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2Department of Ophthalmology and Visual Sciences, Kellogg Eye Center, University of Michigan
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Introduction: Clinical trials demonstrated that co-targeting angiopoietin-2 (Ang-

2) and vascular endothelial growth factor (VEGF-A) with faricimab controls

anatomic outcomes and maintains vision improvements, with strong durability,

through 2 years in patients with neovascular age-related macular degeneration

and diabetic macular edema. The mechanism(s) underlying these findings is

incompletely understood and the specific role that Ang-2 inhibition plays requires

further investigation.

Methods: We examined the effects of single and dual Ang-2/VEGF-A

inhibition in diseased vasculatures of JR5558 mice with spontaneous choroidal

neovascularization (CNV) and in mice with retinal ischemia/reperfusion (I/R)

injuries.

Results: In JR5558 mice, Ang-2, VEGF-A, and dual Ang-2/VEGF-A inhibition

reduced CNV area after 1 week; only dual Ang-2/VEGF-A inhibition

decreased neovascular leakage. Only Ang-2 and dual Ang-2/VEGF-A inhibition

maintained reductions after 5 weeks. Dual Ang-2/VEGF-A inhibition reduced

macrophage/microglia accumulation around lesions after 1 week. Both Ang-2

and dual Ang-2/VEGF-A inhibition reduced macrophage/microglia accumulation

around lesions after 5 weeks. In the retinal I/R injury model, dual Ang-2/VEGF-A

inhibition was statistically significantly more effective than Ang-2 or VEGF-A

inhibition alone in preventing retinal vascular leakage and neurodegeneration.

Discussion: These data highlight the role of Ang-2 in dual Ang-2/VEGF-A

inhibition and indicate that dual inhibition has complementary anti-inflammatory

and neuroprotective effects, suggesting a mechanism for the durability and

efficacy of faricimab in clinical trials.
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angiopoietin-2, choroidal neovascularization, diabetic macular edema, neovascular age-
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1. Introduction

Retinal and choroidal vascular diseases, such as diabetic
retinopathy, diabetic macular edema (DME), retinal vein occlusion,
and neovascular age-related macular degeneration (nAMD), are
among the leading causes of blindness and visual impairment
globally (Laouri et al., 2011; Flaxman et al., 2017). A key driver
of the pathology in these diseases is vascular leakage. In early-
stage DME and retinal vein occlusion, this is primarily a result of
damage to the retinal vasculature, whereas in the advanced stages
of these diseases (including proliferative diabetic retinopathy), the
growth of new, unstable blood vessels (neovascularization), which
are characteristically leaky, plays an important role (Joussen et al.,
2021). Neovascularization is the main driver of pathology in nAMD
(Joussen et al., 2021). The edema resulting from vascular leakage
has a detrimental effect on retinal architecture and, hence, on
retinal function, and, ultimately, visual outcomes (Antonetti et al.,
2021; Joussen et al., 2021).

Tissue ischemia leading to hypoxia and oxidative stress
in nAMD, coupled with chronic hyperglycemia in diabetic
retinopathy, mediates increased expression of vascular endothelial
growth factor (VEGF)-A and pro-inflammatory cytokines, which
stimulate increased vascular permeability and pathological
neovascularization (Campochiaro, 2013; Joussen et al., 2021).
VEGF-A and its receptors are required for developmental
vasculogenesis and angiogenesis, whereas elevated VEGF-A
expression drives vascular permeability and neovascularization in
retinal and choroidal vascular diseases (Titchenell and Antonetti,
2013). Indeed, the introduction of intravitreal anti-VEGF agents
has markedly improved outcomes in patients with these conditions
in clinical trials over the last two decades (Martin et al., 2012;
Nguyen et al., 2012; Busbee et al., 2013; Wells et al., 2016; Spooner
et al., 2019; Adamis et al., 2020). However, maintaining vision
outcomes with intravitreal anti-VEGF therapy requires regular
injections, which are often not adhered to in real-world clinical
practice, adding to the treatment burden (Varano et al., 2015; Ciulla
et al., 2020, 2021). Further, the multi-factorial etiology of these
diseases suggests that targeting additional pathways besides VEGF
may facilitate greater vascular stability and prolonged disease
remission, potentially contributing to increased treatment efficacy
and durability compared with intravitreal anti-VEGF monotherapy
(Grossniklaus et al., 2002; Rübsam et al., 2018; Joussen et al., 2021).

The angiopoietin (Ang)/tyrosine kinase with immunoglobulin
(Ig) and epidermal growth factor homology domains (Tie) pathway
plays an important role in vascular development and homeostasis.
While Ang-1 activates the Tie2 receptor and promotes cell survival
and vascular stability during development (Saharinen et al., 2017),
Ang-2 acts predominately as an antagonist of Ang-1 and is often

Abbreviations: Ang, angiopoietin; BSA, bovine serum albumin; CNV,
choroidal neovascularization; D, day; DME, diabetic macular edema;
FA, fluorescein angiography; FITC, fluorescein isothiocyanate; FITC-
BSA, fluorescein isothiocyanate–labeled bovine serum albumin; I/R,
ischemia/reperfusion; Iba1, ionized calcium binding adapter molecule 1;
Ig, immunoglobulin; IR, infrared; nAMD, neovascular age-related macular
degeneration; PBS, phosphate-buffered saline; Q8W, every 8 weeks; Q12W,
every 12 weeks; Q16W, every 16 weeks; RPE, retinal pigment epithelium;
RT, room temperature; SC, subcutaneous; sCNV, spontaneous choroidal
neovascularization; Tie, tyrosine kinase with immunoglobulin and epidermal
growth factor homology domains; VEGF, vascular endothelial growth factor.

up-regulated under pathological conditions (Regula et al., 2016).
Ang-2–related inhibition of Tie2 activation potentiates the action
of VEGF, weakens the integrity of endothelial cell junctions,
may promote detachment of pericytes, and is involved in the
recruitment of inflammatory cells, all of which may underlie the
vascular instability characteristics of retinal and choroidal vascular
diseases (Campochiaro, 2015; Saharinen et al., 2017). In addition,
independent of VEGF, Ang-2 may play a more direct underlying
role in mediating vascular instability. Findings from preclinical
studies suggest that Ang-2 can both alter Tie2 signaling and
activate integrin signaling, leading to angiogenesis and endothelial
de-stabilization (Felcht et al., 2012; Hakanpaa et al., 2015).

