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Abstract: Complications from diabetic retinopathy such as diabetic macular edema (DME) and prolif-
erative diabetic retinopathy (PDR) constitute leading causes of preventable vision loss in working-age
patients. Since vascular endothelial growth factor (VEGF) plays a major role in the pathogenesis
of these complications, VEGF inhibitors have been the cornerstone of their treatment. Anti-VEGF
monotherapy is an effective but burdensome treatment for DME. However, due to the intensive and
burdensome treatment, most patients in routine clinical practice are undertreated, and therefore,
their outcomes are compromised. Even in adequately treated patients, persistent DME is reported
anywhere from 30% to 60% depending on the drug used. PDR is currently treated by anti-VEGF,
panretinal photocoagulation (PRP) or a combination of both. Similarly, a number of eyes, despite
these treatments, continue to progress to tractional retinal detachment and vitreous hemorrhage.
Clearly there are other molecular pathways other than VEGF involved in the pathogenesis of DME
and PDR. One of these pathways is the angiopoietin–Tie signaling pathway. Angiopoietin 1 (Ang1)
plays a major role in maintaining vascular quiescence and stability. It acts as a molecular brake
against vascular destabilization and inflammation that is usually promoted by angiopoietin 2 (Ang2).
Several pathological conditions including chronic hyperglycemia lead to Ang2 upregulation. Recent
regulatory approval of the bi-specific antibody, faricimab, may improve long term outcomes in
DME. It targets both the Ang/Tie and VEGF pathways. The YOSEMITE and RHINE were multicen-
ter, double-masked, randomized non-inferiority phase 3 clinical trials that compared faricimab to
aflibercept in eyes with center-involved DME. At 12 months of follow-up, faricimab demonstrated
non-inferior vision gains, improved anatomic outcomes and a potential for extended dosing when
compared to aflibercept. The 2-year results of the YOSEMITE and RHINE trials demonstrated that
the anatomic and functional results obtained at the 1 year follow-up were maintained. Short term
outcomes of previously treated and treatment-naive eyes with DME that were treated with faricimab
during routine clinical practice suggest a beneficial effect of faricimab over other agents. Targeting
of Ang2 has been reported by several other means including VE-PTP inhibitors, integrin binding
peptide and surrobodies.

Keywords: diabetic retinopathy; diabetic macular edema; retinal neovascularization; retinal
angiogenesis; angiopoietins; Tie2; angiopoietin–tie pathway; faricimab

1. Introduction

The global prevalence of diabetes mellitus (DM) has reached epidemic proportions
without an end in sight. According to estimates of the International Diabetes Federation
(IDF), in 2021, there were 537 million people affected by DM worldwide. By 2030, this
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number is estimated to increase to 643 million people and to 783 million by 2040. The vast
majority of this increase will occur in low- and middle-income countries. Furthermore,
240 million people with DM are currently undiagnosed. Most of these undiagnosed
individuals also live in low- and middle-income countries [1]. All of these individuals will
be at risk of developing diabetic retinopathy (DR).

If left untreated, patients with DR can suffer severe visual loss [2]. In developed
countries DR constitutes the leading cause of blindness in the working-age population and
has a considerable economic impact on society particularly on healthcare systems [3–7].

DR is a progressive condition characterized by microvascular alterations that lead to
retinal ischemia, an increase in retinal vasopermeability, retinal neovascularization and
macular edema [8,9]. Diabetic macular edema (DME) is characterized by an excessive vas-
cular permeability that leads to an extravasation of plasma constituents and accumulation
of extracellular fluid in the inner retina [10]. Proliferative diabetic retinopathy (PDR) is
characterized by progressive retinal ischemia which leads to retinal neovascularization and
tractional retinal detachment [11].

The molecular pathways involved in the pathogenesis of DR have been elucidated
in part. Several cytokines and growth factors have been implicated in the development
of DR [12]. Of these, vascular endothelial growth factor (VEGF) has been one of the most
studied and appears to be one of the most important ones [13]. Despite the demonstrated
efficacy of anti-VEGF drugs in the treatment of DME in randomized clinical trials [14–16],
studies of routine clinical practice reveal widespread undertreatment which compromises
the visual outcomes [17,18]. Even in adequately treated patients, persistent DME is reported
anywhere from 30% to 60% depending on the drug used [19]. Since the discovery of
the angiopoietins (Ang) and their respective tyrosine kinase with immunoglobulin and
epidermal growth factor homology domains (Tie) receptors in the 1990’s [20–22], mounting
evidence has implicated the angiopoietin–Tie signaling pathway in the pathogenesis of
DR [23–28]. Targeting the Tie signaling pathway may improve the outcomes of patients
with DR. Recently, faricimab, a heterodimeric bispecific monoclonal antibody that targets
both VEGF and the angiopoietin–Tie signaling pathways, has been approved by different
regulatory agencies across the globe and introduced into clinical practice [29]. This major
review will focus on the Ang–Tie signaling pathway as it relates to DR.

2. The Angiopoietins and Tie Signaling Pathway
2.1. The Angiopoietins

The angiopoietins together with the members of the VEGF family are the only known
growth factors that have a high specificity for endothelial cells (EC) [30]. The angiopoietins
consist of a family of secreted glycoprotein growth factors. They are multimeric ligands that
act primarily through the Tie2 receptor. The four different angiopoietins (Ang1-4) consist of
very similar modular structures [31,32]. There is a fibrinogen-like receptor binding domain
(FReD) at the carboxy terminal, a linker region, a dimerization motif and an amino terminal
superclustering coiled-coil motif. The FReD consists of three subdomains: A, B and P [33].

Ang1 is produced and secreted primarily by pericytes and platelets. Inside the eye,
Ang1 is expressed in the neural crest derived tissues such as the trabecular meshwork (TM),
the sclera, the choroid and retinal pericytes [34–38]. As Ang1 is secreted, it predominantly
exists as higher-order multimers [32,39]. Tie2 serves as the native receptor of Ang1. Ang1
tetramers are the minimal size required for Tie2 activation in EC. Ang1 monomers and
Ang1 dimers inhibit Tie2 receptor activation [31]. Typically, Ang1 tetramers bind to Tie2
leading to Tie2 autophosphorylation which initiates an intracellular signaling cascade [20].
Under certain circumstances, Ang1 may signal through Tie1 and integrins [40–42].

