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Purpose: Diabetic macular edema (DME) is the leading cause of vision loss and blind-
ness among working-age adults. Although current intravitreal anti-vascular endothe-
lial growth factor (VEGF) therapies improve vision for many patients with DME, approx-
imately half do not achieve the visual acuity required to drive. We therefore sought
additional approaches to resolve edema and improve vision for these patients.

Methods:We explored direct agonists of Tie2, a receptor known to stabilize vasculature
and prevent leakage. We identified a multivalent PEG–Fab conjugate, Tie2.1-hexamer,
that oligomerizes Tie2 and drives receptor activation and characterized its activities in
vitro and in vivo.

Results: Tie2.1-hexamer normalized and stabilized intercellular junctions of stressed
endothelial cell monolayers in vitro, suppressed vascular leak in mice under conditions
where anti-VEGF alone was ineffective, and demonstrated extended ocular exposure
and robust pharmacodynamic responses in non-human primates.

Conclusions: Tie2.1-hexamer directly activates the Tie2 pathway, reduces vascular leak,
and is persistent within the vitreal humor.

Translational Relevance: Our study presents a promising potential therapeutic for the
treatment of DME.
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Introduction

Approximately 442 million people worldwide have
diabetes mellitus.1,2 Of these, about 21 million have
progressed to diabetic macular edema (DME), the
leading cause of vision loss and blindness among
adults 20 to 72 years old.3–6 The etiology of DME-
associated vision loss is partially understood. Diabetes-
associated hyperglycemia and hyperlipidemia drive
complex physiological changes in the retinal microvas-
culature, resulting in abnormal or reduced vascular
flow and increased permeability.7,8 Prolonged exposure
to these conditions can drive both damage to retinal
endothelial cells and disruption of the blood–retinal
barrier, resulting in macular edema. Furthermore,
retinal neovascularization often occurs in response to
the closure or non-perfusion of existing capillaries.9
Unfortunately, the new vessels are often leaky, worsen-
ing the accumulation of interstitial retinal fluid that is
characteristic of DME.

Anti-vascular endothelial growth factor (VEGF)
agents, such as ranibizumab (Lucentis; Genentech,
Inc., South San Francisco, CA) and aflibercept (Eylea;
Regeneron Pharmaceuticals, Tarrytown, NY), are
approved intravitreal biologics for the treatment of
DME.10 Inhibition of VEGF signaling suppresses
weakening of endothelial cell junctions and prevents
vascular leakage.11 In the pivotal RISE and RIDE
phase III clinical trials in patients with DME, monthly
intravitreal treatment with ranibizumab drove substan-
tial improvements (>15 letters) in 45% of patients and
corresponding drying of macular edema.12 Despite
these impressive gains, a significant percentage of
patients failed to achieve normal vision or corrected
eyesight sufficient to operate an automobile (20/40
vision), suggesting that treatment with anti-VEGF
alone does not address all of the pathways underly-
ing DME pathology. Furthermore, the frequency of
intravitreal injections in the trials (every 4–8 weeks)
is often poorly adhered to in clinical practice, result-
ing in undertreatment and associated vision loss.13
Although pro re nata treatment or medical devices can
successfully extend the dosing interval of anti-VEGF
treatments for some patients with DME, treatment
durability remains of paramount concern for intravit-
real DME treatments.14,15

Faricimab, an intravitreally administered anti-
VEGF/angiopoietin 2 (Ang-2) bispecific antibody, was
developed to address the substantial remaining unmet
need of patients with DME by targeting multiple
pathways.16,17 Ang-2 is a context-dependent antago-
nist/partial agonist of the receptor tyrosine kinase Tie2
and agonist of β1 integrin.18,19 In response to inflam-

matory signals, the expression of Ang-2 is elevated.20,21
Ang-2 competes against the Tie2 agonist ligand
angiopoietin 1 (Ang-1) and compromises optimal Tie2
signaling, synergizing with integrin signaling to desta-
bilize cell–cell junctions and increase vascular leakage.
Inhibition of Ang-2 in the retina of patients withDME
is thought to promote Tie2 signaling through its native
ligand, Ang-1.22 The YOSEMITE and RHINE phase
III clinical trials showed that treatment with faricimab
reduced macular edema and provided durable vision
improvement, as over 60% of patients achieved a dose
interval of every 16 weeks at 2 years.23,24 These data
provided the foundation for the recent U.S. Food
and Drug Administration approval of faricimab as
Vabysmo (Genentech) and highlights the importance
of the Ang-2/Tie2 pathway.

Alternative agents have been explored to enhance
Tie2 signaling, including small-molecule inhibition of
vascular endothelial protein tyrosine phosphatase (VE-
PTP), a phosphatase that inactivates Tie2.25–27 VE-
PTP inhibitors prevent inactivation of basal Tie2
signaling but do not directly catalyze phosphoryla-
tion of the kinase. Unlike the aforementioned indirect
approaches to Tie2 activation, we considered direct
Tie2 agonism as a way to drive pathway activa-
tion. Here, we describe the development of a multi-
valent Tie2 agonist with desirable activity and drug
profile.

Methods

In Vivo Studies

Animals used in these studies were maintained
in Association for Assessment and Accreditation of
Laboratory Animal Care-accredited animal facilities.
The local animal care committees, in accordance with
the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research, approved all animal
protocols.

DNA and Protein Design and Production

All antibodies in this work are numbered using
Eu numbering systems for constant domains
and Kabat numbering for variable domains.28,29
Antibody constructs were generated by gene synthesis
(GENEWIZ; Azenta Life Sciences, Chelmsford, MA)
or through mutagenesis using the Q5 Site-Directed
Mutagenesis Kit (New England Biolabs, Ipswich,
MA). Recombinant proteins and antibodies, including
those containing cysteine mutations, were produced
by transient transfection of Chinese hamster ovary
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cells with recombinant DNA and purified by affinity
chromatography. Recombinant Fabs for conjugation
were generated in Escherichia coli. The FLAG-tagged
Tie2 extracellular domains were expressed and purified
fromCHO cell-conditioned media. After 11 to 14 days,
the conditioned media were harvested and concen-
trated approximately tenfold. The concentrate was
affinity purified by affinity purification (ANTI-FLAG
M2 Affinity Gel; Sigma-Aldrich, St. Louis, MO)
followed by size-exclusion column (either Superdex
200 or Superdex 75; Sigma-Aldrich).

Generation of Anti-Tie2 Antibodies

Antibodies binding the extracellular domain of Tie2
were selected from phage-displayed synthetic antibody
libraries that were built on the trastuzumab framework
by introducing synthetic diversity at solvent-exposed
positions within the heavy-chain complementarity-
determining regions.30 The phages were selected for
binding to plate-bound Tie2 antigens (5 μg/mL) over
four rounds of panning.