A synergistic role of Ang-2 and VEGF-A in vascular de-
stabilization has previously been explored in JR5558 mice, a mouse
model of spontaneous choroidal neovascularization (sCNV) in
which mice develop subretinal neovascularization and fibrotic
lesions resembling human nAMD (Nagai et al., 2014; Rossato
et al., 2020). One week after JR5558 mice were treated with a bi-
specific antibody targeting both Ang-2 and VEGF-A, there was a
statistically significant reduction in choroidal neovascularization
(CNV) lesion leakage area relative to IgG injection controls and to
treatment with anti–Ang-2 or anti–VEGF-A alone (Regula et al.,
2016; Foxton et al., 2019). Mice treated with the bi-specific antibody
also showed a statistically significant reduction in photoreceptor
apoptosis compared with mice treated with antibodies to Ang-2
or VEGF-A alone or controls (Regula et al., 2016; Foxton et al.,
2019). In addition, retinal inflammation in JR5558 mice, assessed
by evaluating the presence of ionized calcium binding adapter
molecule 1 (Iba1)+ microglia/macrophages around CNV lesions,
was statistically significantly reduced with dual Ang-2/VEGF-
A inhibition compared with inhibition of Ang-2 or VEGF-A
alone (Regula et al., 2016; Foxton et al., 2019). The reduction
in inflammatory response with dual Ang-2/VEGF-A inhibition
was also observed in an endotoxin-induced uveitis mouse model
(Regula et al., 2016). These preclinical data suggest that Ang-2
and VEGF-A synergistically regulate vascular stability (vascular
leakage, inflammation, and neovascularization) and that targeting
both pathways in patients with retinal vascular diseases may be
more beneficial than targeting VEGF-A alone. However, the longer-
term effects of Ang-2 and dual Ang-2/VEGF-A inhibition in the
mouse model of sCNV are yet to be evaluated.

Faricimab (at the time of writing, approved for the treatment of
nAMD and DME in multiple countries worldwide as Vabysmo R©)
is a bi-specific antibody designed using Roche’s CrossMAb
technology, which simultaneously neutralizes both Ang-2 and
VEGF-A (Regula et al., 2016, 2019; Chakravarthy et al., 2017;
Foxton et al., 2019). Following preclinical evaluation, dual Ang-
2/VEGF-A inhibition with faricimab was explored in clinical trials
in patients with DME and nAMD. The phase 2 BOULEVARD
trial (NCT02699450) of faricimab in DME demonstrated superior
vision outcomes with faricimab 6.0 mg compared with ranibizumab
0.3 mg in treatment-naïve patients with DME over 24 weeks (Sahni
et al., 2019). In patients with nAMD, the 36-week AVENUE trial
(NCT02484690) subsequently established the efficacy and safety
of faricimab 6.0 mg compared with ranibizumab 0.5 mg (Sahni
et al., 2020), whereas the 52-week STAIRWAY trial (NCT03038880)
demonstrated sustained efficacy through extended durability of
faricimab 6.0 mg dosed every 12 (Q12W) or 16 (Q16W) weeks,
with similar vision and anatomic gains compared with monthly
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ranibizumab 0.5 mg (Khanani et al., 2020). Importantly, nearly
two-thirds of patients were eligible for extended Q16W dosing in
the STAIRWAY trial. More recently, 1-year results from the phase
3 YOSEMITE (NCT03622580) and RHINE (NCT03622593) DME
trials demonstrated that faricimab 6.0 mg Q8W up to Q16W dosing
was non-inferior for gains in best-corrected visual acuity and
improved anatomic outcomes compared with aflibercept 2.0 mg
Q8W (Wykoff et al., 2022). Likewise, 1-year results from the phase 3
TENAYA (NCT03823287) and LUCERNE (NCT03823300) trials of
nAMD demonstrated that faricimab 6.0 mg up to Q16W was non-
inferior to aflibercept 2.0 mg Q8W for gains in best-corrected visual
acuity (Heier et al., 2022) and offered more rapid improvement in
anatomical outcomes during the matched-dosing period (through
week 12) (Cheung et al., 2022). In all these trials, faricimab
demonstrated extended durability, with ∼ 50% of patients on
faricimab Q16W dosing at 1 year. Faricimab was also well tolerated,
with an acceptable safety profile (Heier et al., 2022; Wykoff
et al., 2022). Subsequent 2-year findings for YOSEMITE/RHINE
and TENAYA/LUCERNE showed that vision gains with faricimab
6.0 mg up to Q16W remained similar to those achieved with
aflibercept 2.0 mg (Khanani et al., 2022; Lim et al., 2022) and that
the improved anatomic outcomes observed in YOSEMITE/RHINE
for faricimab compared with aflibercept were maintained through
year 2 (Lim et al., 2022). Further, at year 2, a larger proportion of
patients were on extended faricimab dosing compared with at year
1. Specifically, ∼ 80% of patients were on faricimab Q12W dosing
and > 60% of patients were on faricimab Q16W dosing (Khanani
et al., 2022; Lim et al., 2022). The mechanism(s) underlying these
clinical findings are not completely understood, and the specific
role that Ang-2 inhibition plays requires further investigation.

To further delineate the underlying effects of dual Ang-
2/VEGF-A inhibition, including the extended durability findings
and anatomical benefits observed in the phase 3 clinical trials
of faricimab, we examined the therapeutic/preventative effects of
single and dual Ang-2/VEGF-A inhibition using two different
mouse models of retinal pathology. Specifically, we used the
JR5558 mouse model of sCNV (Nagai et al., 2014) to evaluate the
longer-term (5-week) vessel stabilization and anti-inflammatory
effects. We also used the mouse retinal ischemia/reperfusion (I/R)
injury model (Hartsock et al., 2016) to evaluate retinal vascular
permeability and cell death.