EC produce and store Ang2 in Weibel–Palade bodies under quiescent conditions. Ang2
is released via Weibel–Palade bodies exocytosis when the EC is activated by hyperglycemia,
inflammation, hypoxia or cancer [23,24,43–48]. The intracellular Ang2 stores have a long
half-life and recover rapidly following release [49]. Depending on the cellular context,
Ang2 can act as an antagonist or as a weak Tie2 agonist [50].
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Chromosomal localization studies of all the angiopoietins in human and mice demon-
strate that Ang3 and Ang4 represent the mouse and human counterparts of the same gene
locus [51]. In comparison to Ang1 and Ang2, the biological functions of both Ang3 and
Ang4 are poorly defined. Ang4 is less oligomerized and exhibits a lower affinity to Tie2
than Ang1 and Ang2. Similar to Ang1, and unlike Ang2, Ang4 induces Tie2 autophospho-
rylation upon binding to Tie2 [52]. Ang4 appears to play a role in venous development of
the mouse retina and in aqueous humor drainage [52,53].

2.2. TIE Receptors

Receptor tyrosine kinases (RTK) activation leads to intracellular signal transduction.
The only known EC-specific RTKs are the VEGF receptors and the Tie receptors [30].
Typically, RTKs are located on the surface of the cell and have intracellular and extracellular
domains. When a ligand binds to the RTK via its extracellular domain, the RTK undergoes
dimerization and autophosphorylation of its tyrosine residues on the intracellular domain.
This sets into motion a cascade of cellular responses [54,55].

The intracellular tyrosine kinase domain of both Tie1 and Tie2 consists of a kinase
insert and a transmembrane helix [56,57]. The extracellular domain contains a membrane-
distal ligand binding region (LBR) at the amino terminal which is linked via a coiled coil
region to a C-terminal receptor binding fibrinogen-related domain (FrED) [31]. The LBR
contains two immunoglobulin (IgG) domains followed by three epidermal growth factor
(EGF) repeats and a third IgG domain [58,59]. FrED consists of three fibronectin type III
(FNIII) repeats in the extracellular region next to the transmembrane catalytic tyrosine
kinase domain found intracellularly at the carboxyl terminal [21,56,57,60–65].

Tie1 is mostly expressed in some hematopoietic cells and in both the developing and
mature EC of blood and lymphatic vessels [65]. Tie1 controls angiopoietin binding to Tie2,
determining the context dependence of the Ang2 interaction with Tie2, and serving as a
modulator of Tie2 transduction [58,66,67]. Tie2 is ubiquitously expressed in the endothe-
lium of all organs and tissues, particularly in angioblasts and in sprouting blood vessels
throughout development [63]. Tie2 is usually highly expressed in healing skin wounds
and in the quiescent vasculature of adult tissues. Curiously, the Tie2 immunoprecipitated
from these tissues is tyrosine phosphorylated indicating active downstream signaling in
the adult quiescent vasculature [68].

2.3. Vascular Endothelial-Protein Tyrosine Phosphatase (VE-PTP)

Human protein tyrosine phosphatase beta (HPTPb) is the human ortholog of the
mouse VE-PTP where they both share 92% sequence identity [69]. It is an EC-specific
receptor protein tyrosine phosphatase. Its substrates include Tie2, VE-cadherin, VEGFR2
and the GTPase exchange factor FGD5 [70]. VEGFR2 and VE-PTP are found in close
proximity to each other [71]. VE-PTP forms a complex with VEGFR-2 during normal
quiescent physiological conditions. When VEGF is upregulated and binds to VEGFR-2,
the VE-PTP-VEGFR-2 complex separates and permits dimerization of the VEGFR2 and
downstream signaling leading to increased vascular permeability. With time, the VE-PTP
and VEGFR2 complex resume causing dephosphorylation and de-activation of VEGFR2.
Inhibition of VE-PTP leads to an increased VEGFR2 activity and signaling suggesting that
VEGFR2 serves as a substrate for VE-PTP [71].

VE-PTP is the main and most downstream negative regulator of Tie2. It binds to Tie2
and acts by dephosphorylating Tie2 [72,73]. VE-PTP modulates and regulates Tie2 signaling
by forming hetero-oligomers with Tie2 and hydrolyzing critical phosphotyrosines [74,75].
In EC, VE-PTP physically binds to Tie2 via its cytoplasmic phosphatase domain. This
interaction leads to dephosphorylation and attenuation of Tie2 signaling [69,72,74].

VE-cadherin is an EC-specific cell adhesion molecule that plays a central role in the
maintenance of the inter-endothelial cell contacts. It is anchored to the cellular actin
cytoskeleton via the catenins, which are intracellular proteins. VE-cadherin is constitu-
tively dephosphorylated. Phosphorylation of VE-cadherin, b-catenin and p120-catenin
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causes vascular instability which is characterized by vascular permeability and leukocyte
extravasation. Tyrosine phosphorylation of the Y685 and the Y731 tyrosine residues of
VE-cadherin is implicated in the regulation of endothelial permeability and the transmi-
gration of leukocytes [76–80]. Blocking antibodies to the VE-cadherin adhesive function
causes destabilization of the endothelial junctions [81–83]. In the EC, VE-PTP associates
with VE-cadherin via their ectodomains, leading to dephosphorylation of VE-cadherin and
enhancement of the barrier function of VE-cadherin [84]. Dissociation of VE-PTP from
VE-cadherin leads to destabilization of endothelial junctions. Inhibition of VE-PTP causes a
reduction in the adherence function of VE-cadherin [85].

By virtue of its effects on its substrates, VE-PTP regulates developmental and tumor an-
giogenesis, controls vascular permeability and modulates homeostasis in inflammation [75].
The effects of VE-PTP on vascular permeability are context-dependent. On the one hand,
inhibition of VE-PTP leads to Tie2 activation and stabilization of endothelial junctions.
On the other hand, inhibition of VE-PTP leads to the loss of the adherence function of
VE-cadherin and increased VEGFR2 activity. In general, the effect over Tie2 is dominant
over the effect of VE-cadherin [86].

VE-PTP is expressed during embryogenesis and adulthood suggesting a role in normal
vascular homeostasis, vascular remodeling, endothelial junction integrity and vascular
permeability [85–88]. Mice with genetically knocked-out VE-PTP undergo vasculogenesis
but die during embryonic development due to vascular enlargement in extra-embryonic
tissue plus defects in both angiogenesis and vascular remodeling [73,87,89]. VE-PTP
genetic disruption can be mimicked by antibodies against the extracellular portion of VE-
PTP [73]. These antibodies cause dissociation of VE-PTP from Tie2 by triggering selective
endocytosis of only the Tie2-associated protein fraction of VE-PTP. In contrast, the VE-
cadherin-associated protein fraction of VE-PTP remained intact. This results in activation
of Tie2 which leads to Erk 1/2 activation resulting in EC proliferation and enlargement
of vascular structures. VE-PTP may serve as a molecular balance to counteract Tie2-
induced EC proliferation. Vessel size and vascular development may be controlled in this
fashion [73]. VE-PTP/HPTPb is upregulated during hypoxia and impairs Ang1-induced
Tie2 phosphorylation [72].