Generation of Anti-Tie2 Multimers

Purified Fab was reduced and partially reoxidized
in preparation for conjugation essentially as previ-
ously described.31 Fabs were conjugated to polyethy-
lene glycol (PEG) multimers (JenKem Technology,
Plano, TX) in 25-mM sodium acetate (pH 6.5), 150-
mM sodium chloride, and 4-mM EDTA, at a concen-
tration around 5 mg/mL. Following equilibrating
to room temperature, PEG–maleimide multimer was
resuspended in 25-mM sodium acetate (pH 5.0) to a
concentration of 10mg/mL.Upon solubilization, PEG
was added to the Fab pool, maintaining a slight excess
of Fab for each maleimide ON (overnight). Follow-
ing conjugation, the hexamer was purified using size-
exclusion chromatography on a Sephacryl S-300 HR
column (GE Healthcare, Chicago, IL) in 20-mM His-
acetate (pH 5.5) and 50-mM sodium chloride followed
by cation exchange using SP Sepharose High Perfor-
mance strong cation exchange resin from GE Health-
care to enrich for the desired conjugate. The cation
exchange step was run in 25-mM sodium acetate (pH
5.0) and eluted using a 10% to 20% 1-M sodium
chloride gradient over 50 column volumes. For all
processes, the Fab/PEG ratio was determined by size-
exclusion chromatography using a 300-mm × 8-mm
Shodex OHpak SB-804HQ run (ShowaDenko, Tokyo,
Japan) at 0.8 mL/min using phosphate-buffered saline
(PBS; pH 7.2) and 150-mM sodium chloride under
isocratic conditions.

Monitoring of Human Vascular Endothelial
Cell or Rat Aortic Endothelial Cell
Phospho-AKT by Fluorescence Resonance
Energy Transfer

Tie2 stimulation was monitored by tracking
phosphorylation of the downstream substrate AKT
by western blot or homogeneous time-resolved
fluorescence (HTRF) in human vascular endothe-
lial cells (HUVECs; Lonza, Basel, Switzerland) or
rat aortic endothelial cells (RAECs). HUVECs were
trypsinized and seeded into sterile 96-well plates at
0.4 × 105 cells/well in 100-μL culture medium (Media
MCDB-131 Complete; VEC Technologies, Rensselaer,
NY), and the plates were incubated in a 37°C, 5%
CO2 incubator overnight. The culture medium was
removed, and 100 μL pre-warmed serum starvation
media (EndoGRO Basal Medium; MilliporeSigma,
Burlington, MA) was added into each well of the
plates. The plates were incubated in a 37°C, 5%
CO2 incubator for 3 hours prior to incubation with
the anti-Tie2 antibodies. RAECs were seeded at a
density of 12,000 cells/well in 96-well cell culture plates
and cultured in 100-μL EGM-2MV Microvascular
Endothelial Cell Growth Medium (Lonza) overnight
at 37°C with 5% CO2. After overnight culture, the cells
were starved in EBM Endothelial Cell Growth Basal
Medium (Lonza) with 0.1% BSA for 3 hours prior to
incubation with the anti-Tie2 antibodies.

Tie2 agonists were diluted to an initially high
stock concentration (typically 30–1000 μg/mL) in assay
buffer followed by serial dilution (typically 2- to 10-
fold). These dilutions (50 μL) were added to each
well after removal of the serum starvation media, and
the plates were incubated at 37°C with 5% CO2 for
15 minutes. The solution was removed, and 50 μL of
lysis buffer containing blocking buffer from a Phospho-
AKT1/2/3 (Ser473) Cellular Kit (Cisbio, Codolet,
France) was added to cells. The plates were incubated
at room temperature protected from ambient light for
about 30 to 45 minutes with gentle shaking and kept
at −80°C until used, or they were directly used in
HTRF assays per the manufacturer’s instructions. The
data were calculated as the ratio of the acceptor and
donor emission signals times 104 for each individual
well.

For testing the effects of cross-linking anti-Tie2
antibodies, 20 μg/mL polyclonal goat anti-hIgG was
used as the crosslinker (Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA). Assay buffer
(Lonza Basal Medium + 0.2% BSA) was mixed with
an equal volume of anti-Tie2 bivalent antibody at 60
μg/mL and incubated at room temperature for 1 hour.
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After incubation, the mixture was subjected to a three-
fold serial dilution and added to the serum-starved
cells, and the assay proceeded as described above.

For measuring active Tie2.1-hexamer concen-
trations in cyno vitreous samples, HUVEC-based
phospho-AKT (pAKT) assays were used. Cells were
seeded at 20,000/well in 96-well plates. The standard
curve range was 6.3 to 400 ng/mL with a reporting
range of 12.5 to 200 ng/mL. The minimum sample
dilution was 1:100. The assay detection limit was
1.2 μg/mL for vitreous samples.

Western Blot Analysis for pAKT or Tie2

HUVEC cells were plated at 1 × 106 cells per well
in EndoGRO Medium and cultured at 37°C for 16
to 18 hours. Culture medium was changed to 0.1%
BSA EndoGRO Basal Medium for 4 to 5 hours prior
to stimulation. Cells were incubated with the relevant
Tie2 agonists for 30 minutes at 37°C and washed three
times with cold PBS (pH 7.4). Cells were placed on
ice and incubated with 100 μL/well of radioimmuno-
precipitation assay (RIPA) buffer (Sigma-Aldrich)
containing Roche complete protease and phosphatase
inhibitors (Thermo Fisher Scientific, Waltham, MA)
for 5minutes. Lysates were harvested fromwells using a
cell scraper and centrifuged at 17,800g for 10 minutes.
Supernatant was assessed by sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE; 8%
NuPAGE Bis-Tris; Thermo Fisher Scientific), followed
by transfer to a nitrocellulose membrane. Membranes
were blocked with 5% BSA in Tris-buffered saline
with Tween 20 (TBST) for 1 hour at room tempera-
ture and probed with rabbit anti-pAKT (Cell Signal-
ing Technology, Danvers, MA) in blocking buffer.
Following four washes with TBST, membranes were
probed with horseradish peroxidase (HRP) anti-rabbit
immunoglobulin (1:10,000; GE Healthcare) at room
temperature for 1 hour. Membranes were washed three
times with TBST and incubated with chemilumines-
cence reagents (Thermo Fisher Scientific) at room
temperature for 5 minutes prior to exposing blots to
film.

For anti-Tie2 blots, cells were grown on EndoGRO
Medium in the presence of agonist for 18 to 20 hours
and lysed on ice in 100 μLRIPAbuffer (Sigma-Aldrich)
supplemented with a cocktail of protease inhibitor
and phosphatase inhibitors (Thermo Fisher Scientific).
Cell lysates were centrifugated at 14,000 rpm at 4°C
for 10 minutes before being subjected to anti-Tie2
western blot (WB) analysis. A standard WB analy-
sis was performed using a mouse anti-Tie2 primary
antibody (BD, Franklin Lakes, NJ) and a secondary

detecting antibody (HRP anti-mouse IgG; GEHealth-
care).

