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Abstract

Vascular endothelial growth factor (VEGF) spatial and temporal activity must be tightly controlled
during angiogenesis to form perfusable vasculature in a healing wound. The native extracellular
matrix (ECM) regulates growth factor activity locally v/a sequestering, and researchers have used
ECM-mimicking approaches to regulate the activity of VEGF in cell culture and /n vivo. However,
the impact of dynamic, affinity-mediated growth factor sequestering has not been explored in
detail with biomaterials. Here, we sought to modulate VEGF activity dynamically over time using
poly(ethylene glycol) microspheres containing VEGF-binding peptides (VBPs) and exhibiting
varying degradation rates. The degradation rate of VBP microspheres conferred a differential
ability to up- or down-regulate VEGF activity in culture with primary human endothelial cells.
VBP microspheres with fast-degrading crosslinks reduced VEGF activity and signaling, while
VBP microspheres with no inherent degradability sequestered and promoted VEGF activity in
culture with endothelial cells. VBP microspheres with degradable crosslinks significantly reduced
neovascularization /in vivo, but neither non-degradable VBP microspheres nor bolus delivery of
soluble VBP reduced neovascularization. The covalent incorporation of VVBP to degradable
microspheres was required to reduce neovascularization in a mouse model of choroidal
neovascularization /in vivo, which demonstrates a potential clinical application of degradable VBP
microspheres to reduce pathological angiogenesis. The results herein highlight the ability to
modulate the activity of a sequestered growth factor by changing the crosslinker identity within
PEG hydrogel microspheres. The insights gained here may instruct the design and translation of
affinity-based growth factor sequestering biomaterials for regenerative medicine applications.
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Introduction

Endothelial cell function during angiogenesis requires control over vascular endothelial
growth factor (VEGF) activity [1]. VEGF must be maintained in a limited concentration
range to initiate angiogenesis during wound healing and ultimately to form patent new
vasculature [2,3]. Unregulated VEGF expression often results in hemangioma formation /in
vivo [4,5], and high levels of VEGF activity promote aberrant angiogenesis associated with
poor musculoskeletal wound healing [6,7] and diseases including telangiectasia [8], tumor
growth [9], retinopathy [10], and choroidal neovascularization [11,12]. The native
extracellular matrix (ECM) modulates the cell response to VEGF, and synthetic biomaterials
designed to mimic the ECM can regulate VEGF activity in culture and /in vivo[13,14]. For
example, VEGF loaded hydrogels containing heparin binding peptide amphiphiles
potentiated VEGF signaling in culture and /n vivo [15-18], and VEGF loaded hydrogels
containing fibronectin-mimicking peptides increased VEGF-dependent EC function /n vitro
and increased neovascularization 777 vivo [19]. However, fibronectin and heparin can
promiscuously bind multiple growth factors [20-22], and are thus limited in their ability to
regulate VEGF with specificity. Our group previously developed synthetic microspheres that
specifically modulated VEGF activity in culture using pendant VEGF-binding peptides
(VBPs) designed to mimic VEGF receptor 2 (VEGFR2) [23-26]. VBP microspheres
specifically sequestered VEGF in serum-containing medium, reduced endothelial cell
proliferation upon VEGF sequestering in culture [24,25], and stimulated endothelial cell
proliferation via sustained release of active VEGF [23,25]. However, the influence of
biomaterial degradation on affinity-mediated VEGF regulation has not been explored in
detail. Given the importance of VEGF temporal regulation during angiogenesis, we sought
to design biomaterials capable of highly specific VEGF sequestering and with a tunable
degradation rate.

VEGF activity is temporally regulated during natural wound healing, as VEGF promotes
endothelial cell (EC) proliferation and sprouting during early angiogenesis (days 1-7)[27],
and VEGF dependence is reduced during days 7-14 [28]. We sought to design injectable,
degradable VBP microspheres with crosslinking groups of varying degradability to limit
VEGF regulation to an early time window [29,30]. We hypothesized that VBP microsphere
degradation would dynamically regulate VEGF activity over time /n vitro and modulate
VEGF-dependent vascular growth in a model of choroidal neovascularization /n vivo.
Results here show that fast-degrading VBP microspheres (F-VBP microspheres) reduced
VEGF signaling and activity in both two-dimensional EC culture and in a three-dimensional
endothelial sprouting assay, while non-degrading VBP microspheres (N-VBP microspheres)
increased VEGF signaling and activity in culture upon VEGF release. F-VBP microspheres
also reduced mouse choroidal neovascularization /n vivo while N-VBP had no effect on
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neovascularization. This study demonstrates that degradable, growth factor-binding
biomaterials enable differential regulation of growth factor activity /in vitroand in vivo.

Materials and Methods

Peptide synthesis and characterization

Peptides were synthesized and characterized as previously described [23]. VEGF-binding
peptide (VBP) and a peptide with the same composition as VBP but with a scrambled
sequence (Scramble) were synthesized using fmoc solid phase peptide synthesis on an
automated microwave peptide synthesizer (Discover; CEM) equipped with automated liquid
handling (Libertyl; CEM). All amino acids and Rink Amide MBHA resin were purchased
from EMD Novabiochem. Resin was initially swelled in N,N-dimethylformamide (DMF;
Fisher) for 10 minutes and subsequently deprotected in 20 vol.% piperidine (Sigma), 80 vol.
% DMF, and 0.1M HOBt (Advanced Chem Tech) for 5 minutes under microwave at 70°C.
Resin was washed twice in DMF before coupling, and the reaction vessel was subsequently
filled with four molar equivalents of amino acid (dissolved at 0.2M in DMF) with respect to
free amines, four equivalents of HBTU (Advanced Chem Tech), and eight equivalents of
diisopropylethylamine (DIPEA,; Fisher), which was dissolved at 35 vol.% in N-methyl-2-
pyrrolidone (Fisher). Coupling for all amino acids was performed at 70°C (except for
cysteine, which was coupled at 50°C) for 5 minutes under microwave. Peptide purity was
verified using reverse phase high performance liquid chromatography (Shimadzu Cqg
column). Peptide identity was verified using time-of-flight mass spectroscopy (MALDI-ToF;
Bruker), and peptide content was determined using an Ellman’s assay (Thermo Scientific) to
measure free thiols.