The importance of the Ang/Tie signaling on vascular development and homeostasis
is underscored by the expression pattern found during embryonic development and the
embryonic lethality of genetic deletions of Ang1, Tie1 and Tie2 in animal models [90,91].

2.4. Ang/Tie Signaling Pathway in the Retina

Once the adult vasculature has been established, the ECs remain quiescent with
the exception of the female reproductive system [92]. Under normal physiological and
homeostatic conditions, Ang1 is constitutively expressed by retinal perivascular cells such
as pericytes lining adult blood vessels in the ganglion cell layer (GCL) and the retinal inner
nuclear layer (INL) [20,93]. Ang1 plays a major role in maintaining vascular quiescence
and stability. It acts as a molecular brake against vascular destabilization and inflammation
that is usually promoted by Ang2 [94]. Ang1 levels outnumber Ang2 since Ang1 is basally
secreted under normal physiological conditions in adults, whereas Ang2 levels are low and
found only at sites of vascular remodeling [22,49,95–98].

In vitro studies have shown that Ang1 diminishes the increased permeability caused
by common vasopermeability mediators such as histamine, bradykinin, VEGF-A, serotonin
and PAF, among others. The anti-permeability effects of Ang1 are mediated via the strength-
ening of the cellular junctions through Rap1, a small GTPase. Ang1 stimulation leads to
Rap1 activation. Rap1 is an essential signaling intermediate that mediates the functions of
VE-cadherin and is also involved in Ang1-induced cell–cell junction stabilization. Rap1
activation is necessary for the anti-permeability effects of Ang1 [99].

Ang1 binding to the extracellular domain of Tie2 results in Tie2 autophosphorylation
which activates a multitude of downstream intracellular signaling pathways including the
phosphatidyl inositol 3-kinase (PI3k), protein kinase B (AkT), extracellular signal regulated
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kinase (ERK) 1/2, p38 mitogen activated protein kinase (MAPK) and stress-activated
protein kinase (SAPK)/ Jun amino-terminal kinase (JNK) pathways [68,94,100–108].

Tie2 signaling may elicit paradoxical responses. On the one hand, Tie2 signaling
maintains the quiescence and stability of mature vessels [94]. On the other hand, Tie2
signaling also plays a role in physiological and pathological angiogenesis [68,100–103]. The
distinct localization of Tie2 in the presence or absence of EC-EC contact determines the
specificity of downstream signaling of Tie2 [104,105]. In the absence of EC-EC contacts, Tie2
is anchored to the ECM by Ang1. The ERK 1/2 pathway is preferentially activated [106]. In
the presence of VEGF, the Ang1-induced ERK1/2 phosphorylation is augmented [107]. If
EC-EC contacts are present, then Ang1 induces trans-association of Tie2 which preferentially
activates the PI3k-AkT pathway [106]. Akt is a major angiogenic mediator downstream of
the Ang1/Tie2 signaling pathway [108].

In the normal retina, Ang2 is expressed in EC, horizontal cells, cells in the GCL,
Müller cells and INL [109–112]. The EC of mature quiescent vessels are the primary
source of Ang2 [43,49,110,113]. von Willebrand factor polymerization within EC form
storage organelles called Weibel–Palade bodies, which serve as storage sites of Ang2 and
P-selectin. However, the storage of P-selectin and Ang2 are mutually exclusive [49,114,115].
When released, Ang2 acts in an autocrine manner activating or inhibiting Tie2 on the ECs
depending on the cellular context [22,50,110,116–118]. Tie1 holds the key for the context
dependence of Ang2 [58,66,67]. Ang2 acts as a weak Tie2 agonist in the presence of Tie1
but in its absence functions as an antagonist even at low concentrations [119].

Gene silencing studies using siRNA against HPTPb demonstrated an increased Tie2
phosphorylation by both Ang1 and Ang 2. However, the effects were different depending
on the ligand. There was increased activation of Akt and EC survival following Ang1
exposure. In contrast, Ang2 did not elicit an increased EC survival. These findings suggest
that HPTPb plays an important role in regulating Ang1-Tie2 signaling [72].

3. Molecular Mechanisms and Pathophysiology of Diabetic Retinopathy
3.1. Effects of Hyperglycemia and Ang–Tie Signaling

At the molecular level, several animal models implicate the angiopoietins and Tie2
in the pathogenesis of DR [23–28]. Hyperglycemia induces Ang2 upregulation in both
retinal EC in vitro and in diabetic animals prior to any morphological changes in the retinal
capillaries [28,48]. Ang2 upregulation occurs via post-translational modification of a co-
regulator protein that results in increasing ANGPT2 expression [48,120–122]. Under high
glucose conditions, during glycolysis, triose phosphates form a highly reactive dicarbonyl
degradation product called methylglyoxal. Methylglyoxal covalently modifies intracellular
proteins by forming stable adducts with their arginine residues. One of these proteins is
the co-repressor protein mSin3A which normally forms a complex with the transcription
factor Sp3. The mSin3A-Sp3 complex normally inhibits Ang2 transcription by binding to a
glucose-responsive GC-box in the Ang2 promoter. Methylglyoxal modification of mSin3A
causes an increased recruitment of O-GlcNAc transferase to the mSin3A-Sp3 complex
which leads to an augmented modification of Sp3 by O-linked N-acetylglucosamine. This
modification of Sp3 causes decreased binding of the mSin3A-Sp3 complex to the Ang2
promoter which results in increased transcription of Ang2 [121].

In addition, several biochemical alterations caused by chronic hyperglycemia, includ-
ing production of advanced glycation end (AGE) products, activation of protein kinase C,
an increased hexosamine pathway flux and an increased polyol pathway flux, upregulate
Ang2 altering the delicate balance between Ang1 and Ang2. This leads to an increased
vascular permeability, followed by EC loss, vascular occlusion and retinal neovasculariza-
tion [8,9,26,123–128].

An increased flux through the hexosamine pathway causes glucose to be metabo-
lized into UDP-N-acetylglucosamine. The cellular supply of nucleoside triphosphate is
dependent on nucleoside diphosphate kinases (NDPK) which are therefore critical for
certain cellular activities such as cellular proliferation, cellular differentiation, cellular
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adhesion, cellular molecular transport and apoptosis. NDPK isoform B (NDPKB) catalyzes
the formation of UTP from UDP and ATP. NDPKB contributes to the BRB by regulating the
distribution of adherens junction proteins and caveolins in EC [129,130]. NDPKB deficiency
causes Ang2 up-regulation in retinal EC [131].

