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Abstract

Vascularization of the poorly vascularized limbs affected by critical limb ischemia (CLI) is
necessary to salvage the limbs and avoid amputation. Effective vascularization requires forming
not only capillaries, but also arterioles and vessel branching. These processes rely on the survival,
migration and morphogenesis of endothelial cells in the ischemic limbs. Yet endothelial cell
functions are impaired by the upregulated TGF2. Herein, we developed an injectable hydrogel-
based drug release system capable of delivering both VEGF and DIl4 to synergistically restore
endothelial cellular functions, leading to accelerated formation of capillaries, arterioles and vessel
branching. In vitro, the DIl4 and VEGF synergistically promoted the human arterial endothelial
cell (HAEC) survival, migration, and formation of filopodial structure, lumens, and branches
under the elevated TGFAL condition mimicking that of the ischemic limbs. The synergistic effect
was resulted from activating VEGFR2, Notch-1 and Erk1/2 signaling pathways. After delivering
the DII4 and VEGF via an injectable and thermosensitive hydrogel to the ischemic mouse
hindlimbs, 95% of blood perfusion was restored at day 14, significantly higher than delivery

of DII4 or VEGF only. The released DIl4 and VEGF significantly increased density of capillaries
and arterioles, vessel branching point density, and proliferating cell density. Besides, the delivery
of DIl4 and VEGF stimulated skeletal muscle regeneration and improved muscle function.
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Overall, the developed hydrogel-based DIl4 and VEGF delivery system promoted ischemic limb
vascularization and muscle regeneration.

Statement of significance—Effective vascularization of the poorly vascularized limbs affected
by critical limb ischemia (CLI) requires forming not only capillaries, but also arterioles and vessel
branching. These processes rely on the survival, migration and morphogenesis of endothelial

cells. Yet endothelial cell functions are impaired by the upregulated TGFg in the ischemic limbs.
Herein, we developed an injectable hydrogel-based drug release system capable of delivering

both VEGF and DII4 to synergistically restore endothelial cell functions, leading to accelerated
formation of capillaries, arterioles and vessel branching.

Ischemic limb; Capillary; Arteriole; Vessel branching; Vascularization; Skeletal muscle
regeneration

Introduction

Peripheral artery disease (PAD) is one of the leading causes of morbidity and mortality
globally [1,2]. The main pathophysiologic features of PAD are the narrowing of blood
vessels and vascular blockage. Critical limb ischemia (CLI) is a serious manifestation of
PAD, which is associated with a high risk of limb amputation [3]. Restoration of blood
perfusion in the diseased limbs represents the primary treatment goal [4,5]. Currently,
surgical procedures for the CLI treatment include lower extremity bypass and endovascular
therapy. Yet, these procedures cannot regenerate the damaged vasculature [6-8]. In addition,
not all patients are eligible to receive these procedures [9-11]. There is a critical need for
strategies that can effectively regenerate vasculature in ischemic limbs leading to restoration
of blood flow.

Various therapeutic approaches have been developed to vascularize ischemic limbs, mainly
including stem cell therapy, cell secretome therapy, and angiogenic growth factor therapy.
In stem cell therapy, stem cells are injected into ischemic limbs with or without using
biomaterials as carriers [12,13]. One of the benefits of using biomaterials is that cell
retention and survival may be improved. Growing evidence has shown that the delivered
cells mostly contribute paracrine effects for vascularization, while some cells may also
differentiate into endothelial cells (ECs) and vascular supporting cells [14,15]. Yet,
widespread clinical use of stem cell therapy is hampered by intrinsic limitations such as
lack of ready-to-use convenience, limited efficacy in a prolonged study period [16-18].
Alternatively, stem cell secretome has been used for ischemic limb treatment [19-21].
Various studies have demonstrated that stem cell secretome delivered into ischemic limbs
promoted angiogenesis [22-31]. However, limited reproducibility and difficulty in large-
scale production should be tackled before realizing the translation from bench to bed [32].
Extensive studies have focused on delivering angiogenic growth factors for vascularization
in the ischemic limb. In both clinical trials and preclinical animal models, the administration
of vascular endothelial growth factor (VEGF) [33-35], hepatocyte growth factor (HGF)
[36-38], and fibroblast growth factor-1 (FGF-2) [39-41], have shown encouraging results
in promoting new vasculature development. Yet the efficacy of current angiogenic growth
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factor therapy is limited, and remains unsatisfactory for wide applications in clinics. This
is likely due to the delivered growth factors mostly stimulating capillary formation [42-44].
Functional recovery of blood perfusion requires not only capillaries but also other vessels
such as arterioles. In addition, current angiogenic growth factor therapy typically delivers
single growth factor, while more growth factors are necessary for the formation of both
capillaries and arterioles [35,38,39].