2. Materials and methods

2.1. Animals

Mice were housed in temperature- (22 ± 1◦C) and humidity-
(57%) controlled rooms (automatic 12-h light/dark cycle) under
pathogen-free conditions in groups of up to five in ventilated
cages. Standard laboratory chow and tap water were supplied
ad libitum. Studies on the mouse strain JR5558 with C57BL/6J
background were performed using 7- (baseline) to 12- (5 weeks
post treatment) week-old male and female animals. Studies on
retinal I/R injury were performed using 10- to 11-week-old
C57BL/6J male mice.

2.2. The JR5558 mouse model

The JR5558 genetic model (Hasegawa et al., 2014; Nagai et al.,
2014) was discovered at The Jackson Laboratory, then established at
the University College London, and was subsequently maintained
and bred at Charles River Laboratories (Sulzfeld, Germany), from
where it was sent to F. Hoffmann-La Roche Ltd., for in vivo
experimentations.

The JR5558 experiments were designed as previously described
(Regula et al., 2016; Foxton et al., 2019), but were extended
to include a 5-week timepoint. JR5558 mice were given two
intraperitoneal injections, separated by 1 week, of IgG control
(10 mg/kg), anti–VEGF-A (5 mg/kg), or anti–Ang-2 (5 mg/kg)
mouse cross-reactive tool antibodies or a bi-specific anti–Ang-
2/anti–VEGF-A (10 mg/kg) antibody. An intraperitoneal route
of administration was used for consistency with the previous
JR5558 studies (Regula et al., 2016; Foxton et al., 2019) and to
maintain good integrity of the eye, with a clear visual axis, given
that a large portion of the data were generated from in vivo
imaging. The 10 mg/kg anti–Ang-2/anti–VEGF-A antibody dose
was selected based on our previously reported (Regula et al.,
2016) anti-angiogenic dose-response findings for this antibody.
Normal IgG antibodies, such as anti–VEGF-A and anti–Ang-
2, have two binding sites for their specific targeted ligand,
whereas the bi-specific anti–Ang-2/anti–VEGF-A antibody has one
binding site for each target. Therefore, a 10-mg/kg concentration
of anti–Ang-2/anti–VEGF-A antibody provides the same molar
concentration of antigen binding sites for VEGF-A or Ang-2 as
a 5-mg/kg concentration of the anti–VEGF-A and anti–Ang-2
antibodies. An untreated group of control JR5558 mice was also
included. Neovascular leakage was analyzed in vivo by fluorescein
angiography (FA) at baseline (day [D] 0) and at 1 week (D15)
or 5 weeks (D43) after treatment to assess immediate and long-
term treatment effects on CNV lesion activity, respectively. Blood-
retinal barrier permeability was quantified by fluorophotometry
1 week after the last antibody dose. At the end of the study
(D15 or D43), neovascularization and subretinal inflammatory
cell infiltration were evaluated by immunohistochemistry on
retinal pigment epithelium (RPE)/choroid flatmounts. Antibody
treatment administration and the qualitative and quantitative
analyses of results were made on a blinded basis.

2.3. Neovascular leakage analysis by FA

Fluorescein fundus angiography was carried out at baseline
(D0) to equally assign JR5558 mice across experimental groups by
sCNV lesion leakage area before treatment and 1 week (D15) or
5 weeks (D43) after treatment. Before fluorescein administration,
mice were anesthetized by subcutaneous (SC) injection of a
fentanyl (0.05 mg/kg), medetomidine (0.5 mg/kg), and midazolam
(5 mg/kg) mixture, and eyes were dilated with 0.5% tropicamide.
Once pupils were dilated, 3.2-mm plano contact lenses (Cantor
& Nissel Ltd., Brackley, United Kingdom) were placed on the
eyes, and 2% fluorescein sodium salt (10 mL/kg) was injected
intraperitoneally. Mice were then placed in front of the Heidelberg
Spectralis ophthalmic imaging system (Heidelberg Engineering,
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Heidelberg, Germany) for infrared (IR) and FA image acquisition.
Both eyes underwent a complete analysis, with an initial central FA
image captured 5 min after fluorescein injection and a subsequent
six images to cover all sections of the eye. Following IR and
FA imaging, anesthesia reversal was achieved by subcutaneous
injection of a buprenorphine (0.2 mg/kg), atipamezole (2.5 mg/kg),
and flumazenil (0.5 mg/kg) mixture. FA images from each
individual eye were manually exported as JPEG files for analysis
using Adobe Photoshop software (Adobe, Inc., San Jose, CA,
United States). The number of lesion leakage areas per eye
at baseline was counted using the Photoshop Count tool. For
quantification of the lesion leakage area after treatment, areas of
fluorescein leakage were selected for each eye with the Photoshop
Lasso tool and expressed as pixel numbers for statistical analysis.

2.4. Fluorophotometry

In vivo quantitation of blood-retinal barrier permeability was
performed by fluorophotometry (FluorotronTM Master Laboratory
Mouse Edition; OcuMetrics, Mountain View, CA, United States)
1 week (D15) after treatment. As per the FA procedure, JR5558
mice were anesthetized by subcutaneous injection of a fentanyl,
medetomidine, and midazolam mixture. Eyes were then dilated
using 0.5% tropicamide and contact lenses (Cantor & Nissel
Ltd.) were placed to prevent eye drying and protect against
cataract formation. For measurements of fluorescein concentration
profiles in the vitreous ocular compartment and in the plasma,
1% fluorescein sodium salt (10 mL/kg) was administered by
subcutaneous injection. Mice were then placed on a temperature-
controlled (37.0 ± 1◦C) stage, and their position was adjusted so
that the eye being analyzed was aligned precisely and in parallel
to the optic device. Data acquisition was started 45 min after
fluorescein injection using 450- to 490-nm excitation and 520-
to 600-nm emission for fluorescein detection. After scanning
both eyes, tails were punctured for blood sampling (25 µL),
and plasma was extracted by centrifugation (10,000 × g for
10 min) to correct for circulating fluorescein and, thus, account
for potential administration differences. Plasma was then diluted
1:100 with phosphate-buffered saline (PBS) in a microcuvette, and
fluorescein levels were measured using a cuvette holder provided
with the fluorophotometer. Raw data for the vitreous compartment
and plasma fluorophotometric measurements were analyzed
and quantified using Microsoft Excel (Microsoft Corporation,
Redmond, WA, United States) by calculating the average value
from the five highest steps (axial distance) corresponding to the
graphical peak for fluorescein concentration in the vitreous and
plasma. Average fluorescein levels in the vitreous of JR5558 mice
were corrected by the maximum plasma fluorescein values and
expressed as a ratio on the final bar/scatter dot blot graph.

