CA, 2015. Subducted and melanotic cells in
advanced age-related macular degeneration are derived from retinal pigment epithelium. Invest.
Ophthalmol. Vis. Sci56, 3269-3278. [PubMed: 26024109]

Prog Retin Eye Res. Author manuscript; available in PMC 2021 September 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Uemura et al.

Page 55

Zhang P, Wang Y, Hui Y, Hu D, Wang H, Zhou J, Du H, 2007. Inhibition of VEGF expression by
targeting HIF-1 alpha with small interference RNA in human RPE cells. Ophthalmologica221,
411-417. [PubMed: 17947829]

Zhang Y, Chioreso C, Schweizer ML, Abramoff MD, 2017. Effects of aflibercept for neovascular
age-related macular degeneration: a systematic review and meta-analysis of observational
comparative studies. Invest. Ophthalmol. Vis. Sci58, 5616-5627. [PubMed: 29094167]

Zhou J, Wang S, Xia X, 2012. Role of intravitreal inflammatory cytokines and angiogenic factors in
proliferative diabetic retinopathy. Curr. Eye Res37, 416-420. [PubMed: 22409294]

Zhou R, Caspi RR, 2010. Ocular immune privilege. F1000 Biol. Rep210.3410/B3412-3413.

Ziche M, Maglione D, Ribatti D, Morbidelli L, Lago CT, Battisti M, Paoletti I, Barra A, Tucci M,
Parise G, Vincenti V, Granger HJ, Viglietto G, Persico MG, 1997a. Placenta growth factor-1 is
chemotactic, mitogenic, and angiogenic. Lab. Invest76, 517-531. [PubMed: 9111514]

Ziche M, Morbidelli L, Choudhuri R, Zhang HT, Donnini S, Granger HJ, Bicknell R, 1997b. Nitric
oxide synthase lies downstream from vascular endothelial growth factor-induced but not basic
fibroblast growth factor-induced angiogenesis. J. Clin. Invest99, 2625-2634. [PubMed: 9169492]

Prog Retin Eye Res. Author manuscript; available in PMC 2021 September 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Uemura et al.

Retinal VEGFR1 expression VEGFR1 signaling pathway
shown in an endothelial cell
Fluid leakage,
accumulation

VEGF-A VEGF-A/PIGF PIGF
and edema

heterodimer
("] (")
) N
Retinal \
vasculature “ b
with pericytes
v

Miiller cell

88
Photoreceptor binding to
cell VEGFR1

Microglial
cell

Retinal
pigment
epithelium

Bruch's
membrane

-

5 i,, Activated

./ lmicroglial cell

Page 56

Consequences of excess VEGFR1
signaling in choroid and retina

Activated macrophage, and

lew vessels and breach
of Bruch’s membrane
Drusen deposit

within Bruch's

Chorio-capillaris
with pericytes

Endothelial cell Endothelial cell Macrophage Vascular
proliferation survival migration bilit . o

-~ eration permeaniity,, Pericyte stripping

fluid leakage

accumulation and edema

" .
Angiogenesis

Fig. 1.

chhematic representation of VEGFRL in the choroid and retina and VEGFR1 signaling
(for illustrative purposes and not to scale). A. VEGFRL1 expression in various types of
cells, including vascular endothelial cells, pericytes, mononuclear phagocytes, Miller cells,
photoreceptor cells, and the retinal pigment epithelium. B. VEGFR1 signaling through
VEGF-A and/or PIGF, via a variety of different pathways, contributing to numerous
pathologic processes in endothelial cells and pericytes in the choroid and retina: pericyte
ablation, loss of tight junctions between endothelial cells, vasodilation, breakdown of

the blood-retinal-barrier, increased permeability and leakage, edema and hemorrhage in
surrounding tissue, neutrophil migration and monocyte migration and differentiation into
macrophages, influx of pro-inflammatory cytokines e.g. tumor necrosis factor-a and
interleukin-6 into surrounding tissue, increased angiogenic sprouts and neoangiogenesis. C.
Consequences of excess VEGFR1 signaling in the choroid and retina: in retinal pigment
cells: neoangiogenesis of vessels through Bruch’s membrane into the retinal pigment
epithelium, loss of retinal pigment cells; in photoreceptor cells: loss of photoreceptor
integrity, rod death and cone segment loss; in Miller cells: Mdller cell activation;

in microglial cells: recruitment, accumulation, and activation of microglial cells and

other retinal macrophages, release of pro-inflammatory cytokines e.g. platelet-derived
growth factor-A, soluble intracellular adhesion molecule-1, CC chemokine ligand 2, and
interleukin-8, leading to the development of hyperreflective foci.
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Fig. 2.

VEGFR1 and VEGFR?2 and the family of ligands and co-receptors. There are five VEGFR
ligands, of which VEGF-A binds to both VEGFR1 and VEGFRZ2, and PIGF only binds
VEGFR1. Splicing creates isoforms of both VEGF-A and PIGF. In addition, soluble/secreted
versions of VEGFR1 and VEGFR2 can be produced via alternative splicing or proteolytic
cleavage retaining the extracellular ligand—binding domains. Furthermore, VEGF-A and
PIGF are able to bind neuropilin (NRP) 1 and 2, bridging VEGFRs and NRP1 or NRP2 to
create holoreceptor complexes. VEGF-A and PIGF ligands and the VEGFR1 and VEGFR2
receptors can form heterodimers as well as homodimers. Functional synergistic effects of
PIGF and VEGF-A are due to sharing of the common receptor, VEGFRL1, and the ability to

heterodimerize.
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Fig. 3.