The renin–angiotensin system (RAS) is also involved in the pathogenesis of diabetic
retinopathy [132,133]. An in vitro study showed that angiotensin II induced VEGF pro-
duction in pericytes. This VEGF can then be released by the pericytes and stimulate the
retinal EC in a paracrine manner [134]. The renin–angiotensin system may modulate the
angiopoietins as well [135]. Even though VEGF upregulates Ang2, Ang2 upregulation by
angiotensin II is independent of VEGF. In bovine retinal EC, angiotensin II binds to the ATI
receptor which in turn activates the PKC and MAPK pathways leading to an increase in
the rate of Ang2 mRNA transcription and Ang2 protein synthesis. Angiotensin II does not
have an effect on Ang1 [135].

AGEs during chronic hyperglycemia may modify Tie2 and upregulate both VEGF
and Ang2 mRNA in EC [25,122]. Glycation of Tie2 by AGE products inhibits Ang1-
induced Tie2 autophosphorylation and Akt downstream signaling. Inhibition of AGEs by
aminoguanidine rescues Ang1-induced Tie2 autophosphorylation. Glycation of Tie2 amino
acid residues can alter its structure affecting its binding affinity to Ang1. Alternatively,
glycation may directly reduce tyrosine kinase activity.

The effects of hyperglycemia on Ang–Tie signaling are summarized in Figure 1.
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3.2. Ang–Tie Signaling and Blood Retinal Barrier

An early pathological change observed in DM is leukocyte adhesion to the retinal
vasculature via ICAM-1. This adherence causes capillary occlusion, EC damage and death
which leads to the breakdown of the blood retinal barrier (BRB), an important hallmark of
DM [127,128]. Ang1 inhibits phosphorylation of PECAM-1 and VE-cadherin. Leukocyte
diapedesis is inhibited by Ang1/Tie2 signaling [124]. During inflammation, Ang1 inhibits
leukocyte recruitment, leukocyte adhesion in the retinal vessels and prevents retinal EC
injury enhancing its barrier function [26,124–126].

Another effect of chronic hyperglycemia is IL-6 upregulation. In patients with DME,
intravitreal levels of IL-6 and VEGF are elevated when compared to non-diabetic patients.
The intravitreal IL-6 level was significantly correlated with the intravitreal level of VEGF.
Both of these were correlated with the severity of DME [136]. IL-6 induces STAT-3 activation
and phosphorylation via JAK activation [137]. VEGF expression is upregulated by activated
STAT3 which leads to downregulation of the expression of endothelial tight junction
proteins ZO-1 and occludin, leading to an increased vascular permeability [138]. In animal
models, Ang1 can prevent and reverse these diabetic changes in the retinal vasculature [26].
Ang1 reduced the breakdown of the BRB in a dose-dependent manner by attenuating IL-6
induced vascular permeability by dissociating the tyrosine phosphatase SHP-1 from Tie2.
SHP-1 can then bind to JAK1, JAK2 and STAT3 inhibiting IL-6-induced phosphorylation of
STAT3 downregulating EC VEGF secretion [26,139].

Ang2 is an important regulator of the BRB in DM through its actions on pericytes
and astrocytes [23,24,140]. In diabetic mice, pericyte loss occurs at a slightly later stage
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than astrocyte loss. In streptozotocin-induced diabetic mice, retinal astrocytes die early
in the course of the disease. In these animals, retinal vascular leakage increased with
increasing astrocyte loss. Ang2 inhibition blunted retinal astrocyte death and retinal
vascular leakage [24]. Mice with an Ang2 heterozygous deficiency prevents pericyte loss
and subsequent formation of acellular capillaries [48]. In vitro models show that under
high glucose conditions, the ανβ5 integrin is highly expressed in astrocytes. In contrast,
Tie2 is not expressed in astrocytes under high-glucose conditions. Astrocyte apoptosis is
mediated via the activation of the ανβ5 integrin/GSK-3β/β-catenin pathway [23,24]. Ang2
binds to the ανβ5 integrin leading to dephosphorylation of GSK-3β and phosphorylation of
β-catenin resulting in β-catenin degradation causing astrocyte apoptosis. Inhibition of both
GSK-3β and the ανβ5 integrin attenuates Ang2-induced astrocyte apoptosis. Intravitreal
injection of an anti-ανβ5 integrin antibody diminished astrocyte death in streptozotocin-
induced diabetic mice [24].

Pericyte loss is often recognized as the first morphological change in diabetic reti-
nas [141]. Since pericytes are crucially involved in promoting retinal EC survival, their loss
leads to EC death causing microaneurysm formation, acellular capillaries and capillary
nonperfusion. Retinal neovascularization and microaneurysm formation occurs at the sites
of pericyte and astrocyte loss [95,142]. Since hyperglycemia induces Ang2 upregulation, it
follows that Ang2 may be responsible for pericyte loss in diabetic patients [48,120,121,143].
In non-diabetic animals, intravitreal Ang2 and intraocular Ang2 overexpression causes
pericyte loss and acellular retinal capillaries [48,140,143,144].

Experimental models have shown that pericytes are lost by two different mecha-
nisms [23,144]. In a diabetic rat model, an upsurge of Ang2 preceded the onset of pericyte
apoptosis and loss. This pericyte loss was abolished in hemizygous Ang2 LacZ knock-in
mice that expressed significantly less Ang2. Under high-glucose conditions, α3β1 integrin
but not Tie2 is upregulated in pericytes. Ang2 induces pericyte apoptosis via α3β1 inte-
grin signaling through p53. Inhibition of a3b1 integrin attenuates Ang2-induced pericyte
apoptosis [23]. In another experimental model of diabetic retinopathy, pericyte loss was
the result of pericyte migration [144].

Ang2 acts in concert with VEGF to facilitate the breakdown of the BRB, EC migration
and proliferation [101]. Ang2 plays an important role in the increased vasopermeability
observed in diabetic retinopathy by VE-cadherin phosphorylation and an increased va-
sopermeability [28]. An in vitro study demonstrated that under normal conditions, tight
junctions are present between porcine retinal EC. After incubation with Ang2 and VEGF,
the tight junctions disappeared which led to an increased permeability. VEGF was twice as
potent as Ang2 in inducing permeability, but the combination of both VEGF and Ang2 led
to three times as much permeability as VEGF alone [27].