2.5. Immunohistochemistry analysis of
RPE/choroid flatmounts

Subretinal inflammatory cell infiltration was detected by
Iba1, CD45, and CD11b immunostaining and was evaluated by
flatmounted RPE/choroid histology at 1 and 5 weeks after antibody

treatment. Enucleated eyes were fixed with 4% paraformaldehyde
solution for 2 h at room temperature (RT) and then transferred
to PBS. The RPE/choroid complex was carefully separated from
the retina and permeabilized for 2 h at RT in 3% Triton X-
100 solution in PBS. After permeabilization, RPE/choroids were
incubated overnight with the following primary antibodies in
0.3% Triton X-100 with 5% donkey serum in PBS: biotinylated
isolectin B4 (lectin from Bandeiraea simplicifolia, 1:100, #L2140;
Sigma-Aldrich, St. Louis, MO, United States), goat anti-Iba1 (1:200,
#ab5076; Abcam, Waltham, MA, United States), rat anti-CD45
(1:200, #ab23910; Abcam), or rat anti-CD11b (1:200, #MCA711;
Bio-Rad Laboratories, Hercules, CA, United States). The following
day, the tissue was washed for 6 × 5 min with 0.3% Triton
X-100 in PBS, followed by incubation for 2 h at RT with the
following secondary antibodies in 0.3% Triton X-100 with 5%
donkey serum in PBS: 1:100 fluorescein isothiocyanate (FITC)-
conjugated DyLight 488 Streptavidin (1:100, #SA-5488; Vector
Laboratories, Burlingame, CA, United States), donkey anti-goat
IgG (1:200, Alexa Fluor 550, #A-21432; Thermo Fisher Scientific,
Waltham, MA, United States), and anti-rat IgG (1:200, Alexa
Fluor 647, #ab150155; Abcam). RPE/choroid tissues were then
washed for 6 × 5 min in 0.3% Triton X-100 in PBS at RT
before being flatmounted on Superfrost glass slides (Thermo
Fisher Scientific) using Dako fluorescent mounting medium
(#S3032; Dako, Glostrup, Denmark). Following RPE/choroid tissue
immunostaining, isolectin B4, CD45, and CD11b signals were
detected and acquired using an Olympus VS120 scanner equipped
with a XM10 camera and a UPLSAPO 10 × /0.40 objective
(Evident, Tokyo, Japan). Specific isolectin B4, Iba1, CD45, and
CD11b signal areas were selected with the Lasso tool in Adobe
Photoshop and areas of isolectin B4 signal or Iba1-, CD45-, and
CD11b-positive cells number per RPE/choroid flatmount were
quantified using ImageJ.

2.6. Retinal I/R injury mouse model

Two days before I/R injury, C57BL/6J mice were given
intravitreal injections (1.4 µL/eye) of IgG control antibody
(3 µg/µL) or anti–VEGF-A (anti–VEGF-A at 1.5 µg/µL and IgG
control at 1.5 µg/µL), anti–Ang-2 (anti–Ang-2 at 1.5 µg/µL and
IgG control at 1.5 µg/µL), or bi-specific anti–Ang-2/anti–VEGF-
A (3 µg/µL). Two days after treatment, retinal ischemia was
transiently induced by injection of saline into the anterior chamber
to raise the intraocular pressure to 85–95 mmHg (measured
via a TonoLab Rebound Tonometer; Icare Finland Oy, Vantaa,
Finland), followed by natural reperfusion, as previously described
(Abcouwer et al., 2021), except that the duration of ischemia was
75 min. Sham treatment comprised needle puncture only. Vascular
permeability and ongoing cell death were assessed 48 h after I/R
injury.

2.7. FITC-labeled BSA permeability assay

As a measure of retinal vascular permeability, retinal
accumulation of fluorescein isothiocyanate–labeled bovine
serum albumin (FITC-BSA) was measured at 48 h after I/R
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injury using a previously described method (Abcouwer et al.,
2021). Briefly, the mice were given an intravenous injection
of 200 mg/kg body weight of FITC-BSA (Sigma-Aldrich, St.
Louis, MO, United States), which was allowed to circulate for
2 h before the retinal vasculature was flushed by transcardiac
perfusion with PBS before retinal harvesting. Retinal FITC-BSA
accumulation was quantified by fluorescence using a microplate
spectrophotometer (FLUOstar Omega; BMG LABTECH,
Ortenberg, Germany) and normalized to plasma FITC-BSA
and retinal dry weight.

2.8. DNA fragmentation assay

A DNA fragmentation assay was used to evaluate ongoing
retinal cell death 48 h after I/R injury using a previously described
method (Abcouwer et al., 2021). Briefly, DNA fragmentation
assay was carried out using Cell Death Detection ELISA PLUS
(Roche Diagnostics, Basel, Switzerland) per the manufacturer’s
instructions, and optical densities were detected using a microplate
spectrophotometer (FLUOstar Omega) and normalized to retinal
wet weight.

2.9. Blinding

All personnel involved in image acquisition, image analysis,
and histology were blinded to treatment until raw data were
fully processed. Only personnel involved in drug administration
had information about the identity of the treatments the
animals received.

2.10. Statistics

Data were compared between groups using one-way analysis of
variance followed by Tukey’s multiple comparison test. Statistical
significance was indicated by ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001,
and ∗∗∗∗P < 0.0001. Statistical analyses were performed using
Prism 7 (GraphPad Software, San Diego, CA, United States).