Tie2 Degradation In Vivo

To assess the effects of anti-Tie2 antibodies on Tie2
levels in an in vivo assay, 8- to 9-week-old C57BL/6
mice (Charles River Laboratories, Wilmington, MA)
were dosed with Tie2 agonist at 20 mg/kg via intraperi-
toneal injection. Mice were euthanized under CO2 at
different time points after anti-Tie2 antibody admin-
istration. Mouse lung tissues were dissected out and
stored at −80°C after snap freezing. About 20 mg of
mouse lung tissue was homogenized in 1mLof ice-cold
RIPA buffer (Sigma-Aldrich) containing a cocktail of
proteinase and phosphatase inhibitors (Thermo Fisher
Scientific). After clarification by centrifugation, tissue
lysates were subjected to WB analysis using mouse
anti-Tie2 (BD) together with HRP anti-moue IgG Ab
(GE Healthcare) as secondary detecting antibody. The
WB membrane was developed using Thermo Scientific
chemiluminescence reagents (Thermo Fisher Scien-
tific).

Monolayer Permeability Assay

AHUVEC permeability assay was used to measure
the endothelial cell (EC) leakage of a presently
disclosed anti-Tie2 agonistic antibody, Tie2.1.
HUVEC cells (MilliporeSigma) were seeded at 0.1
× 106 per well of 24-well plates (Sigma-Aldrich) in
complete EndoGROMedium. Three days later, culture
medium was changed to EndoGRO Basal Medium
followed by 16 hours of incubation. Then, agonistic
Tie2 antibodies (10 μg/mL) were added. After an
incubation of 30 minutes, 50 μL of 5-mg/mL FITC–
dextran (Sigma-Aldrich) was added into each insert,
and 50 μL of medium was taken from the receiver tray
of each well at different time points and measured by
a microplate reader (excitation filter, 485 nm; emission
filter, 535 nm).

Immunofluorescence

EndoGRO HUVEC cells (MilliporeSigma) were
seeded at 0.2 × 106 per well on 4-well chamber slides
in complete EndoGRO Medium. Three days later,
culture medium was changed to EndoGRO Basal
Medium.After an incubation of 3 hours, 1 or 10 μg/mL
Tie2 agonistic antibodies was added. After antibody
treatment, cells were washed three time with ice-cold
PBS and fixed with 3% paraformaldehyde (Electron
Microscopy Sciences, Hatfield, PA) at room tempera-
ture for 20 minutes. Fixed cells were washed three times
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with ice-cold PBS and permeabilized with 0.1% PBS–
Triton (PBST) at room temperature for 10 minutes.
After blocking with blocking buffer (10% normal
donkey serum + PBS + 0.1% Triton X-100) for 1
hour at room temperature, cells were incubated with
mouse anti-human VE-cadherin (BD) at a dilution
of 1:250 overnight at 4°C. Invitrogen Alexa Fluor
633 Phalloidin (Thermo Fisher Scientific) was used
for F-actin staining. Slides were washed with PBST
five times at room temperature and then incubated
with Alexa Fluor 549 donkey anti-mouse IgG (H+L)
(Jackson ImmunoResearch), 1:500 dilution, for 2 hours
at room temperature in the dark. Slides were washed
four times with PBST and then two times with PBS
at room temperature. Slides were then stained with
4′,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich)
at a 1:10000 dilution of 5 mg/mL for 10 minutes at
room temperature. They were thenmounted with Invit-
rogen Prolong Gold antifade reagent. Fluorescence
imageswere obtained using confocalmicroscopy (Leica
Camera, Wetzlar, Germany).

In Vivo Vascular Permeability Assay

Balb/c mice (Charles River Laboratories), 5 to
8 weeks old, were dosed with 1% of Evans Blue
(Sigma-Aldrich) was given via intravenous injection.
Ten minutes later, the mice were anesthetized under
isoflurane, and anti-VEGF G6.31 or Tie2 agonist
hexamer PEG Fab2.1 together with VEGF (produced
in house) were injected intradermally into the mouse
ears. Thirty minutes later, mice were euthanized
by CO2, and the mouse ears were excised. Evans
Blue that had extravasated into the ear tissues was
extracted with formamide (Sigma-Aldrich) and quanti-
fied spectrophotometrically at 620 nm and 760 nm.

Monkey Pharmacokinetic and
Pharmacodynamic Analyses

Nonclinical studies with cynomolgus monkeys were
performed to assess the exposure, stability, and activ-
ity of the therapeutic candidates. Naïve male cynomol-
gus monkeys of 2 to 4 kg body weight and approxi-
mately 2 to 4 years of age were assigned to dose groups.
Potential therapeutics were administered via a single
50-μL intravitreal injection (2-mg dose) in both eyes
of anesthetized monkeys, and they were observed for
up to 21 days. Doses were administered by a board-
certified veterinary ophthalmologist at approximately
the 7 o’clock position to the right eye and the 5 o’clock
position to the left eye. Clinical ophthalmic examina-
tions (slit-lamp biomicroscopy and indirect ophthal-

moscopy) were performed throughout the study by
a board-certified veterinary ophthalmologist. After
intravitreal dosing, at predetermined time points,
animals were euthanized (two animals per group per
time point) for the collection of ocular samples (vitre-
ous and aqueous humor). Blood samples were also
collected from all surviving animals in serum separator
tubes. All serum samples were stored at −70°C until
they were assayed for drug concentrations or Ang-2
levels.