PEG derivatization with norbornene

Poly(ethylene glycol) (PEG; M, = 20,000; Jenkem) with four or eight arms was derivatized
with norbornene groups on each arm as previously described [23]. All reagents here were
purchased from Sigma-Aldrich. Briefly, 4-arm PEG (terminated with hydroxyl groups) was
reacted under inert gas with ten molar equivalents 5-norborne-2-carboxylic acid in
dichloromethane, five molar equivalents N,N’-dicyclohexylcarbodiimide, half molar
equivalent 4-diethylaminopyridine, and five molar equivalents of pyridine. Derivatized PEG
was precipitated in ice cold diethyl ether (Fisher), dried, dialyzed against deionized (DI)
water, and lyophilized. Four-arm and eight-arm PEG functionalization with norbornene was
verified with H nuclear magnetic resonance as described [31].

Synthesis of ester-containing PEG dithiol molecules

PEG-diester dithiol molecules were synthesized as described elsewhere [32] through the
reaction of hydroxy-terminated PEG (M, = 3,400; Spectrum) with thiol-containing
molecules, 3-mercaptopropionic acid (MP Biomedicals) or thioglycolic acid (MP
Biomedicals). PEG derivatized with 3-mercaptopropionic acid is hereafter referred to as
PEG-M-DT, and PEG derivatized with thioglycolic acid is hereafter referred to as PEG-T-
DT. PEG was dried w/areflux in toluene under argon gas, and subsequently 3-
mercaptopropionic acid or thioglycolic acid was added to PEG (10 gram basis) at 20 molar
equivalents relative to PEG hydroxyl groups. Reagents were mixed in a round-bottom flask
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with a p-toluenesulfonic acid catalyst (0.4 mmole; Sigma) and dithiothreitol (0.1 mmole;
Sigma) reducing agent. The mixture was refluxed overnight using a Dean-Stark apparatus to
remove water produced in the reaction. The contents of the flask were then transferred to a
RotoVap to remove the toluene. The final product was precipitated in ice-cold acetone and
vacuum filtered. The diester dithiol products were dried overnight under vacuum and stored
at —20°C. The reaction proceeded to >95% completion as verified using 1H nuclear
magnetic resonance (CDCls), and thiol content was verified using an Ellman’s assay.

Generation of PEG-norbornene microspheres

PEG-norbornene microspheres were generated through a thiolene reaction between PEG-
norbornene and either PEG-T-DT, PEG-M-DT, or PEG dithiol (PEG-DT; M,, = 3,400;
Laysan Bio). The reaction consisted of an aqueous emulsion previously described [23]
between a PEG-rich dispersed phase and a Dextran-rich continuous phase. The PEG-rich
phase contained 20 wt.% of four-arm PEG-norbornene, 0.5 molar equivalents of thiol
crosslinker (PEG-T-DT, PEG-M-DT, PEG-DT) relative to PEG arms, 0.016 molar
equivalents of peptide (VBP or Scramble), and a final concentration of 0.05 wt.%
photoinitiator (Irgacure 2959) in DI water. A blank condition was also prepared, using an
equivalent amount of DI water in place of the peptide solution. All components of the PEG-
rich phase were combined and purged with nitrogen prior to the addition of a 6-fold
volumetric excess (relative to PEG phase) of Dextran- rich phase, consisting of 40 wt.%
Dextran (M, = 40,000; Alfa Aesar) in KCI buffer. The PEG- rich phase was emulsified via
vortexing for one minute in the Dextran phase, and the emulsion was allowed to stabilize for
20 minutes before being exposed to UV light (1.1 J/cm?) to initiate the polymerization
reaction. Impurities and unreacted reagents were removed with a 25-fold dilution in DI
water followed by centrifugation at 1600 x g for 5 minutes and two subsequent washes in DI
water. The final product was then suspended in DI water, frozen in liquid nitrogen, and
lyophilized. Peptide-containing microspheres were suspended in phosphate buffered saline
(PBS; Fisher Scientific), and peptide content was verified using either Micro-BCA assay
(Thermo Scientific) or by UV-Vis absorbance at 260 nm corresponding to absorbance of
tryptophan.

The constraint of microsphere diameter imposed by the capillary tube (6 pm) for injection in
the mouse choroidal neovascularization model required the generation of microspheres < 6
pum in diameter. Microsphere emulsification for CNV studies was performed using probe
sonication (Branson Sonifier 250) for 40 seconds at 100% duty, and UV polymerization was
performed immediately without a stabilization period. Microspheres were washed and
characterized as described above. The mean diameter of microspheres was highly dependent
on the emulsion conditions (one-way ANOVA p-value < 0.0001), and microspheres
generated v7a sonication exhibited a smaller mean diameter (~5 pm) than microspheres
generated viavortexing (~8 um) (Fig. 1S).

Characterization of microsphere degradation rate

Microsphere conditions were suspended at 1 mg/mL in PBS and rotated at 37°C. Each day,
10 uL of each microsphere suspension was placed on a microscope slide with 10 uL Trypan
Blue (Sigma) stain as previously described by our lab [33]. Microspheres were then imaged
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using phase contrast microscopy (Nikon TE300 equipped with 10X objective), and mean
microsphere diameter was characterized using ImageJ. This procedure was repeated daily
until degradable microspheres (crosslinked with PEG-T-DT and PEG-M-DT) were
completely degraded.

Influence of microsphere degradation rate on VEGF sequestering and release

Microspheres were assayed for VEGF sequestering and release as previously described
[23,24]. We assessed VEGF binding by incubating microspheres in 10 ng/mL VEGF
because of the similar /n vivo VEGF abundance in wound exudate (~10 ng/mL) and platelet
releasate (~1-10 ng/mL). For VEGF sequestering studies, microspheres were incubated in
0.1 wt.% bovine serum albumin (BSA; Fisher) in PBS with 9.9 ng/mL of human
recombinant VEGF1g5 (R&D Systems), hereafter referred to as VEGF, and 0.1 ng/mL of
[1251)VEGF (Perkin Elmer) for 4 hours at 37°C. Microspheres were subsequently
centrifuged at 10,600 x g for 5 minutes, and the supernatant counts per minute (CPM) were
measured with a gamma counter (Perkin Elmer) and correlated to VEGF concentration using
a standard curve. For release studies, microspheres were pre-loaded with VEGF as above
and were incubated in 0.1 wt.% BSA in PBS after washing out un-sequestered VEGF.
Microspheres were centrifuged as above, and the supernatants at the specified time points in
Figure 2B and Figure 2S were measured on gamma counter and correlated to released
VEGEF at each time point. VEGF release was measured until the CPM at a given time point
was indistinguishable from background.

