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Abstract

Background—Ocular neovascularization is a hallmark of
retinal diseases including neovascular age-related macular
degeneration and diabetic retinopathy, two leading causes of
blindness in adults. Neovascularization is driven by the
interaction of soluble vascular endothelial growth factor
(VEGF) ligands with transmembrane VEGF receptors
(VEGFR), and inhibition of the VEGF pathway has shown
tremendous clinical promise. However, anti-VEGF therapies
require invasive intravitreal injections at frequent intervals
and high doses, and many patients show incomplete
responses to current drugs due to the lack of sustained
VEGF signaling suppression.
Methods—We synthesized insights from structural biology
with molecular engineering technologies to engineer an anti-
VEGF antagonist protein. Starting from the clinically
approved decoy receptor protein aflibercept, we strategically
designed a yeast-displayed mutagenic library of variants and
isolated clones with superior VEGF affinity compared to the
clinical drug. Our lead engineered protein was expressed in
the choroidal space of rat eyes via nonviral gene delivery.
Results—Using a structure-informed directed evolution
approach, we identified multiple promising anti-VEGF
antagonist proteins with improved target affinity. Improve-
ments were primarily mediated through reduction in disso-
ciation rate, and structurally significant convergent sequence
mutations were identified. Nonviral gene transfer of our
engineered antagonist protein demonstrated robust and

durable expression in the choroid of treated rats one month
post-injection.
Conclusions—We engineered a novel anti-VEGF protein as a
new weapon against retinal diseases and demonstrated safe
and noninvasive ocular delivery in rats. Furthermore, our
structure-guided design approach presents a general strategy
for discovery of targeted protein drugs for a vast array of
applications.

Keywords—Ocular neovascularization, Vascular endothelial

growth factor receptor, Directed evolution, Affinity engi-

neering, Nonviral gene therapy.

ABBREVIATIONS

NVAMD Neovascular age-related macular degener-
ation

DR Diabetic retinopathy
VEGF Vascular endothelial growth factor
PDGF Platelet derived growth factor
VEGFR Vascular endothelial growth factor recep-

tor
RTK Receptor tyrosine kinase
IgG1 Immunoglobulin G1
AAV Adeno-associated virus
LV Lentivirus
HEK Human embryonic kidney
FPLC Fast protein liquid chromatography
HBS HEPES-buffered saline
BAP Biotin-acceptor protein
PDBePISAProtein data bank in Europe proteins,

interfaces, structures, and assemblies
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MACS Magnetic-activated cell sorting
SA Streptavidin
BSA Bovine serum albumin
EDTA Ethylenediaminetetraacetic acid
FACS Fluorescence-activated cell sorting
PBAE Poly(beta-amino ester)
THF Tetrahydrofuran
DMSO Dimethyl sulfoxide
PDI Polydispersity index
PTFE Polytetrafluoroethylene
GPC Gel permeation chromatography
DLS Dynamic light scattering
NTA Nanoparticle tracking analysis
PBS Phosphate-buffered saline
TEM Transmission electron microscopy
BLI Bio-layer interferometry
scFv Single-chain variable fragment

INTRODUCTION

Vision loss is a global public health challenge that
profoundly impacts patient quality of life, and also
imposes an enormous burden on society as a whole.39

Leading causes of vision loss include neovascular age-
related macular degeneration (NVAMD), a common
cause of vision loss in adults older than 60,23 and
diabetic retinopathy (DR), the top cause of blindness
in working-age adults.22 NVAMD and DR are both
characterized by ocular neovascularization, the growth
of abnormal blood vessels with increased vascular
permeability and fragility in the choroidal and retinal
spaces of the eye. These irregular and leaky vessels
interfere with retinal function, leading to vision
impairment.19,34

Vascular endothelial growth factor (VEGF) ligands
have been identified as major stimulants of choroidal
and retinal neovascularization.27,38 The VEGF family
of cystine knot growth factors includes VEGF-A,
VEGF-B, VEGF-C, VEGF-D, VEGF-E, and placen-
tal growth factors 1 and 2 (PlGF-1 and PlGF-2).18,47

VEGF family proteins are secreted from producing
cells as homodimers, and interact with the VEGF
receptor (VEGFR) family of receptor tyrosine kinase
(RTK) transmembrane proteins, comprised of
VEGFR-1, VEGFR-2, and VEGFR-3.30 VEGF-A,
which binds to both VEGFR-1 and VEGFR-2, has
been identified as the most prominent regulator of
blood vessel formation, playing an active role in reg-
ulating angiogenesis, vascular permeability, and
inflammation.18

The VEGF/VEGFR network plays an important
growth and developmental role in the eye, but also
drives progression of NVAMD and DR through its
promotion of neovascularization.6,20 The therapeutic
benefit of blocking the VEGF/VEGFR pathway to
treat retinal diseases was first demonstrated in mouse
models27 and later validated in human clinical tri-
als.4,38 Currently, the two most effective classes of
clinically approved anti-VEGF drugs are monoclonal
antibodies and decoy receptors.52 Antibody drugs in-
clude ranibizumab (Lucentis�, Genentech Inc.), a
recombinant anti-VEGF antibody fragment that neu-
tralizes all VEGF-A isoforms (approved by the FDA
in 2006),4 and bevacizumab (Avastin�, Genentech
Inc.), an anti-VEGF-A antibody that was approved in
2004 for cancer treatment but is frequently used off-
label for eye diseases.8 There is one FDA approved
drug in the decoy receptor category, known as
aflibercept (Eylea�, Regeneron Pharmaceuticals Inc.,
approved in 2011). Aflibercept is a chimeric protein
comprised of domain 2 of VEGFR-1 and domain 3 of
VEGFR-2 fused to the Fc domain of human
immunoglobulin G1 (IgG1).31 Through incorporation
of the VEGF-binding domains of VEGFR, aflibercept
serves as a receptor mimic with sub-picomolar affinity
for all isoforms of VEGF-A, and works by trapping
VEGF ligands and preventing their activation of reti-
nal cells.13,31 Notably, the anti-VEGF antibody drugs
ranibizumab and bevacizumab bind only VEGF-A
isoforms, whereas the decoy receptor drug aflibercept
also binds VEGF-B, PlGF-1, and PlGF-2, which may
account for its superior outcomes in some patient
populations.1,11 In this manuscript, we used VEGF-
A165, the most prevalent of the VEGF-A isoforms, as
representative of the binding of all VEGF-A isoforms
to VEGFR.