ELISA of Anti-Tie2 Hexamers

Concentrations of anti-Tie2 Fab hexamers were
determined with an anti-Tie2 ELISA. NuncMaxiSorp
384-well plates (Nalge Nunc International, Rochester,
NY) were coated with 1 μg/mL recombinant human
Tie2 (Abcam, Cambridge, UK) diluted in coating
buffer (50-mM carbonate/bicarbonate buffer, pH 9.6)
and incubated overnight at 4°C. The plates were
washed three times with wash buffer (PBS, pH 7.4,
and 0.05% Tween 20) and treated with blocking buffer
(PBS, 0.5% BSA, and 15-ppm Proclin, pH 7.4) for 2
hours at room temperature. The plates were washed
three times with wash buffer, and samples diluted in
sample diluent (PBS, 0.5% BSA, 0.05% Tween 20,
5-mM EDTA, 0.25% CHAPS, 0.35-M NaCl, and 15
ppm Proclin, pH 7.4) were added to the wells and
incubated at room temperature for 2 hours. The plates
were washed six times with wash buffer. The detection
antibody (goat anti-human IgG H+L–HRP; Bethyl
Laboratories, Montgomery, TX) was then diluted
to 100 ng/mL in detection buffer (PBS, 0.5% BSA,
0.05% Tween 20, and 15 ppm Proclin, pH 7.4) and
added to the wells and incubated on a shaker for 1
hour at room temperature. The plates were washed six
times with wash buffer and developed using 3,3′,5,5′-
tetramethylbenzidine (TMB) peroxidase according
to the manufacturer’s instructions. The reportable
assay range was 0.31 to 10 ng/mL (lower limit of
quantitation was 6 ng/mL for monkey serum and
31 ng/mL for vitreous and aqueous humor). The
concentrations of anti-Tie2 Fab hexamers shown
in Figure 5a were similarly determined with a generic
human IgG ELISA using sheep anti-human IgG
(monkey adsorbed; The Binding Site, San Diego,
CA) for coating. The minimum detection limit
was 2.4 ng/mL for serum samples. Vitreous and
aqueous humor samples were diluted at least 1:100
and showed good linearity in serial dilution with
a small percent coefficient of variation. Minimum
dilution was not determined due to lack of blank
vitreous and aqueous humor samples. Pharmacoki-
netic analyses of concentration–time data across
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matrices was performed using a non-compartmental
analysis method (Phoenix WinNonlin 6.4; Pharsight
Corp., Mountain View, CA) with nominal time
and dose.

RNA-Sequencing and Analysis

Cultured human retinal microvascular endothelial
cells were treated with PBS or Tie2.1-hexamer and
harvested at 4 and 24 hours. Total RNA was extracted
using the RNeasy Micro-Kit (QIAGEN, Hilden,
Germany). Three replicate samples were collected
for each treatment condition. The concentration of
RNA was determined using the NanoDrop 8000
spectrophotometer (Thermo Fisher Scientific), and the
integrity of RNA was determined using Fragment
Analyzer (Advanced Analytical Technologies, Ankeny,
IA). Approximately 500 ng of total RNA was used
as an input for library preparation using the TruSeq
RNASample PreparationKit v2 (Illumina, SanDiego,
CA). The size of the libraries was confirmed using the
High Sensitivity D1000 Screen Tape System (Agilent
Technologies, Santa Clara, CA), and their concen-
tration was determined by a quantitative PCR-based
method using a KAPA Library Quantification Kit
(Roche, Basel, Switzerland). The libraries were multi-
plexed and sequenced on an Illumina HiSeq 4000.

Reads were first aligned to ribosomal RNA
sequences to remove ribosomal reads. The remain-
ing reads were aligned to the human reference genome
(NCBI Assembly GRCh38) using GSNAP32 (version
2013-10-10), allowing a maximum of two mismatches
per 50 base-pair sequence (parameters: ‘-M 2 -n 10 -B
2 -i 1 -N 1 -w 200000 -E 1 –pairmax-rna=200000 –
clip-overlap’). Transcript annotation was based on the
human RefSeq database NCBI Annotation Releases
106. To quantify gene expression, the number of reads
mapped to the exons of each RefSeq gene was calcu-
lated using the HTSeqGenie R package (R Founda-
tion for Statistical Computing, Vienna, Austria).
Read counts were scaled by library size and quantile
normalized, and precision weights were calculated
using the voom R package.33 Subsequently, differential
expression analysis on the normalized count data was
performed using the limma R package34 by contrast-
ing Tie2.1-hexamer–treated samples with control
samples. Gene expression was considered significantly
different across groups if we observed a |log2-fold
change| ≥ 1 (estimated from the model coefficients)
associated with a false discovery rate–adjusted P ≤
0.05. In addition, gene expression was obtained in the
form of normalized reads per kilobase of transcript
per million mapped reads (nRPKM) as described
previously.35

Capillary Electrophoresis–SDS–Laser-
Induced Fluorescence of Anti-Tie2 Multimers

Samples were prepared using a protocol reported
previously with minor modifications.36 Briefly, vitre-
ous humor samples were first mixed with sodium
phosphate at pH 6.7 at a volume ratio of 1:1. Then,
4% SDS with 150-mM N-ethylmaleimide was added
to the sample mixture, which was incubated at 70°C
for 5 minutes. After the mixture was cooled to room
temperature, 3-(2-furoyl) quinolone-2-carboxaldehyde
dye (Thermo Fisher Scientific) was added followed
by the addition of potassium cyanide. The sample
mixture was then incubated at 50°C for 10 minutes.
After cooling to room temperature, the samples
were loaded onto a PA 800 Plus Pharmaceutical
Analysis System capillary electrophoresis (CE) instru-
ment (Sciex, Framingham, MA). The CE–SDS–laser-
induced fluorescence (LIF) method has been described
previously.36,37 For LIF detection, the excitation
wavelength was 488 nm and the detection wavelength
was 600 nm. The intact hexamer peak and the
degradant pentamer peak were quantified using the
integrated peak areas.

Determination of Anti-Tie2 Oxidation

Detection and quantitation of oxidation present at
the amino acid residue level of anti-Tie2 constructs
were performed as follows. First, 40 μL biological
matrix (e.g., vitreous humor) containing the anti-Tie2
construct was mixed with 80 μL of denaturing solution
(8-M urea, 25-mM 1,4-dithiothreitol, and 100-mM
ammonium bicarbonate, all solubilized in water). The
mixture was incubated at 25°C for 30 minutes. Then,
10 μL of 500-mM iodoacetamide was added to the
mixture, which was then incubated for 30 minutes at
25°C in the dark. This was followed by adding 10 μL
Asp-N (Promega, Madison, WI) at a concentration
of 0.1 mg/mL (in water) to the mixture. Additionally,
180 μL of water was added to the mixture. The mixture
was then incubated at 37°C for 1 hour, followed by the
addition of 10 μL Trypsin/Lys-C Mix (Promega) at a
concentration of 0.2 mg/mL (in water) to the mixture.
The mixture was incubated at 37°C for 3 hours, after
which 35 μL of the mixture was injected onto a Waters
nanoACQUITY UPLC System (Waters Corporation,
Milford, MA) coupled to a Thermo Scientific Orbitrap
Elite MS (Thermo Fisher Scientific). The raw data
collected were then analyzed using Thermo Fisher
Scientific BioPharma Finder software, which allowed
identifying modifications (e.g., oxidation) at the amino
acid level through a combination of high-resolution
mass data and collision-induced dissociation (CID)
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fragmentation data. Specifically, oxidation was identi-
fied by observing mass shifts of +16 Da (or an integer
multiple); the specific location was determined through
peptide sequencing using tandem mass spectrometry
(CID fragmentation mode). Furthermore, methion-
ine oxidation was confirmed by observing character-
istic −64-Da mass shifts after CID fragmentation.
Quantitation was determined via mass spectrometry
by dividing ion intensities associated with oxidized
species by the ion intensity of naïve (unoxidized)
species.