Impact of VBP microsphere degradation on activity of VEGF

Human umbilical vein endothelial cells (HUVEC; Lonza) were expanded in Medium 199
(CellGro) supplemented with EGM2 and penicillin/streptomycin (Gibco) and were used
between passages 6—10. On the day before experiments, HUVECs were plated at 4,000 cells/
well in medium containing 2% FBS (Gibco) in Medium 199 in black polystyrene plates pre-
coated with Gelatin (Sigma). The next day, microsphere conditions were sanitized by
suspension in 70 vol.% ethanol (Fisher) in DI water for at least one hour. Microspheres were
washed three times in sterile PBS. For VEGF sequestering experiments, sanitized
microspheres were suspended at 1 mg/mL in Medium 199 (M199; CellGro) with 2% FBS
serum and either 0 or 10 ng/mL VEGF. For VEGF sustained release experiments, sanitized
microspheres were suspended in 0.1 wt.% BSA in PBS with 10 ng/mL VEGF for 45 minutes
at 37°C. Microspheres were subsequently centrifuged at 10,600 x g for 5 minutes, and the
supernatant was aspirated. Microspheres were then suspended at 1 mg/mL in Medium 199
with 2% FBS. For both VEGF sequestering and sustained VEGF release experiments,
culture medium was aspirated from HUVEC-seeded plates, and microsphere suspensions
were added to plate at 100 pL per well. HUVECSs were incubated with microspheres at 37°C,
95% relative humidity, and 5% CO,, for 48 hours. At the end of the incubation period, a
CellTiter-Blue Cell Viability Assay (Promega) was performed to measure cell metabolic
activity by adding 20 uL CellTiter-Blue to each well, incubating for an additional 4 hours,
and measuring fluorescence intensity at 590aycitation/612emission- Conditions were assayed in
replicates of 6 and compared via two-way analysis of variance (ANOVA) and post-hoc
Student’s t-test (a = 0.05), and data are displayed as normalized fluorescence intensity
relative to the Blank microsphere condition with each crosslinker type.
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Influence of VEGF sequestering and release on VEGF receptor phosphorylation

HUVECs were expanded and used between passages 4-6 for VEGFR2 phosphorylation
measurements. Prior to addition to HUVECSs, microspheres in VEGF sequestering study (F-
VBP, N-VBP, and N-Scramble) were sanitized by exposing to UV for 30 minutes and were
incubated at 1 mg/mL in M199 supplemented with 2 vol.% FBS and 10 ng/mL VEGF for 2
days at 37°C. Alternatively, microspheres in VEGF release study (F-VBP, N-VBP, N-
Scramble) were sanitized and were incubated at 1 mg/mL in 0.1 wt.% BSA in PBS
supplemented with 10 ng/mL VEGF for 4 hours, centrifuged, washed briefly in 2 vol.% FBS
in M199, and incubated in 2 vol.% FBS in M199 for 3 days at 37°C. On day 0 of
experiments, HUVECs were passaged with trypsin, counted, suspended in M199 with 2 vol.
% FBS, and seeded at 20,000 cells/cm? in 6 well plates pre-coated with gelatin. On day 1 of
experiments, medium was aspirated from each well of 6-well plates and replaced with 1 mL
of microsphere suspensions per well (for VEGF sequestering study). Alternately,
microspheres in VEGF release study were centrifuged and only the supernatant (termed
‘VEGF releasate”) from each condition was added to HUVEC culture. HUVECs were
incubated with microsphere suspensions (to examine the influence of VEGF sequestering) or
VEGF releasate (to examine the influence of released VEGF) for 30 minutes at 37°C. The
negative and positive controls consisted of 2 vol.% FBS in M199 without or with 10 ng/mL
VEGF supplementation, respectively. Following 30 minute incubation, the wells of each 6-
well plate were aspirated and washed with PBS, and 30 pL of 1X Sample Diluent
Concentrate 2 (R&D Systems) supplemented with 10 pg/mL Aprotinin (Sigma), 10 pg/mL
Leupeptin (Tocris), and 1X HALT Phosphatase Inhibitor (Thermo) was added to each well.
HUVECs were subsequently scraped with a cell scraper, and cell lysate was placed in an
Eppendorf tube on ice for 15 minutes before storage at —20°C for at least 24 hours. Before
assaying, cell lysates were centrifuged at 10,000 x g for 10 minutes at 4°C and stored on ice.
Cell lysates were assayed for phosphorylated VEGFR2 using phospho-VEGFR2 ELISA
(R&D Systems DY C1766) following standard protocol, using approximately 50 ug of cell
lysate per sample per well. The total mass of phosphorylated VEGFR2 in each sample was
determined by comparing the optical density (450nm — 540nm) for each sample to a fresh
standard curve performed in duplicate. The mass of phosphorylated VEGFR2 in each
sample was normalized to total protein content in the cell lysate of each sample, determined
using Micro BCA assay following standard procedure using approximately 5 g of cell
lysate per sample per well. Conditions were assayed in triplicate wells, and each well was
assayed in duplicate for ELISA and Micro BCA assays.

Generation of elastomeric stencils for endothelial cell sprouting array

Sprouting arrays were generated using an elastomeric stencil as previously described[34].
Polydimethylsiloxane (PDMS; Sylgard 184; Dow Corning) was prepared by mixing the
curing agent at 10 vol.% in the base agent. PDMS with curing agent then was dispensed to
15 cm petri dishes (~15 g per dish), degassed for 30 min, and cured for 4 hours at 85°C. 64
wells (arranged in 16 groups of 4 as described below) were stamped out of each hardened
PDMS stencil using 3 mm biopsy punch, and stencils were cleaned overnight using a
Soxhlet extractor with hexanes. After cleaning, elastomeric stencils were placed at room
temperature to remove residual solvent from the extraction and stored in 70 vol.% ethanol in
DI water for sanitization before use.
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Encapsulating iPSC-ECs in cell-dense sphere