2.11. Study approval

Animal maintenance and experimental procedures were
approved by the Federal Food Safety and Veterinary Office
of Switzerland (reference BS-2734) and were conducted in
strict adherence to the Swiss federal ordinance on animal
protection and welfare, as well as according to the rules of
the Association for Research in Vision and Ophthalmology
Statement for the Use of Animals in Ophthalmic and Vision
Research guidelines (European Directive 86/609/EEC) and the
Roche Ethics Committee on Animal Welfare (JR5558 sCNV
mouse model) or with approval of the University of Michigan
Institutional Animal Care and Use Committee (retinal I/R
injury mouse model).

3. Results

3.1. Dual Ang-2/VEGF-A inhibition
reduces sCNV and lesion leakage area in
JR5558 mice

3.1.1. One week after treatment
The short-term effects of dual Ang-2/VEGF-A inhibition on

neovascularization, vascular leakage, and retinal inflammation
were assessed in JR5558 mice (Figure 1A). Mice were given
two intraperitoneal injections, separated by 1 week, of mouse
cross-reactive antibodies against Ang-2, VEGF-A, or a bi-
specific anti–Ang-2/VEGF-A antibody. Controls included IgG-
injected and untreated mice. Leakage from sCNV lesions
and blood-retinal barrier permeability were evaluated in vivo
by FA and fluorophotometry, respectively, at 1 week after
treatment. The extent of neovascularization was analyzed by
immunohistochemistry using isolectin B4 as a vascular marker
on RPE/choroid flatmounts to assess immediate treatment
effects (Figure 1A). Following FA or RPE/choroid tissue image
acquisition, fluorescein leakage or isolectin B4 signals were selected
and quantified (Figure 1B).

Due to the variability of the number of lesions in the eyes,
baseline sCNV lesion leakage area was assessed in each eye by
FA, thereby allowing for equal distribution of number of lesions
across experimental groups before treatment. As a result, there
were no statistically significant differences in lesion leakage area
number per eye (Supplementary Figure 1A) and lesion leakage
area (Supplementary Figure 1B) at baseline before treatment
administration between the untreated, IgG control, anti–VEGF-A,
anti–Ang-2, and bi-specific anti–Ang-2/VEGF-A groups.

Evaluation of sCNV by isolectin B4 immunostaining on
RPE/choroid flatmounts (Figure 1C) 1 week after treatment
demonstrated that anti–VEGF-A, anti–Ang-2, and bi-specific anti–
Ang-2/VEGF-A–treated mice all exhibited similar statistically
significant reductions in total sCNV area compared with
untreated and IgG control mice (Figures 1D, E). Bi-specific
anti–Ang-2/VEGF-A–treated mice had the lowest mean sCNV
area, although there were no statistically significant differences
compared with anti–VEGF-A– or anti–Ang-2–treated mice.
However, sCNV lesion leakage area was reduced only in
anti–Ang-2/VEGF-A–treated mice compared with untreated or
IgG-treated control mice (Figures 1F, G). The magnitude of
reduction was most pronounced in bi-specific anti–Ang-2/VEGF-
A–treated mice. There were no statistically significant between
group differences in retinal vascular leakage detected in the
vitreous 1 week after treatment; however, anti–VEGF-A, anti–
Ang-2, and bi-specific anti–Ang-2/VEGF-A–treated mice had
numerically less leakage than IgG control mice (Figure 1H). No
phenotypic alteration or neovascular leakage was seen on IR or
FA images from control mice without sCNV (Supplementary
Figure 1C).

Together, these results confirm that dual Ang-2/VEGF-
A inhibition may promote vascular stability by inhibiting
neovascularization and subsequent neovascular leakage and are
consistent with our previously reported findings (Regula et al.,
2016; Foxton et al., 2019).
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FIGURE 1

Dual angiopoietin-2 (Ang-2)/vascular endothelial growth factor-A (VEGF-A) inhibition reduces spontaneous choroidal neovascularization (CNV) and
lesion leakage area in JR5558 mice. (A) General experimental protocol used to assess short-term treatments effects on limiting vascular leakage,
neovascularization, and inflammation in the JR5558 mouse model. (B) Examples of lesion leakage area and total area of isolectin B4 signal
quantification. (C) Representative isolectin B4 immunostaining images detected on retinal pigment epithelium (RPE)/choroid flatmounts from
untreated JR5558 mice. Isolectin B4 is a marker for endothelial cells allowing visualization and quantification of spontaneous CNV (white asterisk).
Scale bar = 500, 100 (1), and 25 (2) µm. (D) Representative analysis by immunofluorescence staining of isolectin B4 signal on RPE/choroid
flatmounts in JR5558 mice 1 week after treatment with immunoglobulin G (IgG) control or anti–VEGF-A, anti–Ang-2, or bi-specific
anti–Ang-2/VEGF-A antibodies. Scale bar = 500 µm. (E) Total area of isolectin B4 signal on RPE/choroid whole flatmounts in JR5558 mice 1 week
after treatment with IgG control or anti–VEGF-A, anti–Ang-2, or bi-specific anti–Ang-2/VEGF-A antibodies (n = 20–24 flatmounts).
(F) Representative infrared (IR) and fluorescein angiography (FA) images in JR5558 mice following treatment at day (D) 15 for CNV lesion leakage
detection and quantification. (G) Lesion leakage area quantification in JR5558 mice 1 week after treatment following two weekly doses of IgG
control or anti–VEGF-A, anti–Ang-2, or bi-specific anti–Ang-2/VEGF-A antibodies (n = 10 eyes). (H) Retinal vascular leakage detected in the vitreous
of JR5558 mice, and corrected to plasma fluorescein concentration, using fluorescein fluorophotometry 1 week after treatment following two
weekly doses of IgG control or anti–VEGF-A, anti–Ang-2, or bi-specific anti–Ang-2/VEGF-A antibodies (n = 7–8 eyes). Values are mean ± SD.
One-way analysis of variance followed by Tukey’s multiple comparison test. ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001. IHC, immunohistochemistry.

3.1.2. Five weeks after treatment
An additional set of experiments was performed to explore the

potential long-term effects of bi-specific Ang-2/VEGF-A inhibition
on vessel stabilization (Figure 2A).