Plasma Levels of Ang-2 After Intravitreal
Administration of a Tie2 Agonist

Plasma from the cynomolgus monkeys adminis-
tered agonists was assayed to determine systemic
levels of Ang-2 at various time points after admin-
istration. Cynomolgus monkey plasma samples were
analyzed by ELISA developed using a DuoSet Human
Angiopoietin 2 ELISA Development Kit (R&D
Systems, Minneapolis, MN). A mouse antibody was
used for capture. Bound Ang-2 was detected using
a biotinylated mouse antibody, followed by HRP-
conjugated streptavidin (GEHealthcare) and 3,3′,5,5′′-
tetramethylbenzidine (Moss Biotech, Severn, MD) as
substrate. The minimum plasma dilution was 1:10 in
the sample diluent (PBS, 0.5% BSA, 0.05% Tween 20,
10-ppm Proclin 300, 0.25% CHAPS, 5-mM EDTA,
and 0.35-M NaCl), and the detection limit for this
assay was 120 pg/mL in plasma.

Results

Development of Tie2 Agonists

To investigate whether direct activation of Tie2
could stabilize vasculature and reduce macular edema,
we sought to generate a Tie2 agonist. We generated
more than 400 anti-Tie2 antibodies from a combina-
tion of phage display, hybridoma, and single B-cell
technologies. Binders were characterized to identify
antibodies with agonist potential by measuring their
ability to drive pAKT signaling downstream of Tie2
in UVECs and RAECs. Clone Tie2.1 initially emerged
as a promising agonist; however, further study revealed
that the level of agonistic activity of Tie2.1 hIgG1
depends on low levels of protein aggregate (Supple-
mentary Fig. S1a). Interestingly, cross-linking with
polyclonal anti-human IgG antibody conferred potent
agonist activity to a highly purified preparation of
Tie2.1 (Supplementary Figs. S1a, S1b). Our findings

are consistent with reports that Tie2 activation relies
on multivalent (n > 2) Tie2 clustering.38

We further characterized Tie2.1 as a potential lead.
Tie2.1 bound human, cynomolgus monkey, mouse,
and rat Tie2 with modest (micromolar) monovalent
affinities and competed with both Ang-1 and Ang-2
for binding (Supplementary Fig. S1c). We also charac-
terized two additional antibodies from the antibody
campaign, Tie2.20 and Tie2.38 (Supplementary Fig.
S1c). Although Tie2.20 also competes with the native
ligands for Tie2 binding, Tie2.38 is a non-blocking
antibody. Notably, cross-linking of either Tie2.20 or
Tie2.38 failed to induce Tie2 signaling, indicating an
apparent requirement for epitope-specific multivalent
engagement.

Given the strong agonist potential of Tie2.1 when
in an aggregate format, we decided to explore multi-
valent molecular formats intended to drive clustering
of Tie2. We conjugated Tie2.1 Fabs to PEG scaffolds
of various valency and length to identify the optimal
molecular design of a Tie2 agonist (Fig. 1a). We found
that the activity of the PEG conjugates increased with
higher valency (six or eight binders) and shorter arm
length (Fig. 1b), suggesting that the density of Tie2
clustering is a determinant of signaling strength. In the
current study, we focused on Tie2.1-hexamer, a 6-kDa
PEGhexamer conjugatedwith Tie2.1 Fab resulting in a
295-kDa conjugate. The apparent dependence on
clustering seen in Figure 1b predicted that supersat-
uration of Tie2 with Tie2.1-hexamer could lead to
reduced Tie2 clustering and signaling. Indeed, in a
dose-ranging in vitro experiment, we observed a clear
bell-shaped activity curve (Fig. 1c), with a loss of
50% of maximal activity occurring at approximately
100 μg/mL of Tie2.1-hexamer (∼2 μM of total Fab).
Given the low monovalent affinity of Tie2.1 and the
Ang-1/-2 competitive nature of binding, we sought
to characterize whether the hexamer would continue
to activate Tie2 in the presence of Ang-2, which
can expressed during DME. Although excess Ang-2
could partially reduce the activity of Tie2.1-hexamer,
equimolar concentrations of the agonist appeared to
fully agonize the kinase (Supplementary Fig. S2).

As an alternative approach to generating Tie2
agonist, we recombinantly expressed a biparatopic
Fab-IgG intended to enable more extended cluster-
ing on the cell surface with the potential for greater
signaling (Fig. 1a).39,40 We found that the biparatopic
Tie2.1.38 (comprised of two copies of the Fabs from
both Tie2.1 and Tie2.38) drove Tie2 signaling compa-
rable to the level induced by recombinant Ang-1
(Fig. 1b). Next, we carried out dose–response studies
for both molecules, evaluated at both 15-minute
and 24-hour time points (Fig. 1d). At 15 minutes,
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Figure 1. Development of Tie2 agonists driving strong and persistent Tie2 signaling. (a) Illustration of Tie2 agonist structures. (b) RAECs
treated with 100 ng/mL of Ang-1 or 10 μg/mL of indicated agonists for 15 minutes were evaluated for pAKT levels using HTRF. (c) Dose
response of Tie2.1-hexamer as determined by pAKT levels at 15 minutes. (d) Dose response of Tie2.1-hexamer and Tie2.1.38 Fab-IgG at
15 minutes and 24 hours as determined by pAKT levels. (e) Western blot analysis of total Tie2 levels following 24-hour treatment with
10 μg/mL indicated agonists. (f ) Western blot analysis of total Tie2 and phospho-Tie2 in lung tissue of Balb/C mice 30 minutes and 4 hours
following 10-mg/kg administration of agonist. Data shown in (b) and (c) are mean ± SD (n = 3), and data shown in (d) are mean ± range
(n = 2).

the Tie2.1-hexamer was ∼15-fold more potent but
led to a maximum pAKT signal similar to that of
Tie2.1.38. At 24 hours, both molecules showed ∼10-
fold improvements in potency. Interestingly, although
the Tie2.1-hexamer showed a modest (<twofold)
reduction in maximal signaling upon extended
exposure, Tie2.1.38 showed an ∼10-fold reduction
at 24 hours.