Hydrogel arrays were formed in two steps on subsequent days as previously described[34].
Induced pluripotent stem cell-derived endothelial cells (iPSC-ECs; Cellular Dynamics
International, Inc.) were expanded before use in Growth Medium containing 10 vol.% serum
supplement (Cellular Dynamics International, Inc.), VEGF LifeFactors kit (LifeLine),
penicillin/streptomycin, and VascuL.ife (LifeLine) and were used at passage 5 for
experiments. On day 0 of experiments, iPSC-ECs were encapsulated in eight-arm PEG-
norbornene hydrogels containing cell-adhesion peptide (CRGDS; GenScript) and matrix
metalloproteinase-degradable crosslinker (KCGGPQGIWGQGCK; GenScript). iPSC-ECs
were suspended at 8 x 107 cells/mL in 0.1 wt.% Irgacure 2959 (Ciba) in PBS and
immediately diluted 1:1 in a 2X hydrogel precursor solution to make a final solution
containing 4 wt.% eight-arm PEG-NB, 2 mM CRGDS, 3.6 mM KCGGPQGIWGQGCK.
Cells were then encapsulated by exposing 0.5 pL cell-dense “spheres”, formed at the end of
a 10 pL pipet tip, to UV at 0.18 J/cm?. iPSC-EC cell-dense spheres were cultured overnight
in 16 well ProPlate (Grace Bio) slide chambers (with 64-well PDMS stencils installed in
place of the 16-well silicone stencil) in Growth Medium at 37°C, 95% relative humidity, and
5% CO,.

Impact of VEGF sequestering on iPSC-EC sprouting

On day 1 of experiments, iPSC-EC cell-dense spheres were surrounded by a synthetic ECM
composed of eight-arm PEG-NB, CRGDS, and KCGGPQGIWGQGCK similarly to above
with the addition of microspheres to the outer gel. Medium was aspirated from each well of
the 64 well elastomeric stencil, and 10 pL of hydrogel precursor solution, consisting of 4 wt.
% eight-arm PEG-NB, 2 mM CRGDS, 3.6 mM KCGGPQGIWGQGCK, 0.05 wt.% Irgacure
2959 in PBS, and 0 or 1 mg/mL of microspheres, was added to each well. Hydrogel arrays
were polymerized at 0.09 J/cm?, after which the 64 well PDMS stencil was replaced by a 16
well silicone stencil (Grace Bio), and medium consisting of 10 vol.% FBS, penicillin/
streptomycin, VascuL.ife, and either 0 or 10 ng/mL VEGF was added to each well. The result
of polymerization was four hydrogel posts, each with an encapsulated cell-dense sphere,
within each well of the 16-well slide chamber. iPSC-EC arrays were then cultured for 6 days
at 37°C, 95% relative humidity, and 5% CO, with medium replenished every other day. On
day 6 of experiments, cells were stained with 2 uM Calcein-AM and 2 uM Ethidium
homodimer-1 for 30 minutes at 37°C. After staining, iPSC-ECs were washed in PBS, fixed,
and imaged. We assessed the extent of endothelial sprouting by counting the number of
invading Calcein+ cells in the cell-free hydrogel using automated imaging on an
epifluorescence microscope (Nikon Ti Eclipse) equipped with 4X objective and filters for
phase contrast, TxRed, and FITC. Images were processed using NIS Elements v3.2 (Nikon).
Conditions were assayed in replicates of eight and were compared using two-way ANOVA
and post-hoc Student’s t-test at a = 0.05.

Impact of VEGF sequestering on angiogenesis in mouse choroidal neovascularization
model

Microspheres (generated via sonication) were sanitized either by washing in 70% ethanol or
by exposing to UV for 30 minutes prior to injection. Microspheres (F-VBP, F-Scramble, N-
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VBP, and N-Scramble) were suspended at 2 mg/mL in sterile PBS on the day of
experiments. Soluble VBP or Scramble peptide (purchased from GenScript) were dissolved,
sterile filtered through 0.2 um filter, and diluted to 20 pg/mL in sterile PBS before
experiments. SU4312 (Sigma) was dissolved in DMSO at 5 pg/mL, and Eylea (Regeneron
Pharmaceuticals) was dissolved in PBS at 40 pg/mL and sterile filtered through 0.2 um filter.

The mouse choroidal neovascularization model was generated as previously described (Fig.
6A) [35]. Briefly, C57BL/6J mice (Jackson Laboratories; 6-weeks old female) eyes were
dilated using a drop of tropicamide (1%), and mice were anesthetized with ketamine and
xylazine. Mice were subjected to photocoagulation (75um spot size, 0.1s duration, 1220mW)
at the 3-, 9-, and 12-o0’clock positions of the posterior pole of the eye using an OcuLight GL
diode laser (Iridex) with a glass coverslip over the eye. Microspheres were injected into each
eye (2 uL/eye) using a pump microinjection apparatus (Harvard Apparatus) or Hamilton
syringe. Similarly, for experiments with soluble peptide, Soluble VBP or Scramble were
injected into each eye (2 pL/eye) using a pump microinjection apparatus. In separate
experiments, soluble inhibitors (Vehicle or SU4312) or proteins (IgG or Eylea) were injected
into each eye (2 pL/eye) using a pump microinjection apparatus. Mice were allowed to
recover for 1 hour and housed for 7 days, whereupon the mice were subjected to a repeat
injection of microspheres, soluble peptide, protein, or inhibitor (2 uL/eye). After an
additional 7 days of housing, mice were euthanized, and eyes were isolated and fixed in 4
vol. % paraformaldehyde for 2 hours. Eyes were washed three times in PBS, divided at the
equator, and the choroid and sclera of the posterior pole were isolated and blocked for 1 hour
in 50 vol.% FBS. The isolated tissue (choroid and sclera) were stained with anti-intracellular
adhesion molecule-2 (ICAM-2; BD Pharmingen) at 1:500 dilution in 20 vol.% FBS in PBS
overnight. The tissues were subsequently washed three times in PBS and stained with
secondary antibody. Tissues were washed three times in PBS, mounted with VectaMount AQ
(\Vector Laboratories), and imaged using epifluorescence microscopy (Zeiss). The area of
ICAM-2+ staining (defined as mean CNV area) at each position (3-, 9-, and 12-0’clock) was
quantified using ImageJ and automated image thresholding. Outliers were identified and
eliminated using the ROUT statistical method [36], and analysis was performed using one-
way ANOVA with Tukey’s post-hoc test and multiple comparisons correction (a = 0.05) in
GraphPad Prism.