In this study, we aimed to regenerate both capillaries and arterioles in ischemic limbs for
quicker improvement of blood flow. We delivered hydrogel capable of gradually releasing
VEGF and Delta-like 4 (DIl4) into ischemic limbs. VEGF is intricately associated with
vascular EC function through binding to VEGF receptor 2 (VEGFR2). VEGFR2 is also
robustly exhibited by arterial ECs [45]. DIl4 modulates arteriole formation as it controls
artery branching by regulating VEGFR2 expression through DII4/Notch signaling and
inducing a gradient of VEGF signaling [46-50]. Thus, we hypothesized that VEGF and
Dll4 can act synergistically to regenerate capillaries and arterioles. The formation of
capillaries and arterioles in ischemic limbs is also dependent on the survival, migration,
and morphogenesis of arterial ECs. Yet these functions are impaired by the upregulated
transforming growth factor beta (TGFg) [51-55]. We investigated how VEGF and DIl4
regulate endothelial cell functions under ischemic and TGFg conditions, leading to
accelerated vascularization in ischemic limbs.

Materials and methods

Materials

N-Isopropylacrylamide (NIPAAm, TCI) was recrystallized by hexane/ethyl acetate for 3
times. 2-Hydroxyethyl methacrylate (HEMA, Alfa Aesar) was purified by an inhibitor
removal column. Benzoyl peroxide (BPO, Fisher Scientific) was used as an initiator

for polymerization after lyophilization. Acryloyl chloride (Sigma), 4-(hydroxymethyl)-
phenylboronic acid pinacol ester (HPPE, Sigma), triethylamine (TEA, VWR), fetal bovine
serum (FBS, Life Technologies), and 1% penicillin-streptomycin (PS, Life Technologies)
were used as received. Recombinant human TGF 1, recombinant human D14, and
recombinant human VEGF were purchased from Peprotech Inc.

2.2. Cell culture, proliferation, and migration assay

Human arterial endothelial cells (HAECs, Cell Systems) were cultured in T-75 cell culture
flasks using basal growth medium supplemented with 10% FBS and 1% PS. The cells
were incubated at 37° C with 5% CO» and 21% O,. The medium was changed every other
day. The cells were passaged using 0.25% trypsin-EDTA (Life Technologies) when the
confluency was 80-90%. The cells of passages 3 to 7 were used for studies.

HAEC migration was investigated by performing a 2D scratch assay [56,57]. The cells were
cultured in 6-well plates to reach a confluency of 90-95%. A 200 uL pipet tip was used

to scrape the cells in a straight line. Cell debris and extant medium were then removed
followed by adding serum-free medium with 20 ng/ml DII4, 20 ng/ml VEGF, or both. To
mimic the condition of elevated TGFgin CLI, 5 ng/ml TGFA1 was supplemented during
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the culture [58,59]. The wells were imaged at baseline (0 hour) and 24 hours using a light
microscope. The distance between the two sides of the scratch was measured using ImageJ.
The migration ratio was calculated as:

Interval at O hours — interval at 24 hours

Interval at 0 hours X100 %

Migrationratio =

For studying cell survival and proliferation, HAECs were seeded in 96-well plates, and
cultured using basal medium with 2% FBS. 20 ng/ml DII4, 20 ng/ml VEGF, or both were
added to the medium. 5 ng/ml TGFB1 was also added. After 3 days, a PicoGreen dsDNA
Quantitation assay (Life Technologies) was performed to quantify cell dsSDNA content
[60,61]. To image live cells, HAECs were prelabeled with live-cell tracker CMFDA (Life
Technologies) before seeding. The cells were imaged using a confocal microscope (Olympus
FV1200).

2.3. Invitro studies of endothelial cell filopodial bursts, tube formation, and branch

density

HAECs were cultured in a 3D collagen model as described previously [62]. In brief, rat type
I soluble collagen (Life Technologies), 10% FBS, Dulbecco’s Modified Eagle’s Medium
(DMEM), and 1 M NaOH were mixed thoroughly. The mixture was then transferred into a
48-well plate and incubated in a 37 °C incubator. After gelation for 30 minutes, 150 pL cell
suspension at a density of 8 x 10% cells/mL with different treatments, including TGFA1 (5
ng/mL); DIl4 (20 ng/mL) and TGFg, VEGF (20 ng/mL) and TGFg; or DIl4 and VEGF with
TGFp, was injected into the collagen gel. Four injections were made for each collagen gel.
The constructs were incubated at 37 ° C with 5% CO, and 21% O, for 5 days.