To understand the difference in signaling duration
between Tie2.1-hexamer and Tie2.1.38, we measured
Tie2 protein levels in RAECs at 24 hours after stimu-
lation. The results showed that Tie2.1.38 induced

substantial Tie2 depletion, whereas the Tie2.1-
hexamer left the receptor largely intact (Fig. 1e).
We further investigated Tie2 downregulation in vivo.
Intraperitoneal administration of both molecules
into Balb/c mice confirmed induction of Tie2 signal-
ing as measured by pTie2 levels in lung tissue at
30 minutes. Again, compared with Tie2-hexamer,
Tie2.1.38 induced more substantial target depletion
by 4 hours after antibody injection (Fig. 1f). Together,
these studies indicate that Tie2.1-hexamer can promote
more persistent and potent signaling than Tie2.1.38,
and it was thus pursued as a clinical candidate.
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Figure 2. Tie2 agonists stabilize cellular junctions. (a) Immunofluorescence imaging of HUVEC cells treated with 100 ng/mL of Ang-1 or
10 μg/mL of Tie2.1-hexamer for 3 hours and stained with DAPI (blue) or anti-Tie2 (green). (b) Tie2 agonists drove relocalization to cell–cell
contacts. HUVECcells treatedas aboveorwith10μg/mLof Tie.1.38 Fab-IgGwere stainedwithDAPI (blue), anti-VE-cadherin (red), or phalloidin
(green) and analyzed by fluorescent microscopy.

Functional Assessment of Tie2 Agonists

Consistent with a previous study of Ang-1, treat-
ment of HUVECs with the Tie2.1-hexamer drove
translocation of Tie2 to cell–cell contacts (Fig. 2a).40
Immunofluorescent analysis showed that stimulation
with Tie2 agonists resulted in an increase in junctional
VE-cadherin and cortical actin (Fig. 2b), indicating
reinforced endothelial cell–cell junctions. To assess
the functional consequences of Tie2 agonism, we
looked at the impact of the Tie2.1-hexamer on
endothelial cell barrier integrity.Well-formedmonolay-
ers of HUVECs were subjected to serum starva-
tion to compromise the cell–cell junctions, result-
ing in the apparent transit of FITC-labeled dextran
through the monolayer of cells (Fig. 3a). We found
that either Tie2.1-hexamer or Ang-1 substantially
reduced the leak, likely reflecting both pro-survival
phosphatidylinositol-3-kinase signaling and endothe-
lial junction tightening induced downstreamof Tie2. In
contrast, treatment with two different Ang-2–specific
blocking antibodies worsened permeability, presum-

ably reflecting the partially agonistic activity of Ang-2
under conditions whereAng-1 is low or absent (Supple-
mentary Fig. S3).41

To demonstrate the agonistic activity of the Tie2.1-
hexamer in vivo, we used a modified version of the
Miles assay in BALB/c mice wherein dermal vascu-
lar leakage was assessed following the coadminis-
tration of an inducer of vascular leak (VEGF or
lipopolysaccharide [LPS]) and a therapeutic agent into
the ears.42 As expected, VEGF treatment alone resulted
in substantial vascular permeability (Fig. 3b). This
effect was effectively suppressed by a VEGF-blocking
antibody or the Tie2.1-hexamer. Next, we utilized LPS
as a pleiotropic inducer of vascular leak, potentially
better reflecting the mixture of inflammatory signal-
ing present in DME.43 LPS is also reported to reduce
expression of Ang-1 and potentially models activities
in patients with low or heterogeneous Ang-1 expres-
sion.43,44 In this experiment, Tie2.1-hexamer was able
to suppress LPS-induced vascular leakage, whereas
anti-VEGF or anti-Ang-2 (nevascumab) did not (Fig.
3c). Permeability in the Miles assays was reduced to a
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Figure 3. Tie2 agonists reduce the permeability of monolayers andmurine vasculature. (a) HUVECs were grown to confluency in Transwell
plates, transferred to serum-free basal medium for 16 hours, and treated with the indicated agonists for 30 minutes. FITC-labeled dextran
was added to the wells, and passage through the cellular monolayer was analyzed over time. Balb/Cmice were administered Evans Blue dye
intravenously followed by a combination of an inducer of edema (LPS or VEGF) and a drug or negative control intradermally into the ears.
Thirty minutes following intradermal injection the mice were sacrificed; the dye was extracted from the ears and quantified spectrophoto-
metrically. (b) Activity of anti-VEGF and Tie2.1-hexamer in response to VEGF-induced edema. (c) Activity of Tie2.1-hexamer, anti-Ang-2, and
anti-VEGF in response to LPS-induced edema. Data shown in (a) (n = 3) and in (b) and (c) (n = 8–10) are mean ± SD.

level similar to what is seen in mice not treated with
inducers of vascular leak (Supplementary Fig. S4).
Collectively, these data support the hypothesis that,
under appropriate conditions, direct Tie2 agonism is
functionally differentiated from both VEGF and Ang-
2 inhibition.

Pharmacokinetic Behavior of Tie2.1-Hexamer

Given the importance of infrequent dosing in ensur-
ing patient compliance, we evaluated the exposure
of the Tie2.1-hexamer following intravitreal adminis-
tration into cynomolgus monkeys (Fig. 4a). Follow-
ing a single 2-mg/eye bilateral intravitreal injection,
the hexamer showed durable vitreal (t1/2 of 5 days)
and aqueous (t1/2 of 4.1 days) exposure. Maximum
exposure (Cmax) of the Tie2.1-hexamer was approx-
imately 200-fold lower in the serum than the vitre-
ous and cleared more rapidly (t1/2 of 2.3 days).
Routine clinical ophthalmic examinations (slit-lamp
biomicroscopy and indirect ophthalmoscopy) were
performed during this study, and intravitreal adminis-
tration of Tie2.1-hexamer was well tolerated. Concen-
trations achieved in all three compartments (Fig. 4a)
were greater than 10-fold higher than the threshold
required to drive activity based on in vitro potency
assays (Fig. 1c).

