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Neovascularization is a key feature of ischemic retinal diseases and
the wet form of age-related macular degeneration (AMD), all lead-
ing causes of severe vision loss. Vascular endothelial growth factor
(VEGF) inhibitors have transformed the treatment of these disor-
ders. Millions of patients have been treated with these drugs
worldwide. However, in real-life clinical settings, many patients
do not experience the same degree of benefit observed in clinical
trials, in part because they receive fewer anti-VEGF injections.
Therefore, there is an urgent need to discover and identify novel
long-acting VEGF inhibitors. We hypothesized that binding to
heparan-sulfate proteoglycans (HSPG) in the vitreous, and possibly
other ocular structures, may be a strategy to promote intraocular
retention, ultimately leading to a reduced burden of intravitreal
injections. We designed a series of VEGF receptor 1 variants and
identified some with strong heparin-binding characteristics and
ability to bind to vitreous matrix. Our data indicate that some of
our variants have longer duration and greater efficacy in animal
models of intraocular neovascularization than current standard of
care. Our study represents a systematic attempt to exploit the func-
tional diversity associated with heparin affinity of a VEGF receptor.
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The development of a neovascular supply or angiogenesis
serves crucial homeostatic roles, since the blood vessels carry

nutrients to tissues and organs and remove catabolic products
(1). However, uncontrolled growth of blood vessels can promote
or facilitate numerous disease processes, including tumors and
intraocular vascular disorders (1). Although numerous angiogenic
factors were initially identified and characterized (2), work per-
formed in many laboratories has established vascular endothelial
growth factor (VEGF) as a key regulator of normal and patho-
logical angiogenesis as well as vascular permeability (3–5). Alter-
native exon splicing results in the generation of multiple isoforms
that differ in their affinity for heparin, including VEGF121, VEGF165,
and VEGF189. VEGF121 lacks significant heparin binding. While
VEGF165 has a single, exon-7-encoded, heparin-binding domain,
VEGF189 has two heparin-binding domains encoded respectively by
exon-6 and exon-7 (6, 7). Much experimental evidence documents
the key role of the heparin-binding VEGF isoforms in the es-
tablishment of biochemical gradients required for angiogenesis
(8–10). VEGF is a member of a gene family that also includes
PlGF, VEGF-B, VEGF-C, and VEGF-D. Three related receptor
tyrosine kinases (RTKs) have been reported to bind VEGF ligands:
VEGFR1 (11, 12), VEGFR2 (13), and VEGFR3 (14). VEGF binds
both VEGFR1 and VEGFR2, while PlGF and VEGF-B interact
selectively with VEGFR1. VEGFR3 and its two ligands, VEGF-C
and VEGF-D, are primarily implicated in lymphangiogenesis (15,
16). Each member of this RTK class has seven immunoglobulin (Ig)-
like domains in the extracellular portion (17). There is agreement
that VEGFR2 is the main signaling receptor for VEGF (16), al-
though VEGFR1 binds VEGF with substantially higher affinity than
VEGFR2 (17).

VEGF inhibitors have become a standard of therapy in mul-
tiple tumors and have transformed the treatment of intraocular
neovascular disorders such as the neovascular form of age-related
macular degeneration (AMD), proliferative diabetic retinopathy,
and retinal vein occlusion, which are leading causes of severe vision
loss and legal blindness (3, 5, 18). Currently, three anti-VEGF drugs
are widely used in the United States for ophthalmological indica-
tions: bevacizumab, ranibizumab, and aflibercept (3). Bevacizumab
is a full-length IgG antibody targeting VEGF (19). Even though
bevacizumab was not developed for ophthalmological indications,
it is widely used off-label due to its low cost. Ranibizumab is an
affinity-matured anti-VEGF Fab (20). Aflibercept is an IgG-Fc
fusion protein (21), with elements from VEGFR1 and VEGFR2,
that binds VEGF, PIGF, and VEGF-B (22). Importantly, after a
5-y treatment with ranibizumab or bevacizumab, about half of
neovascular AMD patients had good vision, i.e., visual acuity 20/40
or better, an outcome that would not have been possible before
anti-VEGF agents were available (23). However, in real-life clinical
settings, many patients receive fewer anti-VEGF injections than in
clinical trials, and it has been hypothesized that this correlates with
less satisfactory visual outcomes (24). Therefore, there is a need to
develop agents with longer duration after intraocular injection, thus
reducing the frequency of injections, and a number of approaches to
this end have been attempted (25, 26). Aflibercept (Eylea) was