Although decoy receptor drugs have greatly ad-
vanced retinal disease treatment, anti-VEGF therapies
require frequent and invasive intravitreal injections at
high doses over long periods of time, which leads to
harmful side effects and poor patient compliance.3,14

Indeed, when subjects with NVAMD who received
monthly anti-VEGF injections were enrolled in long-
term studies with less frequent visits and injections,
visual gains were lost.44 In another study, visual out-
comes were superior when injections were administered
monthly vs. as needed (i.e., only when intraretinal or
subretinal fluid was present).8 Moreover, a large
observational study of 2227 NVAMD patients treated
with anti-VEGF injections in clinical practice found
that patients received less frequent injections than in
clinical trials, and the resulting outcomes were far
inferior.17 Collectively, these data suggest that potent
and sustained suppression of VEGF is likely to provide
the best long-term outcomes in NVAMD, and that
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current outcomes are poor because durable suppres-
sion is not being achieved. Therefore, aflibercept pro-
vides a good starting point as an anti-angiogenic agent,
but improvements are needed, such as enhancing the
antagonistic potential through increased ligand bind-
ing affinity and perpetuating therapeutic persistence
through sustained delivery approaches. Gene therapy
via intraocular delivery of adeno-associated viral
(AAV) or lentiviral (LV) vectors carrying plasmids
that encode anti-VEGF proteins is one promising
approach that is being explored, including the 2018
FDA approval of a one-time AAV gene therapy
treatment (Luxturna�, Spark Therapeutics) for bial-
lelic RPE65 mutation-associated retinal dystro-
phy.7,15,35 Although the successes of viral gene therapy
are notable, there are potential drawbacks to their use.
Viral vectors are potent inducers of the innate and
adaptive immune system, and inflammation often oc-
curs after intravitreal injection of AAV vectors. This is
usually controlled with local or systemic steroids, but
sometimes causes complications such as increased
intraocular pressure. Neutralizing antibodies are
commonly induced after injection of AAV vectors,12,37

and this may preclude repeated injections or treatment
of the fellow eye at a later time.

Here, we used an innovative approach that combi-
nes structure-based design and protein evolution to
discover and characterize novel anti-VEGF proteins
based on aflibercept with enhanced affinity compared
to the clinical drug. We then delivered the cDNA for
the lead anti-VEGF protein into rats using an opti-
mized nonviral gene expression vector and demon-
strated strong and persistent ocular expression of the
engineered molecule. We anticipate that the new pro-
teins we have designed will serve as the basis for
development of superior anti-angiogenic proteins with
significant potential to improve patient outcomes in
retinal diseases.

MATERIALS AND METHODS

Protein Expression and Purification

Human VEGF-A Isoform 165 dimers were ex-
pressed and purified using a human embryonic kidney
cell (HEK) 293F expression system (Thermo Life
Technologies). A gene encoding the VEGF-A Isoform
165 (amino acids 27–191) with a C-terminal hexahis-
tidine tag was cloned into the gWiz mammalian
expression vector (Genlantis), and constructs were
verified by sequence analysis. HEK 293F cells were
grown to 1.2 9 106 cells per milliliter and diluted to 1.0
9 106 per milliliter. Midiprepped DNA and poly-
ethyleneimine (Polysciences) were independently di-

luted to 0.05 and 0.1 mg mL�1 in OptiPro medium
(Thermo Life Technologies), respectively, and incu-
bated at room temperature for 15 min. Equal volumes
of DNA and polyethyleneimine were mixed and incu-
bated at room temperature for an additional 15 min.
Subsequently, the diluted HEK 293F cells and (40 mL
L�1) of DNA/polyethyleneimine mixture were added
to a shaking flask and incubated at 37 �C and 5% CO2

with rotation at 125 rpm for 5 days. Transfected cells
were harvested after 72 h and secreted protein was
captured from the supernatant via Ni-NTA (Expe-
deon) affinity chromatography. Proteins were further
purified to > 98% homogeneity with a Superdex 200
sizing column on a fast protein liquid chromatography
(FPLC) instrument (GE Healthcare), equilibrated in
HEPES-buffered saline (HBS), and purity was con-
firmed by SDS-PAGE analysis.

For expression of biotinylated VEGF-A, the
VEGF-A Isoform 165 (amino acids 27–191) followed
by a C-terminal biotin acceptor peptide (BAP)-
LNDIFEAQKIEWHE was transiently transfected
into HEK 293F cells, as described for non-biotinylated
VEGF-A. Secreted VEGF-A was extracted from the
cell supernatant via Ni-NTA affinity chromatography
and then biotinylated with the soluble BirA ligase en-
zyme in 0.5 mM Bicine pH 8.3, 100 mM ATP, 100 mM
magnesium acetate, and 500 mM biotin (Avidity) for
15 min at room temperature followed by overnight
incubation at 4 �C. Excess biotin was removed by size
exclusion chromatography on a Superdex 200 column
using an FPLC instrument (GE Healthcare), equili-
brated in HBS. Complete biotinylation of the VEGF-A
protein was verified via SDS-PAGE streptavidin shift
assay.