Pharmacodynamics of Tie2.1-Hexamer in
Cynomolgus Monkeys

We sought to identify biomarkers of Tie2 activity
both to validate the function of the Tie2.1-hexamer in
monkeys following intravitreal administration and to
set the stage for eventual validation in human clinical
trials. Primary human retinal microvascular endothe-
lial cells were treated with the Tie2.1-hexamer or a
buffer control for 4 hours, and gene expression profiles
were assessed by RNA-sequencing. A total of 57
genes showed significant upregulation and 102 genes
were suppressed, including PDGFB, PGF, ESM1, and
ANGPT2, the gene encoding for Ang-2 (Figs. 4b, 4c;
Supplementary Table S1). To explore Ang-2 as a
potential pharmacodynamic biomarker, we assessed
the monkey plasma samples for Ang-2 levels follow-
ing intravitreal administration of the Tie2 agonist or
non-binding control. Although a non-binding control
induced minimal variation in Ang-2 concentration, the
Tie2.1-hexamer transiently suppressed plasma Ang-
2 levels for at least 7 days following administration,
followed by complete recovery by day 21 (Fig. 4d).
These data suggest that Tie2.1-hexamer was active in
the cynomolgus monkeys and Ang-2 could potentially
serve as a pharmacodynamic biomarker formonitoring
Tie2 target engagement.
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Figure 4. In vivo exposure, activity, and stability of Tie2.1-hexamer. (a) Pharmacokinetic profiles of Tie2.1-hexamer following 2-mg/eye
bilateral intravitreal injection into male cynomolgus monkeys. (b) RNA-sequencing analysis of gene expression levels in primary human
retinal microvascular endothelial cells treated with 10 μg/mL of Tie2.1-hexamer or PBS for 4 hours compared to control. (c) Ang-2 RNA-
sequencing expression levels in human retinal microvascular endothelial cells treated with PBS or 10 μg/mL of Tie2.1-hexamer for 4 hours
or 24 hours. (d) ELISA analysis of Ang-2 levels in monkey plasma following treatment with Tie2.1-hexamer or a non-binding control.
(e) LC-MS/MSanalysis of Tie2.1-hexamer isolated frommonkey vitreous 4hours to 21days followingadministration. Sequenceof the relevant
peptide is shownwith the oxidized residue in green. (f ) CE–SDS–LIF electropherogram of monkey vitreous isolated 4 hours following intrav-
itreal injection of Tie2.1-hexamer. (g) Schematic showing retro-Michael decomposition of Tie2.1-hexamer into a Tie2.1-pentamer and Fab.
(h) CE–SDS–LIF quantitation of Tie2.1-hexamer and Tie2.1-pentamer in monkey vitreous isolated 4 hours and 21 days following intravit-
real administration of Tie2.1-hexamer. (i) Concentrations of Tie2.1-hexamer inmonkey vitreous determined by pAKT activation versus ELISA
signal. Data shown in (a), (d), and (i) are mean ± SD. Error bars are not included if they are less than the size of the marker.

In Vivo Stability of the Tie2.1-Hexamer

As the proposed therapeutic format was complex
and there is somewhat limited knowledge of the impact
of vitreal stresses on protein stability, we characterized
the biotransformation of the Tie2.1-hexamer recov-
ered from the monkey vitreous. Vitreal samples were
digested by trypsin and analyzed by liquid chromatog-
raphy with tandem mass spectrometry (LC-MS-MS),
which revealed progressive oxidation at HC M100c
culminating at 40% by day 21 (Fig. 4e). To understand
the functional impact of this oxidation, we treated
the Tie2.1-hexamer with hydrogen peroxide to drive
fractional oxidation, and monitored the activity of the
resulting species. Treatment resulting in 65% oxida-
tion of M100c (and no other detectable modifications),

reduced the potency in the pAKT assay by approxi-
mately threefold and reduced the maximum signal by
∼10% (Supplementary Fig. S5). A holistic view of the
structure of the hexamer was undertaken by CE–SDS–
LIF.45 The large size of the hexamer, coupled with the
low protein abundance in the vitreous humor, allowed
sensitive detection and electrophoretic separation of
the PEG conjugates from endogenous protein (Fig.
4f). The analyses revealed evidence of degradation of
the hexamer predominantly to Tie2.1-pentamer and
Tie2.1-tetramer, progressing from 71% hexamer on day
1 to 49% hexamer on day 22 (Figs. 4g, 4h). To under-
stand the combined impact of oxidation and deconju-
gation, we characterized the ex vivo specific activity of
material recovered from the vitreous using theHUVEC
pAKT functional cell-based assay to assess total
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activity, and ELISA (vs. total Fab) to determine
concentration (Fig. 4i). Four hours following dosing
we recovered 94% of the activity predicted using our
ELISA quantitation; by day 22, it was reduced to 47%
of the anticipated activity (P < 0.01).

Generation and Functional Assessment of
Stabilized Tie2.1-Hexamers

We sought to mitigate the molecular changes to
Tie2.1-hexamer that occurred in vivo and were detri-
mental to its activity. To eliminate any potential effect
associated with HC M100c oxidation, we scanned
through potential M100c mutations and assessed
binding to Tie2. We found that a M100cF mutation
exhibits modestly enhanced binding to Tie2 and elimi-
nates the observed site of oxidation (Supplementary
Fig. S6).

Tie2.1-hexamer was generated by adding the Tie2.1
Fab containing a C-terminal cysteine to a hexam-
eric PEG capped with maleimide moieties. Because
the exposed cysteine conjugates can undergo reverse
Michael reactions (Fig. 4g), we suspected that the
observed degradation of the Tie2.1-hexamer could be
caused by deconjugation of the Tie2.1 Fab.46 Previous
studies of thiol-maleimide antibody–drug conjugates
have shown that strategically placed cysteine mutants
can conjugate effectively with limited deconjugation.47
Based on the cysteine mutants reported to form stable
conjugates, we generated a panel of Tie2.1 M100cF
Fabs carrying a single cysteine replacement at differ-
ent sites in either heavy chain or light chain and conju-
gated them to the hexamer PEG scaffold. The resulting
conjugates were tested for their stability and activity.
We identified two mutants, HC T209C and LC T206C,
that gave rise to PEG conjugates with improved stabil-
ity in vitro and substantially retained activity (Supple-
mentary Fig. S7). In cultured HUVECs, all three
versions of the Tie2.1-hexamer M100cF Fabs, conju-
gated through the C-terminal cysteine, HC T209C, or
LC T206C, promoted changes in cortical actin and
adherens junctions and similarly attenuated leakage
through serum-starved monolayers (Supplementary
Figs. S8, S9).

Next, we assessed in vivo stability and activity
comparing three versions of the Tie2.1-hexamers.
Following 2-mg/eye intravitreal administration to
cynomolgus monkeys, all of the hexamers showed
similar vitreal and aqueous exposures (Fig. 5a). Assess-
ment of the extracted vitreous by CE–SDS–LIF
confirmed partial degradation of the C-terminal conju-
gate which was partially or wholly mitigated by alter-
native conjugation sites (Fig. 5b). We assessed ex vivo
specific activity of the vitreous samples using the

combination of HUVEC pAKT cell-based assay and
ELISA. Unlike the parental Tie2.1-hexamer, the three
Tie2.1 M100cF hexamers showed no significant loss
in activity over time (Fig. 5c), confirming that oxida-
tion atM100cwas themajor biotransformation driving
activity loss. Finally, we confirmed that the most stable
agonist, conjugated via T209C, was active in the Miles
assay (Supplementary Fig. S10).