Figure 2 summarizes the effect of Ang1 and Ang2 on the BRB.

3.3. Vascular Regression and Ang–Tie Signaling

Ang2 is crucial for initiating vascular regression in diabetic retinopathy [48,144–146].
The presence or absence of VEGF determines the biological effect of Ang2. In the absence
of VEGF, Ang2 causes vessel regression, whereas in its presence, Ang2 causes angiogene-
sis [101,147–153]. In the cornea micropocket assay of the neovascularization model, Ang2,
like Ang1, did not promote neovascularization. Co-administration of Ang2 and VEGF led
to an increase in vessel circumferential extent and vessel length. Furthermore, EC at the
leading tip of capillaries were seen migrating toward the Ang2 and VEGF. Increasing VEGF
levels also seem to upregulate Ang2 levels, further stimulating angiogenesis.

Endothelial progenitor cells are typically mobilized from the bone marrow to sites of
vascular injury to attempt to repair the injured tissue. In a rat model of diabetic retinopa-
thy, the levels of circulating endothelial progenitor cells were significantly less in diabetic
animals compared to non-diabetic animals. Simvastatin increased circulating endothe-
lial progenitor cells which led to a decrease in the incidence and progression of diabetic
retinopathy in rats [154]. Simvastatin suppressed superoxide formation and decreased
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expression of erythropoietin, VEGF, Ang1 and Ang2 in the retina of these diabetic ani-
mals [154,155]. Simvastatin may modify the intravitreal levels of Ang2 in diabetic patients
requiring vitrectomy [156]. In a prospective cross sectional case–control study, 14 patients
on simvastatin were compared to 50 patients who did not take simvastatin. Patients that
were treated with simvastatin exhibited significantly lower intravitreal levels of Ang2,
VEGF and MMP-9. Adding acetylsalicylic acid further lowered the intravitreal levels [156].
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3.4. Retinal Neovascularization and Ang–Tie Signaling

Once the adult vasculature has been established, the ECs remain quiescent with the
exception of the female reproductive system [92]. All other angiogenic activity during
adulthood occurs in response to injury or disease. Many ocular pathological conditions
such as RVO, PDR, sickle cell retinopathy and ROP are characterized by retinal ischemia.
Ischemia leads to hypoxia which is the major driver of pathological angiogenesis. The
oxygen induced retinopathy (OIR) animal models serve as prototypes for these ischemic
retinopathies [110,157]. Several OIR models have shown that Ang2 inhibition inhibits
retinal neovascularization. In a mouse OIR model, both VEGF and hypoxia upregulated
Ang2 mRNA expression as well as protein synthesis [158–160].

3.5. Diabetic Patients and Ang–Tie Signaling

Diabetic patients experience higher serum and plasma Ang2 levels than non-diabetic
individuals regardless of the presence or absence of cardiovascular disease. Plasma and
serum Ang2 levels were directly correlated with plasma and serum VEGF levels and
HbA1c [161–163]. Interestingly, Ang2 levels fell as a result of panretinal photocoagulation.
In contrast, the Ang1 levels were not uniform. Some studies reported non-elevated levels
of Ang1, but in another study, Ang1 levels were elevated [164]. Single nucleotide polymor-
phisms may be associated with the risk of developing diabetic retinopathy. The rs2442598A
allele in the ANGPT-2 gene is associated with an increased risk for diabetic retinopathy
in Brazilian patients with type 1 DM [165]. Intravitreal levels of Ang2 are also elevated in
eyes with DME and PDR [166–168]. A recent systematic review and meta-analysis reported
that intravitreal levels of Ang2 are elevated in eyes with PDR when compared to healthy
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non-diabetic eyes [169]. A retrospective case–control study compared the vitreous levels of
Ang2 in eyes with PDR to eyes with no diabetic ocular disease. There was an increased
intravitreal concentration of both Ang2 and VEGF in eyes with PDR. Eyes with active
PDR exhibited higher Ang2 levels than inactive PDR. Furthermore, the levels of Ang2
correlated with those of VEGF [170]. Another cross sectional study reported that in eyes
with PDR, Ang1, Ang2, VEGF-A, PlGF, Il-8 and Il1b were all elevated when compared to
non-diabetic eyes [171]. In twelve patients with PDR, epiretinal membranes were surgically
removed and analyzed with immunohistochemistry. Both Ang2 and Tie2 were significantly
upregulated in these specimens when compared to specimens removed from eyes with a
primary epiretinal membrane [172].

4. Targeting the Ang–Tie Signaling Pathway in DR

Recognition of the value of therapeutic targeting of the Ang/Tie signaling has led to
the regulatory approval and commercialization of faricimab in many countries. Several
other promising strategies that target the Ang–Tie pathway have been explored as well.
Targeting of Ang2 has been reported by several other means, including VE-PTP inhibitors,
integrin binding peptide and surrobodies.

4.1. Combination Therapy of Anti-Ang2 and Anti-VEGF

i. Faricimab (RO6867461, RG7716, Roche)

Faricimab-svoa is a heterodimeric bispecific monoclonal antibody developed using
CrossMab technology that targets both VEGF-A and Ang2 [173]. CrossMab technology
enables correct antibody light chain association with their respective heavy chain and thus
enforcing specific heterodimerization of two different antigen binding domains [166,174].
Since the angiopoietins have structural similarities, it is important that the monoclonal
antibody binds only to Ang2 and not Ang1 [175]. The fragment crystallizable (Fc) region
of faricimab has been modified so that it does not bind to the FcgR and FcRn receptors.
The FcgR mediates effector functions such as antibody-dependent cytotoxicity, antibody-
dependent cell phagocytosis and complement-dependent cytotoxicity. The modifications
in faricimab abolish these effector functions [166]. The FcRn receptor recycles IgG, so the
modifications made in faricimab reduces its systemic half-life without compromising its
intravitreal half-life when compared to a wild-type IgG. As a result, faricimab has less
potential for intraocular inflammation, a reduced systemic absorption and a faster systemic
clearance [166,176].

The BOULEVARD study was a multicenter, double-masked, randomized phase 2 clin-
ical trial that compared 0.3 mg ranibizumab to 6 mg faricimab or 1.5 mg faricimab in eyes
with previously treated and treatment-naive DME [177]. All eyes received 6 monthly injec-
tions according to the randomization scheme. At 24 weeks of follow-up, 6 mg faricimab
had superior visual gains over ranibizumab. In addition, central subfield thickness (CST),
diabetic retinopathy severity score (DRSS) and durability were all improved with faricimab
compared to ranibizumab. An exploratory analysis suggested that in previously treated
eyes, the BCVA and DRSS gains were similar to the ones obtained with ranibizumab. In
contrast, the CST reduction and durability were greater with faricimab than ranibizumab.
More than 90% of eyes showed no disease reactivation 8 weeks after the last faricimab injec-
tion suggesting an increased durability of faricimab in these eyes. This formed the basis of
the personalized treatment interval (PTI) in the YOSEMITE and RHINE pivotal trials [168].
Limitations of this study include its short treatment and off-treatment observation periods
of 20 and 16 weeks, respectively [177].