Aflibercept (sequence obtained from drugbank.ca)
and engineered variants thereof were expressed
through transient transfection of HEK 293F cells, as
described for VEGF-A. Specifically, for wild type
aflibercept, VEGFR-1 domain 2 (D2) (amino acids
129–231) were fused to VEGFR-2 D3 (amino acids
226–328), followed by the human IgG1 Fc domain.
Secreted protein was captured from the supernatant
via Protein G agarose (Thermo Scientific) affinity
chromatography followed by size exclusion chro-
matography on a Superdex 200 column using an FPLC
instrument (GE Healthcare), equilibrated in HBS. As
receptor controls, VEGFR1 domains 2 and 3 (amino
acids 106–304) and VEGFR2 domains 2 and 3 (amino
acids 120–327) were each fused to human IgG1 Fc at
the C-terminus (denoted VEGFR-1-Fc and VEGFR-
2-Fc, respectively). Receptor controls were expressed
and purified as described for aflibercept. For all Fc-
fused constructs, L234A, L235A, and P329G (num-
bering according to Eu index of Kabat) mutations
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were introduced into the human IgG1 Fc sequence in
order to minimize Fc receptor binding.40

Yeast Surface Binding Studies

General yeast display methodologies were modified
from previously described protocols.2,9 The VEGF-A
binding domains (D2 of VEGFR-1 and D3 of
VEGFR-2) of aflibercept or engineered variants
thereof were cloned into the pCT3CBN yeast display
vector (a variant of pCT3022,9 with an N-terminal
yeast agglutinin protein (Aga2) fusion followed by a
3C protease site, a C-terminal cmyc epitope tag, and
BamHI/NotI gene-flanking restriction sites). After
induction for 48 h, 1 9 105 yeast cells per well were
transferred to a 96-well plate and incubated in PBE
buffer containing titrations of biotinylated VEGF-A
for 2 h at room temperature. Cells were then washed
an incubated for 20 min at 4 �C with 50 nM Alexa647-
conjugated streptavidin (SA-647, Thermo Scientific)
and a 1:100 v/v ratio of Alexa488-conjugated anti-
cmyc epitope monoclonal antibody (Cell Signaling
Technologies) diluted in PBE. Expression of the cmyc
tag was measured to confirm full-length expression of
VEGFR-1 or VEGFR-2. After a final PBE wash, cells
were analyzed for binding using a Beckman Coulter
CytoFLEX flow cytometer. Binding curves were fitted
to a logistic regression model and equilibrium binding
constant (KD) values were determined using GraphPad
Prism software, assuming first-order binding interac-
tions. Normalized data are presented as mean fluo-
rescence intensity (MFI) for biotinylated VEGF-A
binding (as detected by SA-647) divided by MFI for
anti-cmyc antibody binding (as detected by Alexa488-
conjugated anti-cmyc antibody). Experiments were
performed in triplicate.

Yeast Library Design and Generation

PyMOL was used to visualize the binding interface
between aflibercept bound to VEGF-A by overlaying
the crystallographic structures of VEGF-A bound to
VEGFR-1 domain 2 (D2) (PDB ID: 5T89)29 and
VEGF-A bound to VEGFR-2 D3 (PDB ID: 3V2A).5

We identified interfacing residues and quantified bur-
ied surface area for each residue using the protein
interface prediction software PDBePISA.25 Structural
visualization of the interface combined with PDBePI-
SA quantitative predictions was used to select eight
(aggressive) or seven (conservative) candidate residues
to mutate for library generation. The library design
strategy is tabulated in Fig. 2, using the numbering
from the VEGF-A/VEGFR-1 crystallographic struc-
ture (PDB ID: 5T89)29 for D2 residues and the num-
bering from the VEGF-A/VEGFR-2 crystallographic

structure (PDB ID: 3V2A)5 for D3 residues. Muta-
tional predictions were performed using the PyMOL
mutagenesis wizard.

The site-directed mutagenic library used for affinity
maturation of aflibercept was constructed via assembly
of 16 primers spanning the aflibercept gene. The fol-
lowing degenerate nucleotides were used: I142 (ag-
gressive) = DBW; I145 = NNK; P173 = NNK; Q225
= NNK; L204 = VBB; G255 = NNK; N274 =
NNK; and F288 = NNK. The PCR assembly reaction
was performed using Pfu Ultra DNA polymerase
(Agilent) and the product was further amplified by
PCR using primers containing sequence homology to
the pCT3CBN yeast display vector for yeast homolo-
gous recombination. Aflibercept DNA insert was
mixed with linearized vector pCT3CBN backbone and
electroporated into EBY100 yeast, as previously
described.2,9 Electroporation of the aggressive library
yielded 2 9 108 transformants and the conservative
library yielded 5 9 107 transformants. The libraries
were grown in SDCAA media for 48 h prior to pas-
saging, followed by induction in SGCAA 24 h later at
an initial OD of 1. In addition, 106 yeast cells from
SDCAA culture was taken to perform yeast plasmid
miniprep (Zymogen) according to the manufacturer’s
protocol to validate transformed library sequences.
Selections on both libraries were initiated 48 h after
induction.

Aflibercept Variant Yeast Library Selections

For each round, the initial number of yeast used was
chosen to ensure tenfold coverage of the library. Pos-
itively selected clones from each round were grown
fresh overnight at 30 �C in SDCAA liquid media (pH
4.5) for 2 days, followed by induction in SGCAA liq-
uid media (pH 4.5) for 2 days at 20 �C.

For the first round of selection, the naı̈ve libraries
were screened against 50 nM VEGF-A tetramer
selection using magnetic-activated cell sorting (MACS)
with LS MACS separation columns (Miltenyi Biotec),
according to the manufacturer’s protocol. The VEGF-
A tetramer was formulated by incubating a 4:1 ratio of
biotinylated VEGF-A to SA-647 (Thermo Scientific)
for 15 min on ice. Tetramer was incubated with yeast
in PBE solution [phosphate-buffered saline pH 7.2,
0.1% bovine serum albumin (BSA), and 1 mM
ethylenediaminetetraacetic acid (EDTA)] for 2 h at
4 �C followed by a 15 min incubation at 4 �C in 50 lL
anti-Alexa647 microbeads (Miltenyi Biotec) and 950
lL PBE. The second round consisted of a cmyc
selection to isolate full-length aflibercept variants.
Yeast were incubated with a 1:100 v/v ratio of Alex-
a647-conjugated anti-cmyc epitope monoclonal anti-
body (Cell Signaling Technologies) in PBE for 2 h at
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4 �C, followed by a 15 min incubation at 4 �C in 50 lL
anti-Alexa647 microbeads (Miltenyi Biotec) and 950
lL PBE. Each MACS selection was preceded by a
negative selection in which yeast were incubated with
anti-Alexa647 microbeads (Miltenyi Biotec) and 950
lL PBE and clones non-specifically binding to the
microbeads were discarded.