Microsphere crosslink identity modulates degradation rate

Microspheres crosslinked with ester-containing, dithiol terminated crosslinking groups (Fig.
1A,B) exhibited degradation rates that were variable based on the presence and proximity of
ester bonds to terminal thiol groups (Fig. 1C,D). We refer to microspheres crosslinked with
PEG-T-DT as F-type microspheres (Fast-degrading), with PEG-M-DT as S-type
microspheres (Slowly-degrading), and with PEG-DT as N-type microspheres (Non-
degrading). N-type microspheres with no peptide (N-Blank) maintained a constant mean
diameter over 18 days (Fig. 1C.v—vi, Fig. 1D). In contrast, S-type microspheres containing
no peptide (S-Blank) or containing Scramble peptide (S-Scramble) both exhibited a sharp
increase in mean microsphere diameter at day 16 (Fig. 1C.iii—iv) and were completely
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degraded in PBS after 18 days (Fig. 1D) or in protein-containing buffer after 12 days (Fig.
2B). F-type microspheres containing no peptide (F-Blank) or containing VBP (F-VBP) both
exhibited a sharp increase in mean microsphere diameter at day 1 (Fig. 1C.i—ii) and were
completely degraded in PBS after 3 days (Fig. 1D) or in protein-containing buffer after 5
days (Fig. 2B). Microsphere degradation rates were consistent with the degradation rates
observed in a previous study with bulk hydrogels crosslinked using the same chemical
crosslinking groups [32].

Influence of microsphere degradation rate on VEGF sequestering and release

VBP microspheres sequestered VEGF independent of crosslinker identity, and microsphere
degradation rate influenced the release rate of sequestered VEGF. VBP microspheres
sequestered significantly more VEGF than Blank and Scramble microspheres regardless of
crosslinker identity (Fig. 2A). S-VBP microspheres sequestered significantly more VEGF
than either N-VBP or F-VBP microspheres (Fig. 2A), though the interaction between
crosslinker and peptide identity was not statistically significant via ANOVA. After VEGF
sequestering, VBP microspheres released VEGF at a rate that was proportional to the
degradation rate of each respective crosslinker (Fig. 2B). S-VBP microspheres exhibited
sustained release similar to N-VBP microspheres until day 10, at which point S-VBP
microspheres released VEGF rapidly between day 10 and 12 (Fig. 2B). This result is
consistent with microsphere degradation data showing complete degradation of S-Type
microspheres after approximately two weeks. F-VBP microspheres exhibited more of a
“burst” release profile compared to S-VBP and N-VBP microspheres (Fig. 2B), consistent
with the fast degradation rate of F-type microspheres. Importantly, the cumulative amount of
VEGF released from VBP microspheres was significantly higher than that from Scramble
and Blank microspheres (Fig. 2S), reflecting the higher amount of VEGF sequestered to
VBP microspheres of all three crosslinker types (Fig. 2A) relative to Scramble and Blank
microspheres.

Influence of VBP microsphere degradation on VEGF signaling and activity in HUVEC

culture

VBP microspheres reduced VEGF activity in culture upon VEGF sequestering regardless of
crosslinker identity (Fig. 3A). Soluble VEGF in the cell culture medium increased HUVEC
metabolic activity at 1 and 10 ng/mL relative to the control without VEGF supplementation
(Fig. 3S A). Further, 10 ng/mL of supplemented VEGF stimulated VEGFR2
phosphorylation in HUVECs three-fold relative to HUVECs treated with no VEGF (Fig.
4S), and given the similar abundance of VEGF in wound exudate (~10 ng/mL) and platelet
releasate (~1-10 ng/mL), 10 ng/mL VEGF was used to determine the influence of VEGF
sequestering and release on endothelial cell function /in vitro. Regardless of crosslinker
identity, VBP microspheres reduced HUVEC metabolic activity in culture medium with
soluble VEGF (normalized data shown in Fig. 3B). Specifically, F-VBP, S-VBP, and N-VBP
microspheres reduced VEGF-dependent HUVEC metabolic activity relative to F-Scramble,
S-Scramble, and N-Scramble microspheres, respectively. Both F-VBP and N-VBP
microspheres reduced HUVEC metabolic activity relative to F-Blank and N-Blank
microspheres, respectively (Fig. 3B). No statistical differences were observed between F-
VBP, N-VBP, and S-VBP (Fig. 3B), which suggests that the difference in VEGF
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sequestering between these conditions was not biologically-relevant. F-VBP and N-VBP
microspheres also reduced the levels of phosphorylated VEGFR2 (pVEGFR2) relative to N-
Scramble microspheres in the presence of VEGF (Fig. 3C), which suggests that VBP
microspheres reduced VEGF signaling in culture via VEGF sequestering and an effective
reduction of soluble VEGF available to HUVECs.

In a separate scenario wherein VEGF was pre-loaded into VBP microspheres then added to
cell culture, the degradation rate of VBP microspheres significantly influenced the activity
of released VEGF (Fig. 4A). N-VBP microspheres preloaded with VEGF increased VEGF-
dependent HUVEC metabolic activity upon VEGF release relative to N-Scramble and N-
Blank microspheres (hormalized data shown in Fig. 4B), which suggests that VEGF released
from N-VBP microspheres was active, as previously shown [23,25]. VEGF release from S-
VBP microspheres exhibited no effect, as no differences were observed between S-VBP, S-
Scramble, or S-Blank microsphere conditions, and the HUVEC metabolic activity upon
VEGF release from S-VBP microspheres was significantly lower than from N-VBP
microspheres (Fig. 4B). In contrast, VEGF release from F-VBP microspheres decreased
VEGF-dependent HUVEC metabolic activity relative to F-Scramble and F-Blank
microspheres and relative to S-VBP and N-VBP microspheres (Fig. 4B). The VEGF
released from N-VBP microspheres increased the levels of phosphorylated VEGFR2 in
cultured HUVECS relative to N-Scramble or F-VBP microspheres, and VEGFR2
phosphorylation upon VEGF release from N-Scramble and F-VBP microspheres was
indistinguishable (Fig. 4C). These data together indicate that VEGF released from F-VBP
microspheres was less active than that released from controls, S-VBP, or N-VBP
microspheres and suggest that F-VBP microspheres reduced the activity of released VEGF.