Discussion

Following substantial preclinical evidence highlight-
ing Tie2 as a promising target for the treatment
of diabetic macular edema, various strategies have
been explored in the clinic that indirectly activate
the pathway by blocking inhibitory factors upstream
(Ang-2) or downstream (VE-PTP) of kinase activa-
tion.26,49–51 Although the Time2b (AKB-9778/VE-
PTP) and RUBY/ONYX (nesvacumab/Ang-2) trials
failed to demonstrate robust clinical benefit, the recent
approval of faricimab supports that the Ang/Tie2
pathway is an important therapeutic axis in ocular
disease and suggests that determining the details of
how the pathway is engaged and developing an appro-
priate clinical design will be important in defining
patients’ responses. Given the combination of preclini-
cal and clinical validation of the pathway, we explored
approaches to drive enhanced Tie2 signaling beyond
what might be achievable by removing negative regula-
tors.

To better understand the potential impact of direct
pathway activation, we compared Tie2 agonists to
VEGForAng-2 inhibitors. In themodifiedMiles assay,
VEGF-induced vascular leak was reduced by either
anti-VEGF or our Tie2 agonists (Fig. 3b); however,
vascular leak induced by LPS was mitigated only by
direct Tie2 agonism (Fig. 3c).We hypothesize that anti-
VEGF agents are unable to mitigate the more complex
mixture of cytokines induced by LPS. Additionally,
LPS both reduces Ang1 and drives β1 integrin expres-
sion, potentially explaining why anti-Ang-2 is ineffec-
tive in this model.44,52 A potential risk of this approach
is that elevated levels of Ang-2 present in the eyes
of patients with DME could compete with the direct
agonist for activity. We show such inhibition can occur,
but at Ang-2 levels reported to be present in the eyes
of patients with DME16 it is readily overcome by
levels of Tie2.1-hexamer durably achieved in the eye
(Supplementary Fig. S2). Collectively, these studies
highlight ways in which Tie2 agonism differentiates
itself from established therapeutic approaches, but the
complexity of human disease is challenging to model
preclinically. Acute murine models likely fail to fully
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Figure 5. In vivo exposure and stability of stabilized Tie2.1-hexamers. (a) Pharmacokinetic profiles of Tie2.1-hexamers following 2-mg/eye
bilateral intravitreal injection into male cynomolgus monkeys. (b) CE–SDS–LIF analysis of injection solutions and monkey vitreous 21 days
following the intravitreal injection of the indicated Tie2.1-hexamers. (c) Concentration of Tie2.1-hexamers inmonkey vitreous as determined
by ELISA or from downstream activation of pAKT aligned to a standard curve. Data shown in (a) and (c) are mean ± SD.
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recapitulate the physiology of slowly developingDME-
driven edema. VEGF signaling, which is typically
suppressed in patients treated with anti-VEGF thera-
pies, is reported to both indirectly activate Tie2 and
promote shedding of its extracellular domain.53,54

A further consideration is that, although our
preclinical activities show substantial single-agent
activity for the Tie2-hexamer, anti-VEGF agents are
broadly effective as the standard of care in DME and
are anticipated to remain a platform for additional
agents. Still, a substantial number of patients do not
achieve optimal vision even with monthly intravitreal
injections of anti-VEGF. Patients with chronic persis-
tent retinal fluid may develop irreversible vision loss
if left untreated or inadequately treated. For example,
in the RISE/RIDE phase III study of ranibizumab,
patients who crossed over and received treatment after
2 years of sham injections showed similar improve-
ment on optical coherence tomography but only gain
half of the vision as those treated early.48 Although
the need for improvements over the current standard
of care is clear, the clinical validation of a combination
therapy on top of anti-VEGF (e.g., anti-VEGF + Tie2
agonist) will require any new molecule to demonstrate
significantly improved efficacy as measured by best-
corrected visual acuity in a head-to-head clinical study.
We hypothesize that patients with strong responses to
anti-VEGF alone may have a limited window for visual
improvement. This cap on activity could partially
mask Tie2-driven improvements in patients requiring
additional intervention. Lead-in treatments with anti-
VEGF may help identify patients with DME who are
likely to have persistent edemawith concomitant vision
loss with anti-VEGF alone and would be more likely to
benefit from the addition of a second therapeutic agent.

In addition to the therapeutic implications, our
current work also revealed important molecular
insights into designing an optimal Tie2 agonist. Signal-
ing duration is a critical consideration for agonistic
agents. Activation of receptor tyrosine kinases can
lead to their internalization, resulting in diminished
signaling with time.55 In our study, we investigated
two types of Tie2 agonists, the biparatopic Tie2.1.38
and Tie2.1-hexamer. Compared with Tie2.1-hexamer,
Tie2.1.38 triggered a greater degree of Tie2 downreg-
ulation, resulting in transient Tie2 signaling. We found
that multi-armed PEG scaffolds with more binding
arms and with shorter distances between the binding
arms exhibited greater activity. Interestingly, subtle
variations of geometry influenced activity, with LC
T206C showing the greatest activity. Tie2.1-hexamer
exhibited a bell-shaped dose response in vitro, which
may limit its therapeutic activity at high concentra-
tions. Extrapolation of these in vitro differences to

relevant biological activities is uncertain. The Tie2.1-
hexamer must diffuse from the vitreous through the
retina to reach the target cells, so we anticipate lower
local concentrations than were observed in the vitre-
ous of Figure 4. Furthermore, the strength of Tie2
signaling necessary to improve vision is undefined. The
reported Tie2.1-Fab has a weak (∼3 μM) monovalent
affinity at 37°C (Supplementary Fig. S1), whereas
in the hexavalent format we observed avidity driven
potency in the picomolar range (Figs. 1C, 1D). Higher
affinity binders might shift the inhibitory response to
lower concentrations and narrow the activity window,
a feature potentially incompatible with the demand for
infrequent high-dose intravitreal injections.

Additional characteristics of the molecule also
support less frequent administration. Despite the low
monovalent activity, activity is seen at doses as low as
100 ng/mL in vitro (Figs. 1C, 1D) and inmonkey serum
(Figs. 4a, 4d), presumably resulting from strong avidity
of the hexameric molecule. The observed vitreal Cmax
was nearly 1 mg/mL (Figs. 4a, 5a) with confirmed ex
vivo activity (Figs. 4i, 5c), suggesting that the molecule
may be active over a range of more than three orders
of magnitude. Furthermore, the larger hydrodynamic
radius (Rh) slows vitreal clearance of the conjugate; the
measured half-life in monkey (5 days) is approximately
twofold longer than that of anti-VEGF therapeutics
(ranibizumab, 2.3 days; bevacizumab, 2.9 days; afliber-
cept, 3.6 days), enabling sustained vitreal exposure
within the therapeutic window.56 Finally, engineering
to remove both oxidation and deconjugation liabilities
results in a molecule that maintains its activity over
time in the monkey vitreous.

In summary, we have described the discovery
of a direct Tie2 agonist with desirable features for
infrequent ocular administration. Given their unique
molecular design and mechanism of action, Tie2.1-
hexamers are promising candidates for further clinical
development.
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