The third round of selection was performed via
fluorescence-activated cell sorting (FACS) using a
FACSymphony S6 cell sorter (Becton Dickinson).
Yeast libraries were incubated with 1.9 nM biotiny-
lated VEGF-A in PBE for 2 h at 4 �C, followed by 15
min incubation with 50 nM SA-647 (Thermo Scientific)
and a 1:100 v/v ratio of Alexa488-conjugated anti-
cmyc epitope monoclonal antibody (Cell Signaling
Technologies) in PBE at 4 �C. The fourth round of
selection was a kinetic sort that was also performed
using FACS on a FACSymphony S6 cell sorter (Bec-
ton Dickinson). Two tubes of each yeast library were
incubated at saturating concentrations of biotinylated
VEGF-A (50 nM) in PBE for 2 h at 4 �C. Aflibercept-
displaying yeast were also incubated at 50 nM
biotinylated VEGF-A to assist in gating for clones
with slower dissociation rates relative to the wild type
aflibercept. One tube from each yeast cohort was wa-
shed and incubated with tenfold excess unbiotinylated
VEGF-A (500 nM) in PBE for 2 h at room tempera-
ture to allow dissociation and prevent re-binding. The
sorting gate was drawn to collect yeast with a slower
off-rate in comparison to the wild type aflibercept
yeast. Following the fourth round of selection, indi-
vidual yeast clones were plated and characterized to
assess their sequences and VEGF-A binding proper-
ties.

Bio-layer Interferometry Binding Measurements

Binding data was obtained using bio-layer interfer-
ometry on an OctetRED96 instrument (Molecular
Devices). For Fc-fused aflibercept and variants there-
of, biotinylated VEGF-A was immobilized to strepta-
vidin (SA)-coated biosensors (Molecular Devices) in
0.45 lm filtered PBSA (phosphate-buffered saline pH
7.2 containing 0.1% BSA). Once baseline measure-
ments were collected in PBSA, binding kinetics were
measured by submerging the biosensors in wells con-
taining fivefold serial dilutions of the appropriate
analyte for 300 s (association) followed by submerging
the biosensor in wells containing only PBSA for 600 s
(dissociation). An irrelevant protein was immobilized
to a reference SA biosensor for subtraction of non-
specific binding. Tips were regenerated in 0.1 M glycine
pH 2.7. Curves were fitted using the Octet Data
Analysis HT Software version 7.1 (Molecular Devices)

assuming a 1:1 binding model to determine the asso-
ciation rates, dissociation rates, and KD values.

Polymer Synthesis and Characterization

Poly(beta-amino ester) (PBAE) was synthesized as
previously described46 and as shown in Fig. 6. In a
neat solution, 1,4-butanediol diacrylate and 5-amino-
1-pentanol were combined at a 1.1:1 molar ratio of
acrylate moieties to primary amines. This solution was
stirred at 90 �C for 24 h to form the acrylate-termi-
nated base polymer. The base polymer was dissolved in
anhydrous tetrahydrofuran (THF) and further reacted
by adding the end-capping molecule 1-(3-amino-
propyl)-4-methylpiperazine at a final concentration of
200 mg mL�1 polymer and 0.2 M end-cap. This solu-
tion was stirred at room temperature for 1 h at 500
rpm. The final end-capped PBAE was precipitated into
anhydrous diethyl ether, collected by centrifugation at
3200 rcf for 5 min at 4 �C, and washed twice with
anhydrous diethyl ether. The purified PBAE was dried
under vacuum for 48 h, then dissolved in anhydrous
dimethyl sulfoxide (DMSO) at 100 mg mL�1 and
stored at – 20 �C with desiccant in small aliquots to
minimize freeze-thaw cycles.

PBAE number- and weight-average molecular
weight (Mn and Mw, respectively) and polydispersity
index (PDI) were measured. PBAE was dissolved at 5
mg mL�1 in 94% THF, 5% DMSO, and 1% piper-
idine and filtered through a 0.2-lm polytetrafluo-
roethylene (PTFE) syringe filter. The polymer was then
analyzed by gel permeation chromatography (GPC),
and molecular weight was quantified using polystyrene
standards.

Nanoparticle Formulation and Characterization

The sequences for Fc-fused wild type aflibercept and
mutant clone D4 were inserted into the gWiz mam-
malian expression vector (Genlantis). PBAE and DNA
were individually diluted in 25 mM sodium acetate
buffer, pH 5, to 5.55 mg mL�1 and 280 lg mL�1,
respectively. The PBAE and DNA solutions were
mixed at a 3:2 (v/v) ratio for a 30:1 (w/w) ratio of
PBAE to DNA. After 10 min of incubation at room
temperature to allow self-assembly, a solution of low-
endotoxin (< 50 EU mg�1) sucrose in water was ad-
ded at a 3:47 (v/v) ratio of sucrose to particles for a
final sucrose concentration of 30 mg mL�1. This mix-
ture was immediately frozen at – 80 �C, lyophilized for
24 h, and then stored dry with desiccant at – 20 �C or
lower until use. Before injection, nanoparticles were
resuspended in water at 0.33 mg mL�1 DNA.
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Hydrodynamic diameter was measured by dynamic
light scattering (DLS) using a ZetaSizer Pro and
nanoparticle tracking analysis (NTA) using a Nano-
Sight NS300 (Malvern Panalytical, United Kingdom).
Zeta potential was measured via electrophoretic
mobility analysis (ZetaSizer Pro) by diluting
nanoparticles in 0.1 9 PBS. Transmission electron
microscopy (TEM) was used to image nanoparticles.
Particles were resuspended in water, then adsorbed to
glow-discharged, carbon-coated copper grids for 2
min. Grids were rinsed three times with distilled water,
negative-stained with 0.5% uranyl acetate, washed
once with distilled water, and then imaged with a Hi-
tachi H7600 TEM. All measurements were made using
resuspended lyophilized nanoparticles.