The YOSEMITE and RHINE were multicenter, double-masked, randomized non-
inferiority phase 3 clinical trials that compared faricimab to aflibercept in eyes with center-
involved DME. Previously treated eyes were capped at 25% of the enrollment [168,178].
Patients were randomized to 2 mg of aflibercept injected every 2 months after a loading
dose of 5 monthly injections, 6 mg of faricimab injected every 2 months following a
loading dose of 6 monthly injections and a PTI arm of 6mg of faricimab after 4 monthly
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loading injections [168]. The PTI arm was modeled after a treat and extend regimen that is
commonly used in clinical practice. In the PTI arm, the monthly dosing was maintained
until the central subfield thickness (CST) decreased to <325 µm. Once this was achieved,
the treatment intervals were extended to every 8 weeks. Depending on the visual acuity
and CST gains and losses, the treatment interval could be extended up to 16 weeks or
reduced to 4 weeks.

At 12 months of follow-up, faricimab demonstrated non-inferior vision gains, im-
proved anatomic outcomes and a potential for extended dosing when compared to afliber-
cept [178]. The primary endpoint was the mean change in BCVA score from baseline to
weeks 48, 52 and 56. The faricimab PTI arms gained an average of 11.6 and 10.8 letters
compared to 11.8 and 10.7 letters in the faricimab every other month arm and 10.9 letters
in the aflibercept arms. Secondary endpoints included the percentage of patients with a
central subfield thickness < 325 µm at weeks 48,52 and 56; percentage of patients with
absence of subretinal fluid at week 52; percentage of intraretinal fluid at week 5; and the
percentage of patients in the faricimab arms on different treatment intervals at week 48.
The PTI arms demonstrated faricimab’s strong durability, 50% of eyes achieved 16-week
dosing and an additional 20% achieved 12-week dosing. In the YOSEMITE/RHINE trials,
144 Asian patients were enrolled [179]. The 12-month anatomical, functional, durability
and safety outcomes of Asian and non-Asian patients were comparable [179].

The 2-year results of the YOSEMITE and RHINE trials demonstrated that the anatomic
and functional results obtained at the 1 year follow-up were maintained [180]. At 2 years,
the mean BCVA change from baseline was comparable in all three treatment arms in both
trials. The faricimab every other month arm gained 10.7 and 10.9 letters compared to 10.7
and 10.1 letters in the faricimab PTI arm and 11.4 and 9.4 in the aflibercept arm. The mean
change in central subfield thickness was −209 µm, −201 µm and −191 µm for the faricimab
every other month, faricimab PTI and aflibercept arms, respectively. Faricimab was a better
drying agent than aflibercept as evidenced by the proportion of eyes with an absence of
DME and intraretinal fluid. At 2 years, 88–92% of eyes in the faricimab every other month
arm compared to 81–86% in the faricimab PTI arm and 79–83% in the aflibercept arms had
an absence of DME. At 2 years, 57–63% of eyes in the faricimab every other month arm
compared to 44–48% in the faricimab PTI arm and 36–41% in the aflibercept arms had an
absence of intraretinal fluid. At 2 years, the proportion of eyes with a ≥2 step improvement
in the DRSS was 52.4% in the faricimab every other month arm, 43.5% in the faricimab
PTI arm and 43% in the aflibercept arm. These results were achieved with a median of
10–11 injections in the faricimab PTI group, 15 injections in the faricimab every other month
group and 14 injections in the aflibercept group. Furthermore, eyes in the faricimab PTI
group exhibited an improved durability with >60% achieving 16-week dosing and almost
80% achieved a dosing interval of at least every 12 weeks. Only 4% of eyes in the faricimab
arm required monthly dosing.

A systematic literature review identified 26 randomized clinical trials published before
August 2021 that were used to conduct a network meta-analysis to compare faricimab
treatment and extend to intravitreal aflibercept, ranibizumab, bevacizumab, dexamethasone
implant and laser treatment [181]. Network meta-analysis allow treatments that are not
compared directly within randomized clinical trials to be compared indirectly. In this
network meta-analysis at 12 months of follow-up, treatment and extended treatment
regimen for faricimab demonstrated superior retinal drying which was achieved with
fewer injections when compared to other flexible dosing regimens. In addition, visual
outcomes at 12 months were superior with the treat and extend faricimab when compared
to bevacizumab and ranibizumab [181]. Another systematic review and meta-analysis of
three randomized clinical trials from 2013 to 2023 that included 2120 patients with DME
concluded that faricimab was a better drying agent as manifested by a greater reduction in
CST compared to other anti-VEGF agents [182]. This reduction was achieved with a lower
number of injections. However, there were no differences in terms of changes in BCVA or
gain in 15 letters [182].
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Short term outcomes of eyes with DME treated with faricimab during routine clinical
practice have been reported in both previously treated and treatment-naive eyes [183–188].
A small retrospective case–control study of 51 eyes with persistent DME despite aflibercept
treatment compared the anatomic and functional outcomes of eyes switched to faricimab
to those who continued aflibercept. Patients that were switched to faricimab received
three consecutive monthly injections, and those who remained on aflibercept also received
three consecutive monthly injections. One month after the last injection, 37.5% (9/24) of
faricimab-treated eyes and 3.7% (1/27) of aflibercept-treated eyes had an OCT with no
retinal fluid and a CMT ≤ 300 µm. There were 41.7% of faricimab-treated eyes and 11.1% of
aflibercept eyes that gained ≥ 2 lines of BCVA [184]. In another retrospective study, 51 eyes
with recalcitrant DME despite aflibercept therapy were switched to faricimab. Faricimab-
treated patients underwent a loading dose of three consecutive monthly injections and were
then assessed for retinal fluid. If there was no more retinal fluid, the eyes were treated on a
treat and extend protocol. At the end of 12 months, 39.2% of eyes achieved a dry macula
and a treatment interval of ≥ 8 weeks. The average reduction in CMT and the average im-
provement in BCVA were statistically significant [183]. A retrospective study of 18 eyes that
had residual IRF or SRF or had a treatment interval less than 8 weeks despite ranibizumab
or aflibercept treatment were switched to as-needed faricimab. At 4 months, the treatment
interval was increased from 5.8 to 10.8 weeks following the switch to faricimab. In 44%
of eyes, the treatment interval was extended to ≥12 weeks. In 16.7% of eyes, a monthly
treatment interval was required after the switch. Despite the switch to faricimab, the BCVA
and the CMT were not significantly different [185]. Another retrospective Japanese study
reported on 21 eyes that had a minimum follow-up of one month following faricimab
treatment. In this cohort, there were 14 treatment-naive eyes and 7 previously treated eyes.
After a mean follow-up of 5.5 months, eyes received a mean of 1.6 faricimab injections.
Six (29%) eyes (four treatment-naive and two previously treated) were switched to alter-
native treatments such as aflibercept, brolucizumab, sub-Tenon triamcinolone and pars
plana vitrectomy for various reasons including lack or insufficient response to faricimab
and faricimab side effects [187]. Another study prospectively compared the number and
turnover of microaneurysms in 28 eyes that received three consecutive monthly faricimab
injections with their fellow untreated eyes. They reported a significant reduction in the for-
mation of new microaneurysms, a significant increase in turnover and significant decrease
in new microaneurysm formation leading to a total reduction of 40% in microaneurysms in
faricimab-treated eyes [186].