To determine filopodial bursts and tube formation, the collagen constructs were fixed with
4% paraformaldehyde (PFA). Cells in the constructs were visualized using a confocal
microscope after von Willebrand factor (vVWF) and DRAQS staining. To determine
branching density, the cells were stained with F-actin and DAPI before imaging. The
densities of filopodial structure, lumens, and branches were calculated based on 8 images of
each construct, and 4 constructs for each group.

2.4. Protein and gene expression for in vitro cultured cells and in vivo tissue samples

To characterize protein expression, protein lysates from in vitro cultured cells or in

vivo tissue samples were collected using RIPA lysis buffer containing protease and
phosphatase inhibitors. Protein samples were separated by stain-free precast gels (Bio-rad)
and transferred onto low-fluorescence polyvinylidene fluoride (PVDF) membrane. The blots
were reacted with anti-VEGFR2 (1:800, Cell Signaling, 2479), anti-Notch-1 (1:600, Cell
Signaling, 3608), p44/42 MAPK (t-Erk1/2, 1:10 00, Cell Signaling, 9102) and phospho-
p44/42 MAPK (p-Erk1/2, 1:100 0, Cell Signaling, 9101). GAPDH (1:30 00, Cell Signaling,
5174) was served as a loading control antibody. After washing, the blots were incubated
with HRP-conjugated secondary antibodies (Life Technologies), followed by detection using
WesternBright HRP substrate kit (Advansta). The blots were finally imaged by ChemiDoc
XPS system (Bio-rad).
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RNA was isolated from tissue samples using TRIzol according to the manufacture’s
protocol. RNA concentration was quantified by a NanoDrop. cDNA synthesis was
conducted using a high-capacity cDNA reverse transcription kit (Life Technologies) on a
Mastercycler (Eppendorf). Gene expression was determined by real-time RT-PCR using
SYBR Green (Invitrogen) on a PCR instrument (Applied Biosystems). The selected primer
pairs are listed in Table S1. B-actin was served as a housekeeping gene. Data were analyzed
using the AACt method [63].

Release kinetics of DIl4 and VEGF encapsulated in an injectable gel

An injectable, thermosensitive, and fast gelation hydrogel developed in our previous study
[57] was used to deliver DII4 and VEGF into ischemic limbs. The hydrogel was based

on NIPAAm, HEMA, and acrylated HPPE (AHPPE), and synthesized by free radical
polymerization using BPO as the initiator [57]. The molecular weight of the polymer was
measured by gel permeation chromatography (GPC) with a refractive index detector (Wyatt
Tech). Dimethylformamide and polystyrene were used as solvent and calibration standards,
respectively. The hydrogel solution was prepared by dissolving the polymer in Dulbecco’s
phosphate-buffered saline (DPBS) at 4 °C overnight. Heparin (1 mg/ml, HP) was then added
to the solution. The gelation time of the 4 °C solution was evaluated at 37 °C following our
previously established protocols [60]. Briefly, an Olympus microscope (IX71) equipped with
a temperature control system was pre-warmed to 37 °C. A drop of 4 °C hydrogel solution
was quickly placed on the glass slide sitting on the stage of the microscope. The time for the
light to be completely blocked due to forming opaque gel was defined as gelation time. The
injectability of the hydrogel was examined by injecting the 4 °C hydrogel solution through a
27-gauge needle without blocking the needle [60].

Rheological test of the hydrogel solution was performed using an AR-G2 rheometer
equipped with a Peltier plate. The geometry was 20 mm in radius, and the gap was set

as 1 mm. The strain and oscillatory frequency were 2% and 1 Hz, respectively. The testing
temperature was swept from 10 °C to 37 °C at a rate of 1 °C/min. The viscosity of 4 °C
hydrogel solution/HP was measured with a shear rate sweep from 1 to 20 s~1. The data was
analyzed using TA Advantage software.