For encapsulation studies, NPs were prepared by
diluting DNA in 25 mM NaAc as described above and
mixing with diluted PBAE at a range of mass ratios (w/
w). After 10 min of incubation for NP formation, su-
crose was added as described above, and the NPs were
then diluted 1:11 (v/v) in 1xPBS or NaAc. Samples
were mixed with 30% glycerol as a loading buffer at a
1:5 ratio (v/v) of loading buffer to NPs, then loaded
into a 1% agarose gel (UltraPureTM Agarose, Ther-
moFisher Scientific) with 1 lg/mL ethidium bromide.
Each well contained 110 ng DNA. The gel was run for
30 min at 80 V, then visualized by UV exposure.

Suprachoroidal Injection of Vector in Rats

6–8-week-old Brown Norway rats (Charles River)
were anesthetized with ketamine/xylazine, and eyes
were visualized with a Zeiss Stereo Dissecting Micro-
scope. A 30-gauge needle on a 1 mL syringe was used
to create a partial thickness (four-fifths through sclera)
circumferential opening in the sclera 1 mm posterior to
the limbus, and a 34-gauge needle with a blunt 45�
bevel connected to a 5 lL Hamilton syringe (Hamilton
Company) containing vector was inserted into the
scleral opening with the bevel facing downward and
slowly advanced through the remaining scleral fibers
into the suprachoroidal space. The plunger of the
syringe was slowly advanced to expand the supra-
choroidal space and inject 1 lL of particles containing
1 lg of expression plasmid containing the sequences of
Fc-fused wild type or mutant aflibercept and held in
place for 30 s, after which the needle was withdrawn
while holding a cotton-tipped applicator over the
injection site. Visualization of the fundus showed a
shallow choroidal detachment on the side of the
injection. Antibiotic ointment (Moore Medical LLC)
was applied to the ocular surface and rats were re-
turned to their cages.

Tissue Harvesting

One month after injection, rats were euthanized and
eyes were removed and fixed in 4% paraformaldehyde.
Rat choroid samples were isolated under a dissection
microscope and put in RIPA buffer (Sigma-Aldrich)
containing protease inhibitor (Roche). Samples were
sonicated for 4–5 s (Sonic Dismembrator Model 300,
Thermo Fisher Scientific), cooled in an ice bath for 5
min, centrifuged for 15 min at 14,0009g, and super-
natants were stored at – 80 �C.

Measurement of Human IgG1-Fc Protein in Choroid
Homogenates

Total protein concentration was measured using a
Bradford CCB-G250 protein-binding assay. Briefly,
titrations of BSA (Millipore Sigma) ranging from 200–
1400 lg mL�1 were used as standards. A quantity of 25
lL sample or standard was added to duplicate wells of
96-well plates followed by 125 lL Protein Assay Dye
(diluted 1:5, Bio-Rad). After a 5-min incubation on a
shaker, absorption was measured at 595 nm using a
Spectra Max Plus 384 Microplate Reader (Molecular
Devices). Human IgG1-Fc protein levels were mea-
sured using a sandwich ELISA (NBP2-60068; Novus
Biologicals), following the manufacturer’s protocol.
Statistical comparisons were performed by unpaired
two-tailed Student’s t test using GraphPad Prism
software. The VEGF antagonist expression study in
rats was performed twice with consistent results, and
representative data from one of the studies are pre-
sented.

RESULTS

Yeast Surface Display as a Platform for Aflibercept
Engineering

Yeast surface display was utilized to engineer vari-
ants of the FDA-approved decoy receptor drug
aflibercept with higher affinity for VEGF-A. Since all
VEGF-A isoforms contain the same binding domains
within constitutive exons, the most prevalent isoform
(VEGF-A165) was used for experiments. In order to
validate the infrastructure for affinity engineering, we
first confirmed that the binding domains of aflibercept
(VEGFR-1 D2 and VEGFR-2 D3) could be func-
tionally expressed on the surface of yeast. A positive
cmyc signal demonstrated full-length expression of the
aflibercept binding domains (Fig. 1a). Furthermore,
on-yeast surface titration against biotinylated VEGF-
A confirmed correct folding of aflibercept on yeast
(Fig. 1b), and the affinity (KD = 1.8 nM) closely
matched previous reports.51 We further validated our
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recombinantly-produced aflibercept, Fc-fused
VEGFR-1 D2-D3 (denoted VEGFR-1-Fc), and Fc-
fused VEGFR-2 D2-D3 (denoted VEGFR-2-Fc) via
bio-layer interferometry-based titrations against
VEGF-A. (Fig. 1c and Supplementary Fig. 1). Table 1
summarizes the affinity and binding kinetics of each of
the three Fc-fused constructs to immobilized VEGF-A,
and all measurements closely match literature
reports.31 As expected, VEGFR-1-Fc has a higher
affinity than VEGFR-2-Fc for VEGF-A due to a sig-
nificantly slower dissociation rate (koff). Previous re-
ports have demonstrated that aflibercept and VEGF-
aflibercept complexes do not interact with VEGFR-
expressing cells.28