In summary, the pivotal registration trials YOSEMITE and RHINE have demonstrated
the non-inferiority of intravitreal faricimab to intravitreal aflibercept in eyes with DME
with respect to the change in BCVA from baseline to weeks 48, 52 and 56. These results
were obtained with less injections than the eyes treated with faricimab. However, it must
be remembered that in the aflibercept arms, eyes were treated according to the label and
there was no possibility of extending the treatment beyond 8 weeks. The short-term results
in routine clinical practice indicate that faricimab may rescue many eyes that were not
responding well to aflibercept. In most of these eyes, the anatomy improved but the
visual acuity did not. In contrast, treatment-naive eyes with DME had a good response
to faricimab.

ii. Nesvacumab (REGN910-3) plus aflibercept

Nesvacumab (Regeneron, Tarrytown, NY, USA) is an IgG1 fully human monoclonal
antibody that selectively inhibits Ang2 [189]. REGN910-3 is a co-formulation of a fixed
dose of aflibercept (2 mg) and nesvacumab delivered as a single intravitreal injection [189].
There is a theoretical advantage of a fixed-dose combination such as nesvacumab plus
aflibercept over a bispecific molecule like faricimab. A bispecific molecule cannot dose at
different ratios limiting its flexibility. Furthermore, a bispecific molecule can only bind to a
single ligand, either Ang2 or VEGF, per molecule [189]. Based on the results of the ONYX
and RUBY trials, Regeneron decided to halt further development of nesvacumab [189,190].
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The RUBY trial was a phase 2 study of 302 eyes that were followed for 36 weeks.
Approximately 40% of patients had prior treatment for DME. This study compared the
outcomes of eyes with DME following treatment with nesvacumab in two doses (3 mg
and 6 mg) plus aflibercept to aflibercept monotherapy [189]. Neither dose of nesvacumab
plus aflibercept provided an additional visual benefit over aflibercept monotherapy at 12
or 36 weeks failing to meet the primary endpoint of the study. However, patients treated
with the high-dose combination exhibited improved anatomic outcomes. For instance,
eyes treated with the combination of nesvacumab and aflibercept exhibited an increased
reduction in CST, more eyes with foveal fluid resolution, more eyes with a normalization
of macular thickness and a trend towards more patients improving in the DRSS over
aflibercept monotherapy. Limitations of the study included its small sample size and its
short duration. It is possible that this trial was underpowered to detect the effects of Ang2
inhibition [189].

4.2. VE-PTP Inhibitors

Tie2 activation can be restored by inhibiting VE-PTP activity in a ligand-independent
manner [72,73].

i. Razuprotafib

Razuprotafib (AKB-9778, Aerpio Therapeutics; Blue Ash, OH, USA) is a potent and
selective inhibitor of the catalytic activity of VE-PTP [86]. Inhibition of VE-PTP activates the
Tie2 signaling pathway and induces downstream signaling which improves vascular stability.

The TIME-1 was a small, dose escalation, phase 1B study of 24 patients with DME,
where the subjects self-administered subcutaneous injections of 5 mg, 15 mg, 22.5 mg and
30 mg of razuprotafib twice daily for 4 weeks. It demonstrated that doses ≥ 15 mg reduced
DME and improved vision in some patients. Both the anti-permeability effects and the
visual outcomes were heterogeneous. In some patients, there was marked improvement, in
others no changes and in others worsening. A modest, transient, dose-dependent reduction
in systemic blood pressure was observed. This was most likely due to eNOS stimulation.
Overall, it was felt that systemic administration of razuprotafib was well tolerated [191,192].

The TIME-2 study was a phase 2A randomized, placebo- and sham-injection controlled,
double-masked study that was designed to assess the effects of subcutaneous razuprotafib
15 mg BID monotherapy plus sham intravitreal injections vs. razuprotafib 15 mg BID plus
intravitreal ranibizumab 0.3 mg monthly vs. ranibizumab 0.3 mg monthly monotherapy
plus subcutaneous placebo injection bid in 144 eyes with DME at 12 weeks. There was no
improvement in the mean central subfield thickness (CST) in the razuprotafib monotherapy
group. In contrast, both the ranibizumab and the ranibizumab plus razuprotafib groups
experienced a mean decrease in CST. The combination arm had a larger reduction in CST
than the ranibizumab monotherapy group. Similarly, the visual acuity outcomes again
favored the ranibizumab and the ranibizumab plus razuprotafib groups over razuprotafib
monotherapy. Again, the combination arm fared better than the ranibizumab monotherapy
group. There was no difference between the three arms of the study with respect to
a ≥2 step improvement in the diabetic retinopathy severity score (DRSS) [192,193].

The TIME-2b was a phase II clinical trial that assessed the safety and efficacy of
razuprotafib in eyes with moderate to severe NPDR. Patients self-administered either
15 mg razuprotafib subcutaneously once daily or twice daily for 48 weeks. The primary
endpoint of the trial, which was a ≥2 step improvement in the DRSS score at 48 weeks, was
not met.