P;f-DE-Ki mice, a fully functional Pg~KO model achieved by knocking in the Pg£DE
variant unable to bind and activate VEGFR1, show robust reduction of CNV and protection
from vascular leakage. A. CNV volumes measured 7 days after laser-induced damage

by Isolectin B4 staining of RPE-choroid flat mounts. B. Q ualitative fundus fluorescein
angiography in C57BL6/J, PgF-KO, and Pgf£DE-Knock-in mice acquired at three different
times (early — 1 min, intermediate — 5 min, late — 15 min) after intraperitoneal delivery of
fluorescein at Days 3, 7, and 14 after laser-induced damage. Reproduced under Creative
Common CC-BY license (Apicella et al., 2018).
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Fig. 4.

VEGFR1 signal in a mouse model of pericyte-deficient retinopathy (pups intraperitoneally
injected with an anti-platelet-derived growth factor receptor  monoclonal antibody [clone
APBS5 in A-H] or control phosphate-buffered saline [A-E]) at postnatal day [P]1). A.
Labeling of retinal endothelial cells (ECs) and pericytes (PCs) at P5 by whole-mount
immunohistochemistry (WIHC) for CD31 and NG2, respectively. Note the absence of

PCs and disorganized vascular networks in the APB5-treated retina. B. Hematoxylin and
eosin (HE) staining of paraffin sections from P10 retinas showing edema and hemorrhage
in the APB5-treated retina. C. Flow cytometry in P8 retinas. Tissue-resident microglia

and inflammatory mononuclear phagocytes (MPs) are represented by CD45/°loCD11b*
and CD45NCD11b* cells, respectively. Note the high VEGFR1 expression level in
CD45NCD11b*Ly6C* MPs from the APB5-treated retinas. D. Retinal whole-mount in situ
hybridization for Vegfa (left) and Pgf (right) at P8 in conjunction with labeling of vascular
basement membranes and MPs by WIHC for type IV collagen and Ibal, respectively. Note
the upregulation of Vegfaand Pgfin perivascular MPs of the APB5-treated retinas. E.
VEGFR1 reporter expression in P8 retinas from Vegfr1-BAC-DsRed mice in conjunction
with WIHC for Ibal. Note the VEGFR1-expressing MP (arrowhead) in the APB5-treated
retina. F. Retinal cups (upper) and WIHC for CD31 and Ibal (lower) at P11 in APB5-treated
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VEGFR1-TK mice. Note the suppression of retinal edema and MP infiltration even without
PC coverage in VEGFRI1-TK“mice. The graphs show the number of Ibal* cells per area
and the vessel density (7= 20). G. The trajectory of MPs in APB5-treated retinas from

P8 Cx3crl-GFP mice. After 3 h ex vivo imaging, retinas were treated with control 1gG

or aflibercept, and further monitored for 3 h. The graphs show quantification of cell body
movement velocity (Pre 19G, n= 68; Post IgG, n7=56; Pre VEGF Trap, n=52; Post VEGF
Trap, n=47) and total dendrite length per cell (Pre 19gG, n= 40; Post 1gG, 7= 34; Pre
VEGF Trap, n=43; Post VEGF Trap, 7= 33). H. Labeling for isolectin B4 (1B4), ICAM-1,
and Ibal at P13 in APB5-treated retinas after intravitreal injections of control 1gG or
aflibercept at P7. Note the normalization of vascular networks with reduced MP infiltration
after aflibercept injection. 1. Schematic diagram of EC-MP interactions in PC-deficient
retina. In ECs, activation of nuclear factor of activated T cells (NFAT) leads to upregulation
of CCL2, which subsequently facilitates the influx of circulating CCR2* monocytes. The
infiltrating monocytes and activated microglia contribute to generation of inflammatory
MPs, which secrete VEGF-A and PIGF, and activate VEGFR1 in MPs and VEGFR2 in ECs.
The VEGF-A-VEGFR?2 signal further activates NFAT. This positive feedback loop sustains
breakdown of the blood-retina barrier. In box-and-whisker plots, median (line within the
box), upper and lower quartile (bounds of the box), with minimum and maximum values
(bars) are shown. ***p < 0.001; NS, not significant, by Student’s #test. Scale bars, 50 um
(A and B); 20 um (D and E); 100 um (F and H). Adapted from Ogura et al. (2017) with
permission from American Society for Clinical Investigation.
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Fig. 5.
Effects of PIGF and VEGF inhibition on mononuclear phagocytes in retinal flat mounts in

the laser-induced mouse model of CNV. A and B. Quantification of microglia/macrophages
per laser spot in retinal flat mounts 3 and 7 days, respectively, after laser-induced damage. C
and D. Quantification of ionized calcium-binding adaptor molecule 1 signals 3 and 7 days,
respectively, after laser coagulation in retinal flat mounts by counting the mean of colored
pixels per image. E, F, and G. Interleukin-6, interleukin-1@, and tumor necrosis factor
levels, respectively, in retinal flat mounts 6 h after laser damage quantified by enzyme-linked
immunosorbent assay with naive (not lasered) animals used as controls. Reproduced under
Creative Common CC-BY license (Balser et al., 2019).
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