Yeast Library Construction and Selection for High
Affinity Aflibercept Variants

Aflibercept binds to VEGF-A tightly with a KD of
330 pM (Table 1). In order to improve the strength of
an already high-affinity interaction, we applied struc-
tural insights from visualization and analysis of the
interaction between aflibercept and VEGF-A. To
model the aflibercept/VEGF-A interface, we overlaid
the molecular structures of VEGF-A bound to
VEGFR-1 domain 2 (D2) (PDB ID: 5T89),29 which
was determined in 2017, with the structure of VEGF-A
bound to VEGFR-2 D3 (PDB ID: 3V2A).5 We iden-
tified residues implicated in the VEGF-A interfaces
with VEGFR-1 D2 and VEGFR-2 D3 using the pro-
tein interface prediction software PDBePISA.25 We
then combined PDBePISA predictions of the buried
surface area with visual inspection of each interfacial
residue to select eight (aggressive) or seven (conserva-
tive) residues to mutagenize in aflibercept-based li-
braries (Fig. 2). Generation of both an aggressive and
conservative library allowed us to assess the impor-
tance of achieving full empirical coverage of the the-
oretical library sample space. Our structural analyses
revealed that I142, I145, P173, and L204 in VEGFR-1
D2 were key contributors to VEGF-A binding. Elec-
trostatic mapping of VEGF-A also indicated potential
electrostatic repulsion between VEGF-A and residue
Q225 in VEGFR-1 D2 (Fig. 2a), rationalizing the
choice of the five indicated D2 residues. For VEGF-2
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FIGURE 1. Validating the infrastructure for VEGF antagonist engineering. (a) Schematic of the yeast surface display platform for
directed evolution of anti-VEGF proteins. The binding domains of aflibercept were expressed as a C-terminal fusion to the yeast
agglutinin protein Aga2 for attachment to the yeast surface via disulfide interaction with the yeast cell wall protein Aga1. A C-
terminal cmyc epitope tag was included for detection of full-length aflibercept expression using a fluorescent antibody. Binding of
the biotinylated target protein (VEGF-A) was detected using fluorescent streptavidin. A representative flow cytometry plot
depicting VEGF-A binding vs. expression of yeast surface-displayed aflibercept is shown. (b) Titration of biotinylated soluble
VEGF-A on the surface of yeast displaying either aflibercept or a control protein [single-chain variable fragment (scFv) of the
antibody nivolumab (Opdivo�, Bristol-Myers Squibb)] to validate proper folding. Binding was quantified by detection of
fluorescent streptavidin via flow cytometry, and signal was normalized based on cmyc abundance. Data represent mean 6 S.D. (n =
3). (c) Bio-layer interferometry-based analysis of the interaction kinetics of soluble Fc-fused aflibercept, Fc-fused VEGFR-1
domains 2 and 3 (VEGFR-1-Fc), and Fc-fused VEGFR-2 domains 2 and 3 (VEGFR-2-Fc) with immobilized VEGF-A. Aflibercept and
VEGFR-1-Fc were used at a concentration of 100 nM and VEGFR-2-Fc was used at a concentration of 50 nM. Response signals were
normalized to their respective maximum values.

TABLE 1. Bio-layer-interferometry measurements of soluble
Fc-fused VEGFR protein interactions with immobilized VEGF-

A.

Construct KD (pM) Kon (9 105 Ms�1) Koff (9 10�4 s�1)

Aflibercept 330 ± 3.9 7.1 ± 0.049 2.4 ± 0.023

VEGFR-1-Fc 140 ± 12 2.8 ± 0.023 0.39 ± 0.032

VEGFR-2-Fc 405 ± 11 4.2 ± 0.075 1.7 ± 0.049
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D3, we observed that G255 and F288 were integral to
the interface with VEGF-A, and we noticed potential
electrostatic repulsion between residue N274 and
VEGF-A (Fig. 2b), motivating mutagenesis of these
three residues.

Following transformation of both the aggressive
and conservative libraries, we conducted four rounds
of selection against biotinylated VEGF-A. The first
two rounds of selection were implemented using
MACS, whereas the final two rounds were performed
via FACS, using a kinetic sorting strategy in the final
round, in which the binding of biotinylated VEGF-A
was competed off by non-biotinylated VEGF-A to
select for clones that have the slowest dissociation
rates.16,48 Comparing round 0 (naive) and post-round
4 staining, we enriched binding of 150 nM VEGF-A by
~ 55-fold (aggressive library) and ~ 25-fold (conser-
vative library) over the course of the selections
(Fig. 3a). As anticipated, the naı̈ve conservative library
displayed more VEGF-A binding than the naı̈ve
aggressive library, although both evolved libraries at-
tained similar levels of target binding. The round 4
kinetic sort enabled us to specifically isolate clones
with the slowest dissociation rates. As shown in the
pre-sort populations from round 4, both the aggressive
and conservative libraries contained substantial pop-
ulations of clones with slower dissociation rates than
wild type aflibercept (Fig. 3b).

Characterization of Enhanced Affinity Aflibercept
Variants

Following selections, we characterized the binding
properties and sequences of individual clones from
each library and identified three mutants that exhibited
improved affinity due to an apparent reduction in koff.
Two of the selected mutants (C5 and D4) came from
the aggressive library, whereas one mutant (F3) came
from the conservative library. Bio-layer interferome-
try-based binding studies were performed against
immobilized VEGF-A to compare Fc-fused aflibercept
to the three Fc-fused aflibercept variants (Fig. 4 and
Supplementary Fig. 2). As shown, all three aflibercept
variants exhibited slower dissociation rates and tighter
KD values compared to wild type aflibercept (Table 2).

To determine the molecular changes responsible for
the affinity improvements, we analyzed the sequences
of our engineered aflibercept variants. In VEGFR-1
D2, positions 173 and 204 showed strong preference
for the wild type residues (proline and leucine,
respectively), and position 142 favored hydrophobic
residues although side chain size was flexible (allowing
isoleucine, valine, and phenylalanine) (Fig. 5a). Note
that clone F3 was constrained to have isoleucine at
position 142 since it originated from the conservative
library. Position 225 was surprisingly tolerant of
mutation to chemically diverse amino acids and did
not show evidence of convergence (Fig. 5a). Interest-
ingly, position 145 was mutated from isoleucine to
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FIGURE 2. Design of VEGF antagonist libraries. The molecular structure of the interface between VEGF-A and aflibercept was
modeled by overlaying the crystallographic structures of VEGF-A bound to VEGFR-1 D2 (PDB ID: 5T89)29 and VEGF-A bound to
VEGFR-2 D3 (PDB ID: 3V2A).5 Detailed views of the VEGF-A/VEGFR-1 interface (a) and the VEGF-A/VEGFR-2 interfaces (b) are
provided. VEGF-A is colored based on an electrostatic map, and residues that were mutagenized in the library are shown in yellow.
The number of potential amino acid outcomes for each mutagenized residue is tabulated at right.
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leucine in all three affinity-matured aflibercept vari-
ants. As depicted in Fig. 5a, the predicted conforma-
tion for the mutant leucine has enhanced shape
complementarity with VEGF-A due to the expected
positioning of the methyl groups. In VEGFR-2 D3,
position 255 exhibited a convergent mutation from the
flexible glycine with the highly rigid proline, which
enforces a sharp bend that could complement the
concave interface of VEGF-A (Fig. 5b). The predicted