After 5 weeks, anti–Ang-2– and bi-specific anti–Ang-
2/VEGF-A–treated mice had statistically significantly reduced
total sCNV area compared with untreated and anti–
VEGF-A–treated mice. Only anti–Ang-2–treated mice had

a statistically significant reduction in isolectin B4 signal
compared with IgG control mice (Figures 2B, C). Moreover,
anti–Ang-2– and bi-specific anti–Ang-2/VEGF-A–treated
mice had statistically significantly decreased sCNV lesion
leakage area compared with untreated control and anti–
VEGF-A–treated mice. Only anti–Ang-2–treated mice
had reduced sCNV area compared with IgG control mice
(Figures 2D, E).
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FIGURE 2

Dual angiopoietin-2 (Ang-2)/vascular endothelial growth factor-A (VEGF-A) inhibition causes sustained spontaneous choroidal neovascularization
(CNV) and lesion leakage area reduction in JR5558 mice. (A) General experimental protocol used to assess long-term treatments effects on limiting
vascular leakage, neovascularization, and inflammation in the JR5558 spontaneous CNV mouse model. (B) Representative analysis by
immunofluorescence staining of isolectin B4 signal on retinal pigment epithelium (RPE)/choroid flatmounts in JR5558 mice 5 weeks after treatment
with immunoglobulin G (IgG) control or anti–VEGF-A, anti–Ang-2, or bi-specific anti–Ang-2/VEGF-A antibodies. Scale bar = 500 µm. (C) Total area
of isolectin B4 signal on RPE/choroid whole flatmounts in JR5558 mice 5 weeks after treatment with IgG control or anti–VEGF-A, anti–Ang-2, or
bi-specific anti–Ang-2/VEGF-A antibodies (n = 20–22 flatmounts). (D) Representative infrared (IR) and fluorescein angiography (FA) images showing
CNV leakage in JR5558 mice at day (D) 43 after treatment with IgG control or anti–VEGF-A, anti–Ang-2, or bi-specific anti–Ang-2/VEGF-A
antibodies. (E) Lesion leakage area quantification in JR5558 mice 5 weeks after treatment with IgG control or anti–VEGF-A, anti–Ang-2, or
bi-specific anti–Ang-2/VEGF-A antibodies (n = 17–18 eyes). Values are mean ± SD. One-way analysis of variance followed by Tukey’s multiple
comparison test. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001. IHC, immunohistochemistry.

Taken together, the results obtained 5 weeks after treatment
demonstrated that Ang-2 and dual Ang-2/VEGF-A inhibition were
superior to VEGF-A inhibition in promoting vascular stability
by reducing neovascularization and neovascular leakage, further
suggesting the prolonged beneficial effect of inhibiting Ang-2 and
VEGF over anti-VEGF alone may be driven by Ang-2 inhibition.

3.2. Dual Ang-2/VEGF-A inhibition
reduces subretinal Iba1+, CD11b+, and
CD45+ cell infiltration in JR5558 mice

3.2.1. One week after treatment
The short-term effects of dual Ang-2/VEGF-A inhibition

on subretinal infiltration of Iba1, CD11b, and CD45 immune
cells were evaluated by immunohistochemistry on RPE/choroid
flatmounts 1 week after treatment in JR5558 mice. Iba1 is a
microglia-/macrophage-specific marker (Sousa et al., 2017), and
CD11b is expressed on the surface of microglia and all myeloid

leukocytes, including monocytes, macrophages, granulocytes
(including neutrophils), and natural killer cells. CD45 is known
as the common leukocyte marker and is expressed by microglia,
myeloid leukocytes, and lymphocytes (Jurga et al., 2020).

Representative immunostaining on RPE/choroid flatmounts
from untreated JR5558 mice revealed Iba1+, CD11b+, and
CD45+ immune cells were located mainly around sCNV lesions
(Figures 3A, B). In control mice without sCNV, virtually no
immune cells were detected (Supplementary Figure 1C). At 1 week
after treatment, the number of Iba1+ microglia/macrophages
on RPE/choroid and around sCNV lesions was statistically
significantly reduced in anti–VEGF-A–, anti–Ang-2–, and
bi-specific anti–Ang-2/VEGF-A–treated mice compared with
untreated or IgG control mice. Moreover, bi-specific anti–Ang-
2/VEGF-A–treated mice had a further decreased number of Iba1+

cells compared with anti–VEGF-A– or anti–Ang-2–treated mice
(Figures 3C, D). The number of CD11b+ myeloid leukocytes
on RPE/choroid and around sCNV lesions was statistically
significantly decreased in both anti-VEGF–treated and bi-specific
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FIGURE 3

Dual angiopoietin-2 (Ang-2)/vascular endothelial growth factor-A (VEGF-A) inhibition reduces subretinal ionized calcium binding adapter molecule 1
(Iba1+), CD11b+, and CD45+ cell infiltration in JR5558 mice vs. anti-VEGF alone. (A,B) Representative isolectin B4 (white asterisk), Iba1, CD11b, and
CD45 immunostaining images detected on retinal pigment epithelium (RPE)/choroid flatmounts from untreated JR5558 mice, allowing visualization
and quantification of subretinal Iba1+ (white arrows), CD11b+ (white triangles), and CD45+ (white arrowhead) immune cells infiltration. Scale
bar = 500, 100 (1), and 25 (2) µm. (C) Representative analysis by immunofluorescence staining of Iba1 or CD11b on RPE/choroid flatmounts in
JR5558 mice 1 week after treatment with immunoglobulin G (IgG) control or anti–VEGF-A, anti–Ang-2, or bi-specific anti–Ang-2/VEGF-A
antibodies. Scale bar = 500 µm. (D,E) Total number of Iba1+ (D) or CD11b+ (E) inflammatory cells around choroidal neovascularization (CNV) lesions
on RPE/choroid whole flatmounts in JR5558 mice 1 week after treatment with IgG control or anti–VEGF-A, anti–Ang-2, or bi-specific
anti–Ang-2/VEGF-A antibodies [n = 26–34 flatmounts for panel (D) and n = 10–12 flatmounts for panel (E)]. (F) Representative immunofluorescence
staining of CD45 on RPE/choroid flatmounts in JR5558 mice 1 week after treatment with IgG control, anti–VEGF-A, anti–Ang-2, or bi-specific
anti–Ang-2/VEGF-A antibodies. Scale bar = 500 µm. (G) Total number of CD45+ inflammatory cells around CNV lesions on RPE/choroid whole
flatmounts 1 week after treatment with IgG control or anti–VEGF-A, anti–Ang-2, or bi-specific anti–Ang-2/VEGF-A antibodies (n = 10–12
flatmounts). Values are mean ± SD. One-way analysis of variance followed by Tukey’s multiple comparison test. ∗P < 0.05, ∗∗P < 0.01,
∗∗∗∗P < 0.0001.

anti–Ang-2/VEGF-A–treated mice compared with untreated
control mice, whereas only bi-specific anti–Ang-2/VEGF-A–
treated mice exhibited a statistically significant decrease compared
with IgG control mice (Figures 3C, E). Only bi-specific anti–
Ang-2/VEGF-A–treated mice exhibited a statistically significant
decrease in number of CD45+ cells compared with both untreated
and IgG control mice (Figures 3F, G).

Overall, the Iba1, CD11b, and CD45 immunostaining data
indicate that dual Ang-2/VEGF-A inhibition decreases immune

cell accumulation associated with sCNV lesions, statistically
significantly more so than VEGF-A or Ang-2 inhibition alone for
Iba1 + accumulation.

3.2.2. Five weeks after treatment
An additional set of experiments was performed to explore

potential long-term effects of bi-specific Ang-2/VEGF-A
inhibition on subretinal infiltration of Iba1+, CD11b+, and
CD45+ immune cells.
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FIGURE 4

Dual inhibition of angiopoietin-2 (Ang-2)/vascular endothelial growth factor-A (VEGF-A) causes sustained reduction in subretinal ionized calcium
binding adapter molecule 1 (Iba1+), CD11b+, and CD45+ inflammatory cells infiltration in JR5558 mice. (A,C,E) Representative analysis by
immunofluorescence staining of Iba1 (A), CD11b (C), or CD45 (E) on retinal pigment epithelium (RPE)/choroid flatmounts in JR5558 mice 5 weeks
after treatment with immunoglobulin G (IgG) control or anti–VEGF-A, anti–Ang-2, or bi-specific anti–Ang-2/VEGF-A antibodies. Scale
bar = 500 µm. (B,D,F) Total number of Iba1+ (B), CD11b+, (D) or CD45+ (F) inflammatory cells around choroidal neovascularization lesions on
RPE/choroid whole flatmounts in JR5558 mice 5 weeks after treatment with IgG control or anti–VEGF-A, anti–Ang-2, or bi-specific
anti–Ang-2/VEGF-A antibodies [n = 17–18 flatmounts for panel (B), n = 16–18 for panel (D), and n = 15–18 flatmounts for panel (F)]. Values are
mean ± SD. One-way analysis of variance followed by Tukey’s multiple comparison test. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001.

After 5 weeks, anti–Ang-2– and bi-specific anti–Ang-2/VEGF-
A–treated mice exhibited statistically significant decreases in the
number of Iba1+ (Figures 4A, B) and CD11b+ (Figures 4C, D)
cells on RPE/choroid and around sCNV lesions compared with
control group mice. Anti–Ang-2–treated mice also exhibited a
statistically significant decrease in the number of CD45+ cells
compared with control group mice (Figures 4E, F). Decreases
in all immune cell counts were also statistically significantly
more pronounced in anti–Ang-2–treated mice compared
with anti–VEGF-A–treated mice. There were no statistically
significant differences in the number of Iba1+ cells between
bi-specific anti–Ang-2/VEGF-A–treated mice and anti–Ang-2– or
anti–VEGF–treated mice.

Taken together, the results obtained 5 weeks after treatment
demonstrated that Ang-2 and dual Ang-2/VEGF-A inhibition
were superior to VEGF-A inhibition in reducing inflammation,
suggesting that the sustained anti-inflammatory effect observed
with dual Ang-2/VEGF-A inhibition over anti-VEGF alone may be
driven by Ang-2 inhibition.

3.3. Dual Ang-2/VEGF-A inhibition
prevents I/R injury–induced retinal
permeability and cell death

To further explore the protective effects of dual Ang-2/VEGF-
A inhibition, the retinal I/R mouse model (Muthusamy et al.,
2014) was used to evaluate changes in vascular permeability and
cell death following retinal injury. The mouse retinal I/R model
is characterized by progressive neurodegeneration of the inner
retina and immediate and sustained breakdown of the inner blood-
retina barrier (Abcouwer et al., 2021). Mice were given intravitreal
injections of anti–VEGF-A, anti–Ang-2, and bi-specific anti–Ang-
2/VEGF-A antibodies 2 days before I/R injury (Figure 5A). I/R
comprised ischemia for 75 min followed by natural reperfusion
to induce retinal injury. Vascular permeability was measured by
evaluating FITC-BSA extravasation 48 h after reperfusion.

Bi-specific anti–Ang-2/VEGF-A–treated mice had statistically
significantly reduced retinal vascular permeability (by 64%)
compared with IgG control–treated mice (Figure 5B). There
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FIGURE 5

Dual angiopoietin-2 (Ang-2)/vascular endothelial growth factor-A (VEGF-A) inhibition prevents ischemia/reperfusion (I/R) injury–induced retinal
permeability and cell death. (A) General experimental protocol used to assess treatment effects on limiting vascular permeability and cell death in
the retinal I/R injury mouse model. (B,C) Retinal fluorescein isothiocyanate–labeled bovine serum albumin (FITC-BSA) permeability (B) and retinal
apoptotic DNA fragmentation (C) 2 days after I/R injury following intravitreal injection of immunoglobulin G (IgG) control, anti–VEGF-A, anti–Ang-2,
or bi-specific anti–Ang-2/VEGF-A antibodies (n = 5–8 eyes) 4 days before analysis. Values are mean ± SD. One-way analysis of variance followed by
Tukey’s multiple comparison test. ∗P < 0.05, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001. D, day; IVT, intravitreal.

was no statistically significant difference between IgG control
and anti–VEGF-A– or anti–Ang-2–treated mice (Figure 5B).
Consistent with these findings, assessment of neuronal cell death by
DNA fragmentation demonstrated that cell death was statistically
significantly reduced (by 47%) in bi-specific anti–Ang-2/VEGF-
A–treated mice compared with IgG control mice (Figure 5C).
In contrast, there was no evidence of protection in monotherapy
anti–VEGF-A– or anti–Ang-2–treated mice (Figure 5C).

These results suggest that intravitreal delivery of antibodies
affording dual Ang-2/VEGF-A inhibition is more effective than
antibodies causing Ang-2 or VEGF-A inhibition alone in
preventing both vascular permeability and neurodegeneration
following retinal I/R injury.

4. Discussion

Phase 3 clinical trials in patients with DME or nAMD
have demonstrated that dual Ang-2 and VEGF-A pathway
inhibition with faricimab improves and maintains vision, with
strong durability, and improves anatomic outcomes compared
with VEGF-A pathway inhibition alone. However, the underlying
individual contributions of Ang-2 and VEGF-A in mediating
these outcomes is unclear. Here, we have described the results
of preclinical studies that aimed to delineate the longer-term (5-
week) effects of Ang-2 and Ang-2/VEGF-A inhibition on vascular
permeability, inflammation, and neurodegeneration in mouse
models of retinal neovascularization and I/R. Of note, our findings
highlight that Ang-2 plays an important underlying role in the
extended efficacy and durability effects observed here.

We used the JR5558 mouse model of sCNV to evaluate the
effects of dual Ang-2/VEGF-A inhibition, Ang-2 inhibition alone,
and VEGF-A inhibition alone on neovascularization, vascular
leakage, and subretinal immune cell infiltration 1 and 5 weeks after
treatment. Dual Ang-2/VEGF-A inhibition consistently reduced
both sCNV and lesion leakage area, as well subretinal immune cell
infiltration compared with control treatment, whereas the effects
of Ang-2 and VEGF-A inhibition varied. Notably, we found that
after 1 week, Ang-2, VEGF-A, and dual Ang-2/VEGF-A inhibition
all reduced total sCNV area; reductions were greatest with dual
Ang-2/VEGF-A pathway inhibition. Furthermore, only dual Ang-
2/VEGF-A inhibition decreased lesion leakage area. Interestingly,
after 5 weeks, only Ang-2 and dual Ang-2/VEGF-A inhibition
maintained their CNV leakage-reducing effects. Similarly, after
1 week, Ang-2, VEGF-A, and dual Ang-2/VEGF-A inhibition all
reduced immune cells (Iba1+, CD11b+, and CD45+) accumulation
at the lesions, whereas only Ang-2 and dual Ang-2/VEGF-A
inhibition, but not VEGF-A inhibition, reduced immune cells
accumulation after 5 weeks. Taken together, these findings not only
suggest that dual Ang-2/VEGF-A inhibition may promote vascular
stability by decreasing neovascular leakage and neovascularization,
but also that Ang-2 inhibition plays an important underlying role,
particularly when considering the more prolonged (5-week) effects.
Further, these findings suggest that Ang-2 inhibition may play an
important role in mediating the strong durability and anatomic
improvement observed with faricimab in clinical trials (Heier et al.,
2022; Khanani et al., 2022; Lim et al., 2022; Wykoff et al., 2022).

We have previously reported that I/R injury causes a rapid and
sustained breakdown of the inner blood-retina barrier (Abcouwer
et al., 2021). The rapidity of modification and disorganization
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of tight junctions at the endothelial cell borders suggests that
I/R may have a direct effect on the retinal vasculature. We
also found that this permeability response coincides with VEGF
receptor-2 phosphorylation in the mouse and that post-I/R
permeability can be reduced by anti-VEGF pre-treatment in
the rat (Abcouwer et al., 2010; Muthusamy et al., 2014). The
results described herein show that intravitreal delivery of a dual
Ang-2/VEGF-A–inhibiting antibody was superior to antibodies
inhibiting Ang-2 or VEGF alone in preventing the vascular
permeability response to I/R injury. This finding suggests that
both Ang-2 and VEGF signaling contribute to this response.
Surprisingly, dual Ang-2/VEGF-A inhibition, but not Ang-2 or
VEGF-A inhibition alone, also demonstrated neuroprotective
effects as indicated by a decreased rate of neuronal cell death.
Further research is needed to determine whether these protective
effects are the result of direct or indirect effects secondary to
inhibition of vascular leakage. However, because the antibody
delivery was ocular in the I/R injury model, rather than systemic
as in the sCNV model, the results suggest that the effects on
retinal pathology are due to dual Ang-2/VEGF-A inhibition in
the retina, not due to possible systemic effects on immune
cells.

In conclusion, our findings suggest that targeting both Ang-2
and VEGF-A can provide additional protective benefits in models
of ocular neovascularization and pathological retinal vascular
permeability. This seems to be due to the complementary effects of
inhibiting Ang-2 and VEGF-A on vascular stability. Importantly,
our findings also suggest that Ang-2 inhibition may be particularly
important in mediating the extended effects of dual Ang-2/VEGF-
A inhibition. These preclinical findings are consistent with the
extended durability of faricimab observed in phase 3 clinical trials
and the greater reductions in anatomic parameters observed with
faricimab compared with anti-VEGF therapies (Cheung et al.,
2022; Heier et al., 2022; Khanani et al., 2022; Lim et al., 2022;
Wykoff et al., 2022). In the mouse models, dual Ang-2/VEGF-
A inhibition also showed increased efficacy against immune
cell attraction to sCNV lesions and neurodegeneration after
retinal I/R injury. Further studies are needed to determine if
these effects are secondary to vascular stabilization or due to
direct anti-inflammatory and neuroprotective effects of inhibiting
Ang-2.
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