To the best of our knowledge, razuprotafib is no longer being developed for the
treatment of DME or NPDR following the merger of Aerpio Therapeutics with Aadi Bio-
sciences (https://www.globenewswire.com/news-release/2021/08/26/2287410/0/en/
Aadi-Bioscience-Announces-Closing-of-Merger-with-Aerpio-Pharmaceuticals-and-155M-
Private-Placement.html accessed on 12 August 2022).

https://www.globenewswire.com/news-release/2021/08/26/2287410/0/en/Aadi-Bioscience-Announces-Closing-of-Merger-with-Aerpio-Pharmaceuticals-and-155M-Private-Placement.html
https://www.globenewswire.com/news-release/2021/08/26/2287410/0/en/Aadi-Bioscience-Announces-Closing-of-Merger-with-Aerpio-Pharmaceuticals-and-155M-Private-Placement.html
https://www.globenewswire.com/news-release/2021/08/26/2287410/0/en/Aadi-Bioscience-Announces-Closing-of-Merger-with-Aerpio-Pharmaceuticals-and-155M-Private-Placement.html
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ii. ARP-1536

VE-PTP is upregulated under hypoxic conditions in a mouse model of ischemic
retinopathy [86]. A monoclonal antibody against the extracellular domain of VE-PTP
delivered intravitreally, markedly reduced the area of retinal neovascularization. Similarly,
in a laser induced CNV mouse model, intravitreal anti-VE-PTP reduced the amount of
CNV [86]. Targeting of the extracellular domain of VE-PTP by monoclonal antibodies elicits
endocytosis of the Tie2-bound VE-PTP molecules but not of the VE-cadherin-bound VE-PTP
molecules, causing dissociation of VE-PTP from Tie2 which leads to Tie2 activation [73].

ARP-1536 (Aerpio Therapeutics; Blue Ash, OH, USA) is a humanized monoclonal
antibody that is delivered intravitreally and inhibits VE-PTP by binding to its extracellular
domain leading to an increase activation of Tie2 [194]. Similar to razuprotafib, to the best
of our knowledge, it appears that ARP 1536 is no longer being developed.

4.3. Integrin Binding Peptide

Integrins are obligate heterodimeric transmembrane surface receptors consisting of
an alpha and a beta subunit that are involved in cell–cell and cell–matrix adhesion and
intracellular–extracellular and extracellular–intracellular signaling. So far, 18 alpha subunits
and 8 beta subunits have been identified. Several combinations of these subunits constitute
the 24 integrins. The integrin receptor family has been classified according to the ligand
recognition pattern and their structural similarity into the following four groups: collagen-
binding, laminin-binding, leukocyte-specific and RGD-binding integrins [195].

Integrins connect the ECM to cytoskeletal proteins and transduce biochemical sig-
nals across the plasma membrane to regulate cellular functions. The integrin and EC
ectodomains couple the EC to the underlying ECM, whereas their intracellular domains
recruit actin binding proteins. Integrins are connected to the actin cytoskeleton via focal
adhesions through adapter and linker proteins. These include vinculin, alpha-actinin, talin
and paxillin [196]. Cross talk between integrins and the Tie receptors coordinate several bio-
logical processes through common signaling pathways and downstream effectors including
p85, FAK and Rho GTPases [197–199].

i. Gersizangitide (AXT107)

Gersizangitide, formerly known as AXT107 (AsclepiX Therapeutics, Baltimore, MA,
USA), is a biomimetic optimized non-RGD 20-mer ανβ3 and α5β3 integrin-binding peptide
derived from collagen IV that acts as a Tie2 activator and VEGFR2 inhibitor [200].

Gersizangitide potentiates the activation of Tie2 by Ang2 by converting the endoge-
neously released Ang2 into a Tie2 agonist. It binds to α5β1 integrin and dissociates α5 and
β1 integrins which leads to translocation and activation of Tie2 to the EC junctions. As a
result, the F-actin and VE-cadherin are re-organized resulting in decreased permeability
and leakage [201]. Confluent monolayers of microvascular endothelial cells were treated
with gersizangitide and Ang2. Gersizangitide alone did not elicit phosphorylation of Tie2.
The combination of gersizangitide and Ang2 led to a strong and robust phosphorylation of
Tie2 followed by phosphorylation of Akt. In contrast, ERK1/2 was not affected [200–202].

In different animal models, gersizangitide suppressed type II and type III macular
neovascularization, ischemia induced retinal neovascularization and VEGF-induced vascu-
lar leakage [203]. A combination of gersizangitide and aflibercept demonstrated synergism
in the inhibition of subretinal neovascularization. Compared to aflibercept the reduction in
vascular leakage lasted longer with gersizangitide [204]. After an intravitreal injection of
gersizangitide, a gel-like depot forms outside of the visual axis which may act as a reservoir
and may explain its longer-acting activity when compared to aflibercept. It did not elicit an
increase in intraocular pressure, degradation of the ocular media in the visual axis and no
retinal toxicity [200].

4.4. Surrobodies

A surrogate antibody or surrobody are naturally occurring precursors of antibodies
that have high affinity to their antigen. They are based on the pre-B cell receptor (pre-BCR)
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which is transiently expressed during development of the antibody repertoire. Typically,
antibodies are composed of identical pairs of light and heavy chains. In contrast, the
pre-BCR consists of a heterohexameric complex of identical heavy chains. Each of these
heavy chains is paired with a two-subunit surrogate light chain (SLC). Each of the two
SLC components contains non-immunoglobulin-like peptide extensions. Surrobodies have
several advantages over monoclonal antibodies. They are easier to produce and more stable.
In addition, they can be designed to have a specific affinity for a particular antigen [205,206].

i. RO101

Preclinical studies demonstrated that R010, a surrobody that binds both Ang2 and
VEGF-A, decreased the total area of choroidal neovascularization (CNV) leakage in the
laser-induced CNV rat model. The intravitreal half-life in rabbits was 6.75 days. R0101
inhibited human umbilical vein endothelial cell migration to the same extent as aflibercept.
In vitro studies showed that R0101 bound to VEGF-A with a 3-fold higher affinity than
faricimab. R0101 binding to Ang2 was 17-fold stronger than faricimab. Electrophysiologic
studies did not reveal any retinal toxicities.

5. Conclusions

DR remains one of the leading causes of preventable blindness worldwide. Over
the past three decades increasing levels of evidence have implicated the angiopoietins
as playing key roles in vascular homeostasis. As a result, angiopoietins have emerged
as an exciting therapeutic target for eyes with diabetic retinopathy and macular edema.
Faricimab, the first bispecific antibody targeting Ang2 and VEGF-A, has recently been
approved across the world. Its initial results are promising and may decrease the treatment
burden and may improve outcomes in comparison to anti-VEGF monotherapy. Promising
alternatives that also target the angiopoietin–Tie signaling pathway include bispecific
surrobodies and integrin binding peptides.
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