potential electrostatic repulsion by the asparagine at
position 277 appears to have been relieved through
mutation to a nonpolar residue, although size and
shape do not appear to be important at this position
(as phenylalanine, leucine, and tryptophan are all
allowed) (Fig. 5b). Finally, there appeared to be a
preference for a less bulky residue in place of pheny-
lalanine at position 288, as the enhanced-affinity
aflibercept variants substituted either threonine or va-
line. (Fig. 5b).
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TABLE 2. Bio-layer-interferometry measurements of soluble
Fc-fused aflibercept variant protein interactions with

immobilized VEGF-A.

Construct KD (pM) Kon (9 105 Ms�1) Koff (9 10�4 s�1)

Aflibercept 330 ± 3.9 7.1 ± 0.049 2.4 ± 0.023

C5 270 ± 28 6.6 ± 0.032 1.8 ± 0.016

D4 250 ± 34 5.7 ± 0.028 1.4 ± 0.018

F3 260 ± 28 6.4 ± 0.030 1.7 ± 0.016

Structure-Guided Molecular Engineering of a Vascular Endothelial Growth Factor 413



Expression of Aflibercept Variants in Rat Choroid
via Nonviral Gene Delivery

Current clinical regimens for aflibercept mandate
frequent and damaging intravitreal injections over long
time periods.3,14,44 As an alternative, there has been
growing interest in gene delivery approaches to achieve
robust and durable expression of the drug directly
from retinal pigmented epithelial cells, in order to
perpetuate high ocular levels of the therapy. Although
viral gene delivery methods for ocular diseases have
shown potential and have been safe and well-tolerated
in clinical trials to date, 15 these methods can be limited
by pre-existing immunity, developed immunity fol-
lowing vector delivery,24 or, in some cases, vector-in-
duced ocular toxicity due to AAV cis-regulatory
sequences.50 To circumvent these issues, we utilized a
nonviral gene transfer approach using polymer-based
nanoparticles to deliver our engineered aflibercept
variants. Moreover, treatments were administered into
the suprachoroidal space, which is actually a potential
space that is expanded when fluid is injected just
internal to the sclera, resulting in a new route of
delivery to the retina.32,33 Suprachoroidal injections
have several advantages over intravitreal injections, as
they can be done in an outpatient clinic setting, are
safer, and result in gene transfer to the entire retina.

Based on prior results showing robust transfection
of human retinal endothelial and pigment epithelial
cells,42 we selected the PBAE shown in Fig. 6a as a
delivery vector and synthesized the polymer using the

chemical scheme shown. PBAE was chosen to deliver
the DNA encoding our engineered VEGF antagonists
due to its demonstrated efficacy and low toxicity in
targeted transfection of retinal pigment epithelial
(RPE) cells in vitro and in vivo,45 including when
delivered via suprachoroidal injection.41 PBAE forms
nanoparticles with anionic nucleic acids, such as DNA,
and is hydrolytically degradable, simultaneously facil-
itating intracellular release of the plasmid from the
particles and minimizing potential toxicity. We mixed
this polymer with mammalian expression vectors
encoding the gene for either Fc-fused wild type
aflibercept or Fc-fused aflibercept mutant clone D4 to
allow self-assembly of nanoparticles. Complete DNA
encapsulation within the nanoparticle was observed for
polymer-to-DNA mass ratios of > 2 in pH 5 sodium
acetate buffer and ratios of > 5 in PBS (Supplemen-
tary Fig. 3). The resulting particles were imaged via
transmission electron microscopy (TEM) (Fig. 6b).
Polymer length was characterized by gel permeation
chromatography (GPC) and nanoparticle size and
charge properties were assessed by dynamic light
scattering (DLS), nanoparticle tracking analysis
(NTA), and electrophoretic mobility analysis (Fig. 6c).
Particles were then administered to Brown Norway
rats via suprachoroidal injection, which was previously
demonstrated to elicit significantly higher levels of
gene-delivered protein expression compared to intrav-
itreal injections.41 One month after injection, previ-
ously found to be the peak time point for expression,41
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we detected both wild type aflibercept and aflibercept
variant D4 (5–10 lg mg�1 total protein) in the rat
choroid (Fig. 7). Protein concentrations were similar
between rats injected with vectors containing wild type
and mutant aflibercept, and significantly above chor-
oidal background, demonstrating proof of concept for
the delivery of potent anti-angiogenic proteins to treat
retinal diseases.

DISCUSSION

NVAMD and DR are debilitating diseases that
represent two leading causes of blindness in adults.21,23

Despite significant advances in treating retinal diseases
through inhibition of neovascularization via VEGF
signaling blockade, several factors including potency,
safety, and tolerability of treatments remain to be ad-
dressed. Thus, there is an urgent need for new
approaches to enhance the efficacy and durability of
anti-angiogenic therapies. In this study, we built off of
a clinically approved decoy receptor drug, aflibercept,
to create a higher affinity VEGF antagonist. Further-

more, a minimally invasive suprachoroidal ocular gene
delivery mechanism was used to successfully induce
sustained ocular expression of our new anti-VEGF
protein in rats. The durability of expression evident
after one month in our gene transfer study (Fig. 7) is a
remarkable result for nonviral and non-integrating
plasmid delivery vectors, and this finding demonstrates
the potential for our new strategy to reduce the fre-
quency and invasiveness of retinal disease therapies.
Validation of this novel approach for engineered pro-
tein design and delivery presents an exciting opportu-
nity for combatting choroidal and retinal
neovascularization, and the anti-angiogenic proteins
we developed could have additional applications in
other diseases such as cancer.