Influence of VBP microsphere degradation rate on VEGF-dependent EC sprouting in
hydrogel arrays

We further investigated the influence of VBP microsphere degradation rate on stem cell-
derived endothelial cell sprouting in synthetic hydrogels (Fig. 5A). We examined induced
pluripotent stem cell-derived endothelial cell (iPSC-EC) sprouting here due to the well-
characterized role of VEGF in promoting iPSC-EC sprouting behavior in hydrogels [37].
VBP microsphere degradation rate influenced the extent of VEGF-dependent iPSC-EC
sprouting behavior in PEG-based synthetic hydrogels. In culture medium with supplemented
VEGF, encapsulated F-VBP microspheres significantly reduced iPSC-EC sprouting relative
to F-Scramble microspheres and the no microsphere (‘-usphere’) controls (Fig. 5B).
Conversely, encapsulated N-VBP microspheres significantly increased iPSC-EC sprouting
relative to the ‘-psphere’ control in culture with VEGF (Fig. 5B). Taken together, F-VBP
microspheres reduced VEGFR2 phosphorylation and VEGF activity in culture with
endothelial cells, and thus we hypothesized that F-VVBP microspheres would reduce
neovascularization /n vivo.

Influence of VEGF sequestering on angiogenesis in mouse choroidal neovascularization

model

Injectable, degradable F-VBP microspheres reduced angiogenesis in a murine model of
choroidal neovascularization /n7 vivo. We defined choroidal neovascularization area as the
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area of intracellular adhesion molecule 2 (ICAM-2) staining at each laser photocoagulation
spot (Fig. 6A,B). Upon photocoagulation and intravitreal injection to mice, injected F-VBP
microspheres reduced the mean choroidal neovascularization (CNV) area relative to F-
Scramble microspheres and N-Scramble microspheres. In contrast, N-VVBP microspheres did
not significantly influence mean CNV area relative to N-Scramble or F-Scramble
microspheres (Fig. 6C), indicating that microsphere degradation was critical to angiogenesis
inhibition by VBP microspheres. Thus suggests that a combination of VEGF sequestering
to, and inactive VEGF release from, F-VBP microspheres led to inhibition of angiogenesis
in vivo. To gain further insight into the effects of VBP on /n vivo angiogenesis, we also
examined the influence of soluble VBP on CNV area and confirmed that neither soluble
Scramble nor soluble VBP reduced CNV area relative to the saline ‘Sham’ control, though
soluble VBP did significantly increase CNV area relative to Sham (Fig. 6D). Finally, we
confirmed the ability of F-VBP microspheres to sequester murine VEGF (Fig. 5S), which
together suggests that F-VBP microspheres reduced choroidal neovascularization by
sequestering and reducing the activity of murine VEGF. The ability of F-VBP microspheres
to inhibit angiogenesis in this model was consistent with the effects of two commercial anti-
angiogenesis compounds, Eylea and SU5416 (Fig. 6S), which suggests potential therapeutic
applications of injectable F-VVBP microspheres.

Discussion

Anti-angiogenic therapies typically constitute bolus injections of soluble VEGF-binding
antibodies, and these anti-VEGF therapies can reduce angiogenesis in the treatment of age-
related macular degeneration [38] and proliferative retinopathy [39]. However, anti-VEGF
therapies are limited in their ability to locally regulate VEGF activity, as they readily enter
the circulation upon intravitreal injection [40]. In the systemic circulation, the long half-life
of anti-VEGF antibodies [41] can increase the risk of long-term systemic effects of anti-
VEGF therapy [42]. This motivates the need to develop VEGF-inhibiting therapies whose
spatial and temporal activity is tightly controlled. ECM mimicry has previously been used to
design growth factor sequestering biomaterials that can locally sequester VEGF [14,43], but
these systems are inherently promiscuous for multiple growth factors, and the dynamics of
affinity-based growth factor sequestering biomaterials have not been explored in detail.

Here we describe synthetic biomaterials, designed to locally bind VEGF viaa VEGF-
binding peptide. The engineered biomaterials here degraded within a controllable time
window via hydrolysable crosslinking groups. F-VBP microspheres (exhibiting a fast
degradation rate) inhibited angiogenesis /77 vivo, while non-degradable N-VBP microspheres
had no effect on angiogenesis /n vivo (Fig. 6C). An injected solution of VBP did not inhibit
angiogenesis, and ultimately increased choroidal neovascularization relative to the sham
condition (Fig. 6D), which indicates that tethering of VBP only to degradable microspheres
and not to non-degradable microspheres enhanced the ability of VBP to reduce VEGF-
dependent neovascularization. These data provide evidence that local VEGF sequestering in
the vitreous of the eye is insufficient to reduce choroidal neovascularization, since N-VBP
microspheres could sequester VEGF and maintain its activity over time but had no impact on
neovascularization in the choroid. Treatment with fast-degrading F-VBP microspheres
inhibited choroidal neovascularization, perhaps by release of soluble PEG-VBP conjugates
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or release of soluble PEG-VBP-VEGF complexes capable of transporting across the retina
and Bruch’s membrane and reducing VEGF activity in the neovascular choroidal membrane.
The observed inhibition of choroidal neovascularization upon treatment with fast degrading
VBP microspheres here is consistent with the inhibition of choroidal neovascularization
observed clinically after intraocular delivery of soluble Pegaptanib (VEGF-binding RNA
aptamer) [44], Bevacizumab (humanized VEGF-binding antibody) [42], Ranibizumab
(chimeric VEGF-binding antibody fragment) [42], and Aflibercept (VEGF-binding fusion
protein) [42,45]. In addition, the peptide-based biomaterial approach taken here may
overcome the cost and risk of systemic effects of intraocular protein, antibody, or PEG-
oligonucleotide delivery [42,46] by virtue of its defined composition and controlled
degradation, and thus may present advantages in clinical applications for treatment of
pathological angiogenesis that is associated with retinopathy [47] and macular degeneration
[48].