Significance

Vascular endothelial growth factor (VEGF) inhibitors have
transformed the treatment of intraocular vascular disorders.
However, the burden of frequent intravitreal injections reduces
patient compliance such that the impact in the “real world” is
less than in clinical trials. Thus, there is a need to discover VEGF
inhibitors than can be administered less frequently. We hy-
pothesized that the ability to bind heparan-sulfate proteogly-
cans may be a strategy to promote intraocular retention and
increase half-life. We designed a series of VEGF receptor 1 vari-
ants and identified some with strong heparin-binding charac-
teristics that are more effective and durable in action in animal
models of intraocular neovascularization than a standard of care
like aflibercept. The work should fulfill an unmet medical need
and advance therapy.

Author contributions: H.X., N.B., P.L., E.N., and N.F. designed research; H.X., N.B., P.L., C.Z.,
T.C.C., E.N., and N.F. performed research; H.X., N.B., P.L., and C.Z. analyzed data; and E.N.
and N.F. wrote the paper.

Reviewers: J.A., University of Virginia; and L.E.H.S., Harvard Medical School.

Competing interest statement: The technology described in the manuscript has been
licensed to a start-up company.

This open access article is distributed under Creative Commons Attribution-NonCommercial-
NoDerivatives License 4.0 (CC BY-NC-ND).
1To whom correspondence may be addressed. Email: nferrara@ucsd.edu.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.1921252118/-/DCSupplemental.

Published May 18, 2021.

PNAS 2021 Vol. 118 No. 21 e1921252118 https://doi.org/10.1073/pnas.1921252118 | 1 of 9

M
ED

IC
A
L
SC

IE
N
CE

S

https://orcid.org/0000-0002-7235-0056
https://orcid.org/0000-0001-7528-5432
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1921252118&domain=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:nferrara@ucsd.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921252118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921252118/-/DCSupplemental
https://doi.org/10.1073/pnas.1921252118
https://doi.org/10.1073/pnas.1921252118


approved based on clinical trials showing that every 8-wk ad-
ministration of the dose of 2 mg could match the efficacy of
monthly ranibizumab (0.5 mg). However, despite the prediction
that a switch to aflibercept would reduce the number of intravitreal
injections, recent studies suggest that it is not the case (27). An-
other approach aiming to reduce frequency of injections is the use
of high doses of brolucizumab, a recently Food and Drug Ad-
ministration (FDA)-approved high-affinity single-chain variable
fragments (scFV) targeting VEGF (28). However, an increased
incidence of retinal vasculitis and intraocular inflammation that
adversely affected vision has been observed in a subset of pa-
tients treated with brolucizumab (29). A refillable slow-release
device system implanted in the vitreous that enables continuous
delivery of ranibizumab has been developed (30). The phase II
data reported are promising, but this approach requires surgery
and complications such as bleeding have been noted (30). There-
fore, there is still an unmet medical need for intravitreal anti-VEGF
agents with improved half-life.
In 1996, in the course of structure–function studies aiming to

identify VEGF-binding elements in VEGFR1, we found that dele-
tion of Ig-like domain (D) 2, but not of other Ds, abolished VEGF
or PIGF binding (31). Replacing D2 of VEGFR3 with D2 of
VEGFR1 conferred on VEGFR3 the ligand specificity of VEGFR1
and abolished the ability of the mutant VEGFR3 to interact with
VEGF-C (31). Subsequent studies documented the interaction be-
tween D2 and VEGF (or PlGF) by X-ray crystallography (32–34).
However, D3 was important for optimal VEGF binding (31, 32).
These initial studies led to the design of a construct comprising the
first three lg-like Ds of VEGFR1, fused to an Fc-lgG (Flt-1-3-IgG)
(31). Flt-1-3-lgG showed a potent ability to neutralize VEGF in vitro
and in several in vivo models of physiological and pathological an-
giogenesis (35–40). However, the half-life of this molecule following
systemic administration was relatively short due to the presence of
clusters of basic residues in D3, which resulted in binding to
heparan-sulfate proteoglycans (HSPG) and sequestration in the ex-
tracellular matrix of various tissues.
In 2002, Holash et al. (22) described an IgG fusion construct