One serious complication of intravitreal injections
of anti-VEGF agents for treatment of neovascular eye
diseases is endophthalmitis, which can potentially lead
to blindness. The incidence of endophthalmitis per
intravitreal injection is about 0.02% and the risk is
compounded by the need for repeated therapeutic
injections, often for the remainder of the patient’s
life.10 Since our gene therapy approach will require
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FIGURE 6. Polymeric nanoparticle synthesis and characterization. (a) PBAE was synthesized by Michael addition. (b) TEM was
used to image nanoparticles after lyophilization. Scale bar: 200 nm. (c) PBAE molecular weight was characterized by GPC. Mn
number-average molecular weight, Mw weight-average molecular weight, PDI polydispersity index. Lyophilized nanoparticles were
characterized by DLS, NTA, and electrophoretic mobility analysis (zeta potential).
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only one or at most a few injections, the risk of
endophthalmitis will be dramatically decreased. In
addition, sustained suppression of VEGF will reduce
treatment burden and reduce the likelihood of recur-
rent collections of fluid within and under the retina
that can cause permanent vision impairment.

In addition to the promising clinical implications of
our study, this work offers important insights into
protein engineering and directed evolution approaches.
Further improvement of aflibercept’s picomolar affin-
ity for VEGF-A posed a formidable challenge, but
integration of recently reported crystallographic data29

enabled deployment of a structure-informed design
strategy, allowing us to construct focused libraries for
the isolation of clones with enhanced target affinity
and slower dissociation rates. Importantly, structural
and computational predictions were not sufficient to
design an enhanced-affinity version of aflibercept, but
coupling the focused library approach with the yeast
surface display platform for directed evolution enabled
discovery of aflibercept variants with slower dissocia-
tion rates through surprising biochemical changes. In
one case, a subtle isoleucine to leucine substitution
(position 145 in VEGFR-1 D2) was significantly fa-
vored in variants with improved affinity, and modeling
of the amino acid side chain rotamer provided ratio-
nale for this mutational preference (Fig. 5a). In an
even more striking observation, a highly disruptive
mutation from a flexible glycine residue to a rigid

proline residue (position 255 in VEGFR-2 D3) was
conserved amongst all enhanced-affinity aflibercept
variants, stabilizing a bend of the protein backbone
(Fig. 5b). Although it would be formally possible to
observe these conserved changes using a random error-
prone mutagenesis methodology, the likelihood of
identifying clones that simultaneously incorporate
these two changes at once would be greatly diminished
due to the much larger sample space and the variability
in error rate. By sampling all possibilities for this
limited interface library, we were able to more thor-
oughly explore the co-variation between key residues
contributing to VEGF-A binding energetics. In addi-
tion to the information obtained regarding favorable
substitutions, the use of focused libraries also allowed
us to identify an amino acid (residue 173 in VEGFR-1
D2) that was constrained to its wild type residue of
proline for all three enhanced-affinity aflibercept vari-
ants (Fig. 5a). This result emphasizes the importance
of including the possibility of wild type residues at each
mutagenized position, and also provides key feedback
for future library design. Equally important informa-
tion was observed from position 225 in VEGFR-1 D2,
which tolerated side chains with varying polarity and
size, suggesting that mutations at this position had less
impact on binding energetics (Fig. 5a). An exciting
advantage of this strategy is that the results should
apply to all VEGF-A isoforms since they contain the
same VEGFR binding domains as VEGF-A165, the
prototypical isoform used in this manuscript. Taken
together, these findings illustrate the wealth of infor-
mation gained from our structure-guided design
approach. This approach is readily adaptable to a
variety of physiological systems with known structural
information, and it is particularly suitable for targeted
enhancement of high-affinity interfaces.

Implementation of both an aggressive library and a
conservative library, with a tenfold difference in theo-
retical diversity between the two, allowed us to inter-
rogate the effects of sample size in our focused
libraries. As expected, the conservative library con-
tained a higher percentage of binders prior to selection
(Fig. 3a), but both evolved libraries achieved similar
target affinities (Fig. 3b) and converged on similar se-
quences (Fig. 5). This finding suggests that the tenfold
difference in theoretical library diversity may not have
played a significant role in the evolutionary outcome,
making a case for use of slightly larger libraries to
investigate more protein variants without enduring a
significant change in library selection results. As the
molecular engineering field continues to integrate more
information from structural and computational studies
into the design process,26,36,43,49 it will be interesting to
see what role theoretical library size plays in the suc-
cess of various evolutionary strategies.
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FIGURE 7. Aflibercept variant expression in rat choroid.
Rats were injected suprachoroidally with polymeric
nanoparticles loaded with DNA plasmids containing the
genes for either Fc-fused aflibercept (n = 6) or the Fc-fused
aflibercept mutant D4 (n = 6). One month after injection,
expression of aflibercept or D4 was quantified via human IgG-
Fc sandwich ELISA. Untreated control eyes (n = 5) were
analyzed for comparison. IgG-Fc expression was normalized
to 1 mg of total choroid protein content. Data represent
mean 6 S.D. Statistical analysis was performed via unpaired
two-tailed Student’s t test. *p < 0.01.
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Although we were able to enhance the affinity of
aflibercept, the improvement was modest, and further
library generations will be required to further poten-
tiate antagonistic activity. Feedback from the library
designed herein will provide valuable insight into
which positions hold the most promise for mutagenesis
in future library generations. Additionally, further
studies will be required to explore the therapeutic
potential of our engineered aflibercept variants in
animal models of ocular neovascularization. Despite
these limitations, our multi-faceted approach to anti-
VEGF protein engineering and delivery promises to
inspire meaningful advances that will improve treat-
ment options for ocular diseases.
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