The degradation rate of VBP microspheres elicited context-specific effects on EC function in
vitro and angiogenesis /n vivo. F-VBP microspheres reduced HUVEC metabolic activity
(Fig. 3-4) and reduced iPSC-EC sprouting behavior (Fig. 5B), which suggests that
degradable VBP microspheres inhibited multiple EC angiogenic functions relevant to early
angiogenesis, in agreement with the influence of F-VBP microspheres on in vivo
angiogenesis (Fig. 6C). The relative decrease in HUVEC metabolic activity upon VEGF
sequestering to F-VBP microspheres (~30% relative to F-Blank microspheres and no VEGF
control) compared to the decrease in HUVEC metabolic activity upon VEGF release from F-
VBP microspheres (~90% relative to F-Blank and to the no VEGF control) reflects the
higher VEGF concentration in the VEGF-sequestering experiment (10 ng/mL) versus the
VEGF release experiment, wherein the only source of VEGF was the amount sequestered to
the microspheres before addition to culture (~2 ng/mL). Importantly, microspheres in the
absence of VEGF did not influence HUVEC metabolic activity /in vitro (Fig. 3S B), which
suggests that the microspheres by themselves did not interfere with the assay or negatively
influence cell function. In contrast to F-VVBP microspheres that reduced VEGF activity in
vitroand in vivo, N-VBP microspheres exhibited context-dependent effects on /n vitroEC
angiogenic functions and /n7 vivo angiogenesis. In the presence of soluble VEGF, N-VBP
microspheres reduced HUVEC metabolic activity (Fig. 3B) and reduced VEGFR2
phosphorylation (Fig. 3C) when microspheres were suspended in medium and increased
iPSC-EC sprouting when microspheres were encapsulated in hydrogels surrounding iPSC-
EC spheres (Fig. 5B). When N-VVBP microspheres were pre-loaded with VEGF, they
increased HUVEC metabolic activity (Fig. 4B) and stimulated VEGFR2 phosphorylation
(Fig. 4C), which suggests that N-VVBP microspheres bound to and released VEGF without
negatively affecting its activity. We hypothesize that in the iPSC-EC sprouting experiments,
the N-VVBP microspheres initially sequestered VEGF and served as a “source” for local
VEGF release (Fig. 5A). N-VBP microspheres encapsulated in three dimensional hydrogels
could also have contributed to the formation of spatial VEGF gradients within the hydrogels
[43], which would be expected to promote iPSC-EC chemotaxis and sprouting [49,50].
Future work will be needed to examine this hypothesis by pre-incubating VBP microspheres
in VEGF-containing medium and subsequently encapsulating the VEGF-containing
microspheres in the sprouting assay to generate a uniform spatial distribution of VEGF
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throughout the hydrogel. Our results here with non-degradable VBP microspheres suggest
that VEGF-sequestering in hydrogels may promote VEGF activity and increase angiogenesis
consistent with the influence of VEGF-sequestering natural or synthetic matrices on VEGF-
dependent angiogenic function /in vitro [17,19] and /n vivo [15,16].

While several studies have shown that controlled release from biomaterials can potentiate
VEGF activity in culture [15,51-55], the hydrogel degradation rate here influenced both the
rate of VEGF release and the activity of released VEGF. While the release of VEGF from F-
VBP microspheres was faster than from S-VBP or N-VBP microspheres (Fig. 2B), the
bioactivity of VEGF released from F-VBP microspheres was lower than the bioactivity of
VEGEF released from S-VBP or N-VVBP microspheres in HUVEC culture (Fig. 4B,C).
Controlled release of soluble VBP from F-VBP microspheres and S-VBP microspheres
during microsphere degradation would be expected to reduce VEGF activity /n vitro
consistent with the influence of soluble VBP [56], and previous evidence suggests that
soluble VBP can compete with microsphere-bound VEGF and reduce the amount of VEGF
sequestering to microspheres containing tethered VBP [25]. These data together suggest a
mechanism whereby F-VBP microspheres de-activate VEGF during microsphere
degradation via competitive binding of VEGF to soluble VVBP released during microsphere
degradation. In contrast to biomaterials that can modulate VEGF release rate and increase
VEGF activity [15-17,19,43,57-59], for example through modulating the sulfation of
heparin-containing biomaterials[60], or to biomaterials that can control the release of VEGF
inhibitors and inhibit VEGF activity [61], here we demonstrated the ability to either
potentiate or inhibit VEGF activity by modulating only the biomaterial crosslink identity of
biomimetic microspheres. Future work will be necessary to examine the influence of
sustained VEGF release and potentiation of VEGF activity in clinical scenarios including
limb ischemia in which increased VEGF activity would be hypothesized to promote
angiogenesis and improve reperfusion. The modular approach herein may instruct the design
of affinity-mediated growth factor binding biomaterials to control the activity of a
sequestered growth factor by modulating the degradability of the biomaterial.

Conclusion

VEGF spatial and temporal activity is tightly controlled during wound healing. Unregulated
VEGF signaling promotes aberrant angiogenesis that can negatively impact wound healing
and contribute to the pathology of diseases including macular degeneration and tumor
growth. Growth factor sequestering biomaterials have the ability to spatially regulate growth
factor activity by virtue of affinity interactions, but the role of biomaterial degradation has
not been explored for spatial and temporal growth factor regulation. Here, we sought to
engineer degradable VEGF sequestering hydrogel microspheres to provide a mechanism for
temporally-controlled VEGF regulation. We observed that the degradation rate of VEGF-
sequestering hydrogel microspheres strongly influenced the biological activity of VEGF in
endothelial cell culture, and only VEGF-sequestering microspheres with inherent
degradability reduced VEGF-dependent cell function and VEGFR2 activation /n vitroand
angiogenesis /n vivo. These results highlight the ability to control growth factor activity in
affinity-based biomaterials through modulating biomaterial degradability and demonstrate a
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potential therapeutic application of injectable, degradable VEGF-binding microspheres to
reduce pathological angiogenesis in vivo.
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Figure 1.

10 15 20
Time (days)

Influence of chemical crosslinker identity on PEG microsphere degradation rate. A:
Chemical structure of PEG-T-DT, PEG-M-DT, and PEG-DT. The molecular weight of each
PEG chain is 3.4 kDa, thus the number of repeat ethylene glycol units, ‘n’, in each
schematic is approximately 77. B: Schematic of VBP microspheres crosslinked with fast-
degrading PEG-T-DT crosslinker (F-Type), slow-degrading PEG-M-DT crosslinker (S-
Type), and non-degrading PEG-DT (N-Type). C: Phase contrast images of Trypan-stained
Blank F-Type microspheres at day 0 (C.i) and day 1 (C.ii), S-Type microspheres at day 0
(C.iii) and day 16 (C.iv), and N-Type microspheres at day 0 (C.v) and day 18 (C.vi). Scale
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bar represents 50 pm. D: Line graph represents mean microsphere area (um#) over time for
F-Blank (Black), S-Blank (Red), and N-Blank (Blue) microspheres. Peptide-containing
microspheres are represented for F-VBP microspheres (Dashed Black) and S-Scramble
microspheres (Dashed Red). F-Scramble, S-VBP, N-VBP, and N-Scramble were omitted for
brevity, as the degradation profiles for microspheres of each crosslinker type was
independent of the presence of peptide.
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Figure 2.
VBP microspheres sequestered VEGF, and VEGF release rate was dependent on crosslinker

identity. A: Sequestered VEGF (ng VEGF per mg microspheres) to microspheres containing
peptide (VBP, Scramble) or no peptide (Blank) and varying crosslinker identities (PEG-M-
DT, PEG-T-DT, and PEG-DT). Two-way analysis of variance was performed (microsphere
peptide identity p-value< 0.0001, microsphere crosslink type p-value< 0.0001, interaction p-
value> 0.05) with post-hoc Student’s t-test. Statistical significance relative to Scramble (**)
and Blank (*) microspheres for each crosslinker type or relative to F-VBP and N-VBP (***)
is denoted for a = 0.05 using post-hoc Tukey’s test. B: VEGF release curves presented as
fractional cumulative VEGF release (normalized to the final time point). A,B: Data represent
mean + /- standard deviation for three replicates per condition.
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Figure 3.