To load DII4 and VEGF into the hydrogel, DII4 and VEGF were first dissolved in DPBS

at the concentrations of 20 ug/mL and 10 ug/mL, respectively. The individual solutions or
both were then mixed with the hydrogel solution. The mixture (200 pL) was transferred to a
1.5 mL low protein binding centrifuge tube (Life technologies). After 4 hours of incubation
at 37 °C to reach the equilibrium state of the hydrogel, the supernatant was removed
followed by adding a 200 pL release medium (DPBS with 1% penicillin). The hydrogel
was immersed in the release medium with only bottom touching the centrifuge tube. The
tubes (n=6 for each group) were incubated at 37 °C for 14 days. At days 1, 3, 5, 7, 10, and
14, the release medium was collected and stored at —80 °C, and was replaced with 200 pL
of fresh release medium. The concentration of D114 not being encapsulated in the hydrogel
and released from the hydrogel was determined using anti-human DII4 antibody (Peprotech,
500-P279) with biotinylated anti-human sDII4 (Peprotech, 500-P279BT) [64]. The VEGF
concentration was measured using a VEGF ELISA development kit (Peprotech, 900-K10).
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The cumulative release ratio was calculated based on the amount of growth factor released,
and the amount of growth factor remained in the hydrogel at the beginning of the release
study.

2.6. Critical limb ischemia mouse model

2.7.

All animal care and experimental procedures were performed according to the guidelines
of the National Institutes of Health, and approved by the Institutional Animal Care and
Use Committee of Washington University in St. Louis. Critical limb ischemia surgery was
performed on 8-week-old, female C57BL/6J mice (Jackson Laboratory). For each mouse,
ischemia was induced on one hindlimb by the ligation of both unilateral femoral arteries
and veins [61,65]. The contralateral hindlimb was used as a control. Thirty minutes after
ligation, intramuscular injections were performed to the gracilis muscle on the ischemic
hindlimb (50 uL/injection, and 3 injections each hindlimb). The study groups included
surgery only (Surgery only), hydrogel treatment alone (Gel only), hydrogel with 20 pg/mL
Dll4 (DI14/Gel), hydrogel with 10 ug/mL VEGF (VEGF/Gel), and hydrogel with 20 ug/mL
DIl4 and VEGF 10 ug/mL (DII/VEGF/Gel). Eight mice were used for each group.

Blood perfusion, ischemia scoring, and treadmill test

Blood perfusion of hindlimbs was monitored using a laser Doppler perfusion imager
(Perimed) after injection, and at days 7, and 14. The ratio of blood perfusion between

the surgery hindlimb and the contralateral hindlimb at each time was quantified [61,65].
The mice were also evaluated in terms of ischemia score that assesses the degree of digital
amputation, necrosis, and cyanosis compared to the control contralateral hindlimb. The
evaluation was based on an established seven-point ischemia score scale with modification
(Table S2) [66,67]. The hindlimbs before surgery were set as a score of seven.

The running ability of the mice was determined by a treadmill test [68,69]. The mice were
trained to use the treadmill (Cambridge Technology Inc.) 7 days before the surgery. The
training was continued for 15 minutes per day at a speed of 120 m/min. After surgery and
at days 7 and 14, the mice were placed on the lanes of the treadmill for warm training at

a speed of 70 m/min for 30 minutes, followed by a testing speed of 120 m/min. The time
of exhaustion for each mouse (falling from the lane three continuous times) was recorded.
Running distance was determined by the exhaustion time and speed.

2.8. Histological and immunohistochemistry staining

Fourteen days post-injection, mice were euthanized, and hindlimb tissue samples were
collected. The tissues were fixed in 4% PFA, embedded in paraffin, and sectioned at 10 pm.
H&E staining was performed, and the images were taken by an inverted light microscope
(Olympus) to evaluate muscle degeneration, muscle fiber diameter, and central nuclei
density. Immunohistochemistry staining (IHC) was performed to characterize blood vessels
using isolectin GS-1B4 (Invitrogen, 121414) and mouse anti-alpha-smooth muscle actin
(a-SMA) (Abcam, ab7817), arteriole density using anti-ephrinB2 (Santa Cruz, sc-398735),
proliferating cells using rat anti-Ki67 (Invitrogen, 14-5698-82), and inflammatory cells
using rat anti-CD68 antibody (Abcam, ab534 4 4). After incubating with primary antibodies
overnight, the corresponding secondary antibodies were applied for 1 hour. Cell nuclei were
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stained with DAPI. The tissue slices were then imaged by a confocal microscope. The
quantifications were performed using ImageJ (n=6 for each group).

2.9. Characterization of blood vessel branching

To determine blood vessel branching, vascular perfusion with FITC-conjugated isolectin B4
and anti-a-SMA was performed on dayl14 [61]. The ischemic hindlimbs were then collected,
and cryosectioned in sagittal orientation with a thickness of 10 um. The tissue sections were
then imaged using a confocal microscope. The quantification for vessel branching point
density was performed based on the obtained images (n=6 for each group).

2.10. Statistical analysis

Data are presented as mean + standard deviation. Statistical analysis was performed using
one-way ANOVA with Tukey’s posthoc test. Significance was defined as p<0.05.

3. Results and discussion

3.1.
TGFB

DIl4 and VEGF synergistically improved migration and survival of HAECs impaired by

Regeneration of capillaries and arterioles is necessary for rebuilding vasculature in the
ischemic limbs during vascularization therapy. Yet the impaired EC migration, survival, and
morphogenesis in the ischemic limbs impede the vascularization process [70-72]. One of
the major causes of EC dysfunction is upregulated TGFS [52,73]. While TGFS plays an
essential role in modulating cell migration and morphogenesis, the overexpression of TGFS
observed in CLI decreases the migration and morphogenesis of ECs [73,74]. In this work,
we investigated whether co-delivery of VEGF and DIl4 can improve TGFB-impaired EC
function and accelerate the formation of both capillaries and arterioles in ischemic limbs.
Previous studies have revealed that VEGF/VEGFR2 signaling boosts endothelial motility,
filopodia extension, and proliferation required for vessel formation [75,76]. DIl4/Notch
signaling is essential to converting the formed sprouts into tubules and making a connection
with other vessels by the proliferated stalk ECs [77,78]. However, it is unclear how VEGF
and DII4 function in a diseased model with an elevated TGFS level.

We first examined the migration and survival of HAECs in TGFg conditions. As shown

in Fig. 1a and b, we observed a significant increase in migration rates with D114 and

VEGF singular treatments. Moreover, treating with DII4 and VEGF showed the highest
migration rate among all the groups (p<0.05 when “DII4/VEGF/TGFgS” vs. “DII4/TGFS” or
“VEGF/TGFS"; p<0.001 when “DII4/VEGF/TGFS” vs. “TGFS” control group).

One crucial inducer for the migration of endothelial cells is filopodia formation, which is
essential in probing and sensing other molecular factors in the extracellular matrix (ECM) to
guide the direction of the cell movements [79,80]. To investigate the roles of DII4 and VEGF
in modulating arterial EC filopodia formation, we generated a 3D, cell-seeded-collagen
model cultured with TGFg and treated with DII4/VEGF. In Fig. 1c and d, HAECs treated
with VEGF/TGFg and DII4/TGFg exhibited 46% and 73% increased formation of filopodial
burst structure, respectively, compared to TGFg treatment alone. Notably, the group of DII4/
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VEGF/TGFg led to a more than three-fold increase in the density of filopodial bursts over
TGFg treatment alone and significant increases over DIl4 and VEGF treatments.

The impact of DII4 and VEGF on the survival of HAECs was examined by live-cell imaging
and dsDNA assay (Fig. 1e and f). Compared to TGFg treatment alone, DIl4-treated and
VEGF-treated groups increased in cellularity by 24% and 25%, respectively. The DII4 and
VEGF group further enhanced the survival of HAECs, with an increase of 45% compared
to the control group. The above results suggest a synergistic effect of DII4 and VEGF in
promoting TGFB-impaired HAEC migration and survival.

3.2. DIl4 with VEGF simultaneously enhanced the lumen formation, and branching of

HAECs

To investigate how DII4 and VEGF modulate HAECs sprouting and lumen formation under
TGF g condition, we seeded HAECS in a 3D-collagen model, cultured in the medium with
TGFpL, and treated with DIl4, VEGF, or both. After 3 days of incubation, the cells treated
with DI14 or VEGF formed significantly higher density of lumen-like structures compared to
the cells in the TGFS group (Fig. 2a and c). The lumen density in the group with DII4/VEGF
treatment was further significantly increased (p<0.001, DII4/VEGF/TGFg vs. DI4/TGFS,
and DII4/VEGF/TGFBvs. VEGF/TGFp), indicating a synergistic effect between Dll4 and
VEGF in inducing sprouting and in vitro angiogenesis of HAECs.

We also assessed the branching behavior of HAECs (Fig. 2b and d). Both DIl4 and VEGF
significantly increased HAEC branching density compared to TGFg alone group. Of note,
the DI4/TGFg group more pronouncedly enhanced the branching of HAECs than the
VEGF/TGFg group. The DII4/VEGF/TGF S treatment group demonstrated a significantly
higher branching density than all other treatment groups (p<0.001). These data demonstrate
that DII4 plays a critical role in HAECs forming branches, and can be further increased with
the supplementation of VEGF.

3.3. Synergistic effect of DIl4 and VEGF in re-activating VEGF/VEGFR2 and DIll4/Notch
signaling pathways under TGF

To investigate how DII4 and VEGF regulated VEGFR2 and Notch signaling pathways under
TGFg condition leading to enhanced HAEC survival, migration, and morphogenesis, we
examined the expression of VEGFR2 and Notch-1 at protein levels. Treatment of TGFA1
decreased expression of VEGFR2 compared with no TGFg group (Fig. 3). The decrease

in VEGFR2 expression was abrogated by the addition of VEGF and further abolished

with the involvement of DII4 (Fig. 3). The decreased VEGFR2 by TGFg caused the
inhibition of Notch-1 and deactivation of subsequent MAPK/ERK1/2 cascade [81]. Notch-1
and phosphorated Erk1/2 (p-Erk1/2) expression was upregulated by the treatment of either
DIl4 or VEGF and was further upregulated when treated with a combination of DIl4 and
VEGF (Fig. 3). Overall, these data showed that VEGF/VEGFR2 and DIl4/Notch signaling
pathways were deactivated by TGF g, and synergistically re-activated by the treatments of
Dll4 and VEGF in HAECs.

Previous studies have shown that proliferation of endothelial cells was positively correlated
with the activation of VEGFR2 and subsequent MAPK/ERK1/2 cascade [81,82], and
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activation of Notch signaling stabilizes the formation of lumens by arterial ECs while
inhibition of this pathway blocks the network formation [78,83]. Consistent with these
previous studies, we demonstrate that D114 and VEGF-upregulated VEGFR2 and Notch-1
expressions led to a significant impact on the proliferation and morphogenesis of HAECs

(Fig. 3).

3.4. Sustained release with maintained bioactivity of VEGF and DIl4 encapsulated in

hydrogel

To deliver DIl4 and VEGF to ischemic limbs and efficiently retain the growth factors in the
tissue, a thermosensitive and fast gelation hydrogel based on NIPAAm, HEMA, and AHPPE
was used as a carrier. Our previous study demonstrated that the polymer synthesized from
NIPAAmM, HEMA, and AHPPE exhibited good biocompatibility [57]. The obtained polymer
had number average molecular weight of 1.8 x 104 g/mol and a PDI of 1.4. The hydrogel
solution (6 wt.% in DPBS) had a gelation temperature of 17 °C based on the rheological
test (Fig. 4a). After incubation in 37 °C DPBS for 4 weeks, the hydrogel exhibited a weight
loss of 8%. To stabilize the growth factors, HP was mixed with the hydrogel. The resulting
solution was flowable at 4 °C (Fig. 4b), and can be readily injected through a 27G needle at
this temperature (Fig. 4c). The 4 °C solution also exhibited shear thinning behavior where
viscosity was decreased with the increase of shear rate (Fig. 4d). After transferring the 4 °C
solution to 37 °C condition, it solidified in 6 s and formed a solid gel (Fig. 4e). The use of
fast gelation hydrogel for growth factor delivery is advantageous as it can quickly solidify
upon injection into ischemic limbs, thus largely retaining the encapsulated growth factors in
the tissue, and minimizing growth factor loss due to leaking of the injected hydrogel.

The release studies for DIl4 and VEGF were conducted in 37 °C DPBS where the hydrogel
was immersed in the DPBS (Fig. 4f). D14 and VEGF were encapsulated in the hydrogel at
a loading efficiency of 80% and 83%, respectively (Fig. 4g & h). Both growth factors were
released continuously from the hydrogel over a 14-day period (Fig. 49 & h). The DIl4 and
VEGF were released faster from the hydrogel encapsulated with individual growth factor
than that encapsulated with both growth factors. The sustained release of DIl4 and VEGF
is likely due to their interaction with the NIPAAm-based hydrogel by hydrogen bonding
between amide groups [62]. When both VEGF and DII4 were encapsulated in the hydrogel,
the interaction between the two growth factors including hydrogen bonding and electrostatic
interaction further retained them in the hydrogel, leading to delayed-release. Overall, these
results demonstrate that the hydrogel carrier