comprising VEGFR1 D2 and VEGFR2 D3, which has much
lower heparin affinity than VEGFR1 D3. This molecule, known
today as aflibercept, ziv-aflibercept, or Eylea, was reported to have
a significantly longer systemic half-life than Flt(1-3-lgG) (22).
These pharmacokinetic characteristics, combined with high binding
affinity for VEGF and the ability to bind PlGF and VEGF-B, led
to the prediction that aflibercept would be a more effective anti-
tumor agent than other VEGF inhibitors (22, 41). However, afli-
bercept has gained FDA approval only for second line treatment of
colorectal cancer, while bevacizumab and the anti-VEGFR2
antibody ramucirumab received several FDA approvals in multiple
cancer types (3, 5), suggesting that the above-mentioned character-
istics did not provide a therapeutic advantage. Clearly, aflibercept
has had its major clinical impact as an intravitreal treatment for
ocular vascular disorders.
We hypothesized that heparin-binding mediated by D3 (or other

Ig-like domain) of VEGFR1 (12), while a disadvantage for systemic
administration, might confer significant advantages for intravitreal
and potentially other local administration.

Results
To identify more effective and longer-lasting VEGF inhibitors
for intraocular use, we sought to exploit the diversity of heparin
binding in VEGFR1 Ds. To this end, we designed eight VEGFR1-
Fc fusion constructs having differential heparin binding, thus pro-
viding a spectrum of HPSG affinity. Fig. 1 illustrates the domain
structure of these proteins and highlights heparin-binding domains.
All proteins include D2, the key determinant of ligand specificity
(31). Two constructs (V1233 and V233) have a duplicated D3. The
domain structure of aflibercept is also shown.

In initial experiments, we noted that the expression levels of
several of our constructs were low; V1234, V1233, V234, and
V124 were detectable at low levels in the conditioned media.
Interestingly, earlier studies had shown that VEGF isoforms with
high affinity for heparin (VEGF189 or VEGF206) are almost un-
detectable in the conditioned media of transfected cells, being
largely bound to the cells surface or the extracellular matrix (10,
42). However, they could be released in a soluble form by the
addition of heparin or heparinase, indicating that the binding site
consisted of HSPG (10, 42). Thus, we sought to determine whether
the addition of heparin may affect the release of our recombinant
VEGFR1 fusion proteins. Indeed, adding heparin to the media of
transfected cells resulted in dose-dependent increases in the con-
centrations of recombinant proteins, with a maximal effect at the
concentration of 100 μg/mL. Depending on the construct, the fold
increases at this heparin concentration ranged between 1.2 and
10.6 relative to no addition. Therefore, we routinely added 100 μg/mL
heparin to the media.
We initially attempted to purify the recombinant proteins

simply by conventional protein A (PA) affinity chromatography.
However, this method yielded a major band of the expected mass
and numerous other minor bands, likely reflecting the interaction

Fig. 1. Immunoglobulin (Ig)-like domain (D) organization of VEGFR1 and of
the Fc fusion constructs designed in our study. Red label denotes heparin-
binding domain. D2 is an indispensable binding element for VEGF and PlGF,
responsible for ligand specificity (31). D3 plays an important role in binding
affinity and stability (31, 32, 34). D3 of VEGFR1, but not D3 of VEGFR2, is a
major heparin-binding site. V23 and aflibercept (Eylea) differ only in D3,
which is from VEGFR2 in aflibercept. D4 is also a heparin-binding site, im-
plicated in receptor dimerization and homotypic interactions (34). Each
construct is shown as a monomer for simplicity, but the recombinant pro-
teins are dimers due to the forced dimerization imposed by the Fc.
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of the strongly basic, heparin-binding, recombinant proteins with
host cell-derived HSPGs and other anionic molecules. We
therefore developed a protocol that removed such impurities, as
described in Materials and Methods. A wash at high pH (9.2) in
the presence of 1.2 M NaCl, while the protein is bound to PA,
resulted in release of numerous contaminants. The next step,
anion exchange chromatography, was very effective at removing
the bulk of contaminants and aggregates, while the purified protein
was in the flow through. The LPS levels in the final purified
preparations were <0.1 EU/mg (range 0.02 to 0.08), a very low level
compatible with preclinical studies (43). As shown in Fig. 2A, the
purity of our recombinant proteins was >95%, as assessed by silver-
stained sodium dodecyl sulphate–polyacrylamidegel electrophoresis
(SDS/PAGE), and was similar to that of the FDA-approved drug
Eylea. Fig. 2B shows analytical size exclusion chromatography (SEC)
profiles of the three most promising candidates, V23, V1233, and
V233, next to Eylea. Similar to Eylea, the three proteins eluted as a
single peak at the expected retention time, without significant
aggregation.
We tested the recombinant proteins for their ability to inhibit

mitogenesis induced by VEGF165 (10 ng/mL) in bovine choroidal
endothelial cells (BCECs). As illustrated in Fig. 3, they had in-
hibitory effects, with the half maximal inhibitory concentration
(IC50) values in the range of ∼1 nM, except for V124 and V24,
which were less potent. We also documented their ability to in-
hibit BCEC mitogenesis stimulated by VEGF121 (SI Appendix,
Fig. S1). Interestingly, Eylea in nearly all experiments (>10) was
potent, being active at low concentrations, with IC50 of ∼1 nM,
but inhibited no more than ∼80% of VEGF-stimulated BCEC
proliferation even at the highest concentrations tested. Similar
results were obtained using HUVEC proliferation assays (SI Ap-
pendix, Fig. S2). In contrast, our VEGFR1 constructs (except
V124 and V24) completely blocked VEGF-induced proliferation.
The ability to detect such differences likely reflects the relatively
high dynamic range of our BCEC proliferation assay in response
to VEGF stimulation (approximately fourfold increase). In addition,

we compared V1233, V233, and aflibercept in a recently devel-
oped short-term (6 h) cell-based assay kit (Promega) that mea-
sures VEGF stimulation in HEK-293 cells engineered to express
VEGFR2, using luciferase as a readout. In this assay, the three
proteins showed very similar inhibitory potency (SI Appendix,
Fig. S3).
Although the significance of the less than complete inhibition

of BCEC proliferation by Eylea remains to be fully investigated,
it is not inconceivable that VEGFR1 D3 provides a better inter-
active surface than D3 from VEGFR2, especially considering that
VEGFR1 binds VEGF significantly more effectively than VEGFR2
(44, 45). To test this hypothesis, we performed a comparison of
Protein Data Bank files of the VEGFR1/VEGF complex (5T89)
(34) and VEGFR2/VEGF complex (3V2A) (46) and superimposed
D2 to D3 from each receptor. This analysis supports our hypothesis.
For example, Arg280 in VEGFR1 D3 interacts with the sidechain
of VEGF Phe36, whereas VEGFR2 has an Asp there. Likewise, in
VEGFR1 both Arg261 and Asn290 interact with VEGF Glu64; in
VEGFR2, the Arg261 is replaced by Gly and hence in VEGFR2
only the Lys replacing Asn290 can interact with VEGF Glu64. SI
Appendix, Fig. S4 illustrates the VEGFR1 residues that can po-
tentially interact with VEGF and that differ between VEGFR1
and VEGFR2.
To further define therapeutically relevant interactions, we

sought to assess whether our recombinant proteins bind bovine
vitreous in vitro. As illustrated in Fig. 4, while Eylea, control IgG,
or Avastin had little or no binding, our proteins showed significant
binding. The strongest binders were V1233, V233, and V1234,
followed by V123. V23 had intermediate binding characteristics,
between Eylea (or control IgG) and V1233.
We tested our recombinant proteins in the mouse laser-induced

choroidal neovascularization (CNV) model and compared them
to control IgG or Eylea. An extensive literature documents the
ability of anti-VEGF agents to suppress neovascularization in this
model (47–49). We initially chose to test relatively low doses for
proof-of-concept studies, being best suited to reveal potency and

Fig. 2. Characterization of purified recombinant proteins. (A) Silver-stained SDS/PAGE (4 to 20% Tris) of our purified recombinant fusion proteins and Eylea.
A total of 200 ng of each protein was subjected to electrophoresis under reducing conditions. Staining was performed by SilverQuest Silver Staining Kit
(Invitrogen). (B) Analytical SEC of V23, V233, V1233, and Eylea, 25 μg of each. The y axis represents intensity of absorbance (A280) in milli-absorbance units, and
the x axis represents elution time in minutes.
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durability differences among the various proteins. Also, it has
been reported that intravitreal administration of high doses of
antibodies of the IgG1 isotype may have off-target angioinhibi-
tory effects, mediated by Fc signaling through FcgRI and c-Cbl,
leading to impaired macrophage migration (50). These effects might
potentially confound the interpretation of the data. The doses that
we employed are efficacious and at the same time should avoid such
off-target effects. Initially, each protein was injected intravitreally at
the dose of 2.5 μg 1 d before laser treatment. Eylea was tested also at
25 μg. As illustrated in Fig. 5A, Eylea resulted in an ∼30% inhibition
at the dose of 2.5 μg and ∼50% inhibition at the dose of 25 μg. These
findings are largely consistent with the published literature. For ex-
ample, Saishin et al. reported that the intravitreal injection of ∼5 μg

of aflibercept resulted in ∼30% inhibition of the CNV area in the
mouse (48). Indeed, the dose of 40 μg is commonly used to achieve
maximal inhibitory effects of aflibercept in the mouse CNV model
(51). An unexpected finding was the greater potency of some of
our constructs: V123, V23, V1233, and V233. Administering 2.5 μg
of these proteins, 1 d before the injury, matched or even exceeded
the level of inhibition achieved with 25 μg of Eylea. However, none
of the constructs that included D4 demonstrated significant CNV
inhibition (Fig. 5A).
To determine whether heparin binding may translate in durable

therapeutic effects following a single administration, V1233, Eylea,
or control IgG, were injected intravitreally (2.5 μg) 1, 7, or 14 d
before the laser-induced injury. As shown in Fig. 5B, Eylea resulted

Fig. 3. IC50 values of the inhibitors. Bovine choroidal ECs were maintained as described in Materials and Methods. For assays, cells are plated at low density.
Inhibitors were then added at various concentrations as indicated. VEGF165 was added at the final concentration of 10 ng/mL. Cell densities were evaluated
after 5 d. IC50 values were calculated using GraphPad Prism 5 (GraphPad Software). Data shown are based on two independent experiments obtained with
highly purified proteins and are consistent with numerous previous assays.
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in a significant inhibition only when administered 1 d before the
injury. In contrast, V1233 resulted in a significant inhibition also
when administered 7 or 14 d prior to the injury. In a subsequent
study, we compared equimolar amounts of Eylea, V23, V1233, and
V233, (4.8 μg of Eylea and V23, 6.3 μg of V233, and 7.2 μg of
V1233), administered 14 d prior to the injury. Fig. 5C shows that, at
the dose tested, Eylea had very little effect on CNV. In contrast,
V23, V1233, and V233 resulted in a significant CNV inhibition. A
prediction of our hypothesis is that inhibitors with strong heparin-
binding characteristics will have lower systemic exposure compared
to Eylea. We injected intravitreally, in both eyes, equimolar amounts
of Eylea, V23, V233, or V1233 and measured human Fc serum
levels at different time points up to 21 d after intravitreal ad-
ministration, as shown in Fig. 5D. Eylea administration resulted
in the highest serum levels throughout the experiment. V23, which
has a single heparin-binding domain, resulted in lower serum levels
than Eylea, but trended higher than V1233 or V233.
Finally, we compared multiple doses of V1233 and Eylea in

the oxygen-induced retinopathy (OIR) model. Eyes were injected at
postnatal day 7 (P7), prior to placement in the hyperoxic chamber,
and analyzed at P12 and P17 for the extent of vasoobliteration (VO)
and neovascularization (Fig. 6). In agreement with the findings in
the CNV model, V1233 was more potent than Eylea at inhibiting
neovascularization (Fig. 6 A–C). Importantly, whereas Eylea at a
concentration of 2.5 μg failed to inhibit NV, the molar equivalent of
V1233 at a concentration of 3.8 μg significantly reduced NV
(Fig. 6C). In addition, although all eyes had a similar degree of VO
at P12 (Fig. 6D), a significant reduction in VO was found in eyes
treated with 3.8 μg of V1233 but not with Eylea 2.5 μg (Fig. 6E).

Discussion
Interaction of D3 with the HPSG has been long considered a
limitation of VEGFR1-based anti-VEGF strategies due to se-
questration in various tissues, resulting in reduced systemic half-

life. To overcome this issue, Holash et al. replaced VEGFR1 D3
with VEGFR2 D3 (22). To the same aim, Lee et al. more re-
cently introduced a glycosylation site in VEGFR1 D3, effectively
neutralizing positive charges and thus eliminating D3-mediated
HSPG binding (52). In both cases, systemic half-life was in-
creased relative to the original VEGFR1 construct (22, 52).
We designed a series of VEGFR1-Fc fusion constructs having

differential abilities to interact with HSPGs. Our premise was
that heparin binding, mediated by VEGFR1 D3 (or another Ig-like
D such as D4) (53), while a disadvantage for systemic treatment,
might confer unique advantages on a VEGF inhibitor to be used
for intravitreal administration, since 1) it should anchor the in-
hibitors to HPSGs or other anionic molecules in the vitreous or
other structure in the eye, thus increasing its half-life; and 2) such
an inhibitor in principle does not need to be uniformly distributed
or to deeply penetrate into the eye structures in order to effectively
bind and block VEGF. Indeed, a variety of studies has shown that
VEGF can diffuse to a considerable distance from its production
site in response to biochemical gradients determined by HPSG or
receptor distributions in the vasculature or in other sites (9, 10, 54).
For example, although VEGF is produced by tumor cells, even at
a significant distance from the vasculature, it diffuses and accumu-
lates in the blood vessels by virtue of its high affinity for the VEGF
receptors (55–57). Therefore, HPSG-bound VEGFR1 variants are
expected to generate strong gradients, capable of attracting and
neutralizing VEGF.
Given the challenges in obtaining accurate affinity measure-

ments using sensor platforms such as surface plasmon resonance
(SPR) with very tight binders (kDa <100 PM) (58), the conflicting
data regarding the affinity of aflibercept versus other VEGF in-
hibitors (22, 59) and the poor correlation between binding affinity
and therapeutic potency/efficacy among neutralizing antibodies to
VEGF and other targets (60, 61), we chose to focus on biological
IC50 data, being more physiologically relevant. As illustrated in
Fig. 3, our recombinant proteins had inhibitory effects, with IC50
values in the range of ∼1 nM, except V124 and V24, which were
significantly less potent.
We were able to document that these proteins bind to bovine

vitreous. The strongest binders were V1233, V1234, followed by
V123. V23 had significant but lower vitreous binding. Control IgG,
Eylea, and Avastin, had minimal binding. However, it should be
noted that there are reported changes in HPSG composition in
human vitreous humor with aging that might affect interaction
with these proteins (62, 63).
An unexpected finding of our study was the potency of some of

our constructs: V123, V23, V1233, and V233. Administering 2.5 μg
of these constructs 1 d before the injury matched or even exceeded
the level of inhibition achieved with 25 μg of Eylea. The finding
that V1233, but not Eylea, has a significant effect in preventing
CNV when administered 7 d or 14 d before the injury, documents
the durability of the effects and the potential therapeutic value.
Also, we found that intravitreal injection of our heparin-binding

proteins results in much lower systemic levels than Eylea. This
property might be particularly useful, for example, for the treat-
ment of retinopathy of prematurity, since it has been reported that
treatment with anti-VEGF agents with significant systemic expo-
sure might have detrimental neurodevelopmental effects (64, 65).
Consistent with our results of systemic exposure following intra-
vitreal injection of Eylea, fellow eye effects in OIR have been
reported (62). While the present, short-term experiments do not
discriminate between one and two heparin-binding domains, based
on earlier work on VEGF isoforms, one might expect that, initially,
the more diffusible V23 might be equally effective, but on a longer-
term basis, the stronger interaction with the matrix of V233 or
V1233 might prove advantageous (8).
Interestingly, none of the constructs containing D4 (V1234,

V234, V124, and V24) resulted in marked inhibition in vivo (at
least at the dose tested), despite the fact that these molecules

Fig. 4. In vitro binding of Fc-containing proteins to bovine vitreous. Two
independent experiments were performed in duplicate wells as described in
Materials and Methods. Note the concentration-dependent binding, except
for Eylea, Avastin, and control IgG. The 10-nM groups were compared to the
control IgG group by Student’s t test for significance. **P < 0.01, *P < 0.05.
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Fig. 5. Effects of control IgG, Eylea, or VEGFR1 Fc fusion proteins on laser-induced CNV in adult mice. (A) Each protein was injected intravitreally in the mouse
at the dose of 2.5 μg 1 d before laser treatment. Eylea was tested also at 25 μg. Asterisks denote significant differences (Student’s t test) compared to the
appropriate IgG control groups (**P < 0.01, *P < 0.05). Data are based on three independent experiments with at least five mice per group. Note that the
efficacy of Eylea is in line with the published literature in the same model. (B) Effect of the time of injection prior to injury on CNV area. Eylea at the dose of
2.5 μg had a significant reduction only when injected at day −1. In contrast, V1233 at the same dose significantly reduced CNV area even when injected 7 or
14 d prior to the injection. Left shows representative CD31 immunofluorescence images. Asterisks denote significant differences (Student’s t test) compared to
the appropriate IgG control groups (**P < 0.01, *P < 0.05). n = 5. Similar results were obtained in two independent experiments. (C) V23, V233, and V1233,
tested at equimolar doses (4.8 μg of Eylea and V23, 6.3 μg of V233, and 7.2 μg of V1233), show greater efficacy compared to Eylea. All agents were ad-
ministered 14 d prior to the laser treatment. Seven days later, eyes were harvested, and data were analyzed. Asterisks denote significant differences
(Student’s t test) compared to the appropriate IgG control groups (**P < 0.01, *P < 0.05). (D) Serum levels of Eylea, V23, V233, or V1233 in mice at
different time points after intravitreal injection. Each molecule was injected in both eyes in equimolar amounts: 2.4 μg of Eylea and V23, 3.15 μg of V233,
and 3.6 μg of V1233. After 1, 3, 7, 14, and 21 d, peripheral blood was collected from the tail vein. Human Fc levels were measured by ELISA. Values shown
are means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001. n = 8 per point.
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(with the exception of V24) demonstrated an ability to inhibit
VEGF-stimulated mitogenesis in vitro. However, all of these
constructs demonstrated a propensity to form oligomers or ag-
gregates, as assessed by SDS/PAGE under nonreducing conditions
and size exclusion chromatography, while V23, V123, V233, and
V1233 showed the expected molecular mass (Fig. 2 A and B).
Although earlier work (66) identified D4 (together with D7) as a
requirement for VEGFR1 dimerization, such an effect has been
known to be ligand dependent. Crystal structure studies revealed a
loop in D4 responsible for such homotypic interactions (34). It is
conceivable that high concentrations and/or the forced dimeriza-
tion imposed by the Fc construct may result in ligand-independent
interactions, resulting in aggregation. In any event, aggregates are
not desirable pharmaceuticals, given the possibility of inflammation
and immunogenicity (67, 68). Importantly, the lack of significant
efficacy of our D4-including proteins argues against the possibility
that a contaminant may be responsible for the observed efficacy,
since all proteins were purified by the same methodology and have
strong heparin-binding properties.
In conclusion, aflibercept was designed to eliminate heparin-

binding characteristics in order to improve systemic half-life for
oncological indications. The constructs described in the present
study are instead designed to promote binding and retention in

the vitreous and potentially other structures in the eye to ensure
more sustained and therapeutically relevant interactions.

Materials and Methods
Plasmid Construction. For construction of VEGFR-Fc expression plasmids, the
nucleic acid fragments encoding the signal peptide and a combination of
extracellular Ig-like domains D1 to D4 of VEGRF1 (31) (Gene ID: 2321) were
synthesized by GenScript USA, Inc. The following constructs were done:
V123, D1, D2, and D3; V23, D2, and D3; V1233, D1, D2, D3, and D3; V233, D2,
D3, and D3; V1234, D1, D2, D3, and D4; V234, D2, D3, and D4; V124, D1, D2,
and D4; and V24, D2, and D4. The synthesized fragments were inserted into
pFUSE-hIgG1-Fc1 vector (InvivoGen, #pfuse-hg1fc1) at EcoRI and BgIII sites,
generating the plasmids containing the various VEGFR1 extracellular do-
mains (ECDs). Then, using PrimeSTAR Mutagenesis Basal Kit (Takara, R046A),
the interval amino acids R and S (BgIII site) between the ECDs and the Fc
fragment were removed, generating the plasmids expressing the fusion
proteins of VEGFR1 ECDs with a 227-amino acid human IgG1-Fc.

Transfection and Conditioned Media Preparation. The Expi293 expression
system (Life Technologies, A14524) was used to generate the conditioned
media for purification, according to the manufacturer’s instructions. In brief,
Expi293F cells (Thermo Fisher) were suspension cultured in Expi293 expres-
sion medium at 37 °C in a humidified atmosphere with 8% CO2. When the
cell density reached 2.5 million/mL, plasmid DNA and ExpiFectamine 293
reagent were mixed, incubated for 5 min, and added to the cells. The final

A

B

C D

E

Fig. 6. Intravitreal injections of V1233 inhibit neovascularization in the OIR model. (A) Intravitreal injections were performed at P7 in C57BL/6J mice using
aflibercept (Eylea), V1233, and control (IgG). A volume of 0.5 μL aflibercept (Eylea) (E) at a dose of 12.5, 2.5, or 1.25 μg versus control IgG at a dose of 3.25 μg
injected into the fellow eyes. Littermates were injected with V1233 (3.8 μg or 1.65 μg) and control. The concentrations of IgG control, aflibercept 2.5 μg, and
V1233 3.8 μg were equimolar. Animals were then exposed to 75% oxygen from P7 to P12 followed by return to room air. At P17, the animals were perfusion
fixed, and the eyes were enucleated, dissected, stained with lectin from Bandeiraea simplicifolia (BSL)-fluorescein isothiocyanate (FITC), and flat mounted. (B)
Vasoobliteration and neovascularization were analyzed using automated software as described by Xiao et al. (72). The vasoobliterative areas are shown in
yellow, and neovascular tufts are shown in red. (C) Quantification of neovascularization shows a significant reduction (P < 0.05 t test with Welch’s correction)
in neovascularization relative to control with V1233 (3.8 and 1.65 μg) or high-dose aflibercept (12.5 μg), but not with aflibercept at 2.5 or 1.25 μg. (D)
Quantification of vasoobliteration at P12 and (E) P17. No significant difference in VO was seen at P12 in any condition. At P17, however, a significant re-
duction in VO was seen with V1233 3.8 μg and high-dose aflibercept (12.5 μg), but neither with V1233 1.65 μg nor aflibercept 2.5 or 1.25 μg.
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concentration of the DNA and transfected reagent was 1 μg and 2.7 μL per
milliliter, respectively. Five hours after transfection, 100 μg/mL porcine
heparin (Sigma, H3149) and protease inhibitor mixture, 1:400 (Sigma,
P1860), were added to the cells. Sixteen hours after transfection, enhancer
reagents 1 and 2 were added. Ninety-six hours after transfection, condi-
tioned media were harvested. Aliquots were tested for Fc fusion protein
concentrations using a human Fc ELISA Kit (Syd Labs, EK000095-HUFC-2)
according to the manufacturer’s instructions. Protease inhibitors were added
(1:500) to the bulk, which was stored at −80 °C until further use.

Endothelial Cell Proliferation Assays. Endothelial cell (EC) proliferation assays
were performed essentially as previously described (69–71). Primary BCECs
(passage <10) (VEC Technologies, Cat. No. BCME-4) were trypsinized, resus-
pended, and seeded in 96-well plates (no coating) in low glucose Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10% bovine calf serum,
2 mM glutamine, and antibiotics, at a density of 1,000 cells per well in a 200-μL
volume. rhVEGF165 (R&D Systems, Cat. No. 293-VE-010) or rhVEGF121 (R&D
Systems, Cat. No. 4644-VS010) was added at a concentration of 10 ng/mL.
Aflibercept (Eylea) was purchased from a pharmacy. The inhibitors were added
to cells at various concentrations, as indicated in the figures, before adding the
ligands. After 5 or 6 d, cells were incubated with cell viability reagent

(Advanced BioReagents, K020) for 4 h. Fluorescence was measured at 530-nm
excitation wavelength and 590-nm emission wavelength.

Primary HUVECs frompooled donors (Lonza, Cat. No. C2519A) at a passage of
less than 9 were cultured on 0.1% gelatin-coated plates in endothelial cell
growth media EGM-2 (Lonza). Cells were maintained at 37 °C in a humidified
atmosphere with 5% CO2. To measure cell proliferation, 1,800 HUVECs sus-
pended in 200 μL of endothelial basal growth media EBM-2 (Lonza) containing
0.5% fetal bovine serum, were seeded in 96-well plates. Four hours later,
recombinant Fc fusion proteins and Eylea at concentrations of 10, 20, 50, 250,
500, 1,000, and 2,000 ng/mL were added to cells along with 10 ng/mL of
VEGF165. Cells were cultured for 3 d, and cell viability was determined by cell
viability reagent following the manufacturer’s instructions.

Data Availability. All study data are included in the article and/or supporting
information.
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