VBP microspheres reduced VEGF-dependent metabolic activity and VEGFR activation in
HUVEC culture A: Schematic of the VEGF sequestering by VBP microspheres (or
Scramble or Blank microspheres) in HUVEC culture containing VEGF. B: Relative HUVEC
metabolic activity (given as normalized fluorescence intensity of each condition relative to
the Blank microsphere condition of each crosslinker type) upon addition of VEGF-
containing medium to Blank microspheres (containing no peptide), VBP, or Scramble and
varying crosslinker identity. Two-way analysis of variance was performed (microsphere
peptide identity p-value< 0.0001, microsphere crosslink type p-value> 0.05, interaction p-
value> 0.05) with post-hoc Student’s t-test. Statistical significance is denoted compared to
Scramble (**) and Blank (*) microspheres at each respective crosslinker type or between
conditions in brackets for p-value < 0.05 using Student’s t-test. Error bars represent the
standard deviation about the mean for six replicates per condition. C: Amount of
phosphorylated VEGFR2 (in ng) measured via ELISA normalized to the total protein
content of the cell lysate (in mg) after treatment of HUVECs with microsphere supernatants
from microspheres (F-VBP, N-VBP, or N-Scramble) that were pre-incubated in 10 ng/mL
VEGF for 2 days in culture medium containing 2 vol.% FBS in M199. Data is presented as
mean + /- standard deviation for three replicates per condition, and statistical significance is
denoted relative to N-Scramble control at p-value < 0.05 (*) using one-way ANOVA and
Tukey’s post-hoc test.
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Figure 4.

VBP microspheres exhibited different effect on HUVEC metabolic activity upon VEGF
release depending on crosslink identity. A: Schematic of the hypothesized impact of VEGF
release from VVBP microspheres (or from Scramble or Blank microspheres) in HUVEC
culture. B: Relative HUVEC metabolic activity (given as normalized fluorescence intensity
of each condition relative to the Blank microsphere condition of each crosslinker type) upon
addition of Blank, VBP, or Scramble microspheres (with different crosslinker identity) that
were pre-incubated in VEGF, briefly washed, and delivered to HUVEC culture. Two-way
analysis of variance was performed (microsphere peptide identity p-value< 0.0001,
microsphere crosslink type p-value< 0.0001, interaction p-value< 0.0001) with post-hoc
Student’s t-test. Statistical significance is denoted compared to Scramble (**) and Blank (*)
microspheres at each respective crosslinker type or between conditions in brackets at p-value
< 0.05 using Student’s t-test. Data represent mean + /- standard deviation for six replicates
per condition. C: Amount of phosphorylated VEGFR2 (in ng) measured via ELISA
normalized to the total protein content of the cell lysate (in mg) after treatment of HUVECs
with VEGF releasate from microspheres (F-VBP, N-VBP, or N-Scramble) after pre-
incubation with 10 ng/mL VEGEF, a brief wash, and 3 days of release into culture medium
containing 2 vol.% FBS in M199. Data is presented as mean + /- standard deviation for
three replicates per condition, and statistical significance is denoted relative to N-Scramble
control (*) or F-VBP (**) at p-value < 0.05 (*) using one-way ANOVA with Tukey’s post-
hoc test.
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Figure 5.
Influence of VBP microspheres on iPSC-EC sprouting behavior in hydrogels. A:Schematic

demonstrating iPSC-EC sprouting away from cell-dense sphere into surrounding synthetic
hydrogel with encapsulated VBP microspheres. B: iPSC-EC sprouting quantified as the
number of invading Calcein+ cells for each condition. Condition with no microspheres (-
uspheres) in the presence of VEGF is shown with a dashed line. Two-way analysis of
variance was performed (microsphere peptide identity p-value> 0.05, microsphere crosslink
type p-value= 0.002, interaction p-value= 0.016) with post-hoc Student’s t-test. Statistical
significance for Student’s t-test denoted compared to Scramble (**) and no microsphere (*)
conditions or between conditions in brackets at a = 0.05). Data is presented as mean + /-
standard deviation for eight replicates per condition
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Figure 6.
Degradable VBP microspheres reduced neovascularization in a mouse choroidal

neovascularization model. A: Schematic of laser ablation of the mouse choroid in murine
CNV model. Laser ablation was performed at the 3-, 9-, and 12-0’clock positions on the
posterior of the eye. B: Representative fluorescent micrographs of ICAM2+ vessels in
mouse CNV maodel after treatment with N-Scramble (B.i), F-Scramble (B.ii), N-VBP (B.iii),
or F-VBP microspheres (B.iv), or sham (saline, B.v) or Soluble VVBP (B.vi). C: Mean CNV
area in pm? (defined as the area of ICAM2+ vasculature in the choroid) after treatment with
either N-Scramble (N-Scr), F-Scramble (F-Scr), N-VBP, or F-VBP microspheres. Data were
aggregated for two independent experiments, and error bars represent standard error about
the mean (SEM) for 6 (N-Scramble), 5 (F-Scramble), 7 (N-VBP), and 14 mice (F-VBP).
Statistical significance was determined using one-way analysis of variance with Tukey’s
post-hoc test and a Tukey multiple comparisons correction and is denoted for p-value < 0.05
relative to N-Scramble (**) or F-Scramble (*) microspheres. D: Mean CNV area (um?) after
treatment with saline (Sham), 20 ug/mL Soluble Scramble, or 20 pg/mL Soluble VBP. Error
bars represent SEM for 8 mice per condition. Statistical significance was determined using
one-way analysis of variance with Tukey’s post-hoc test and Tukey multiple comparisons
correction and is denoted (*) for p-value < 0.05 relative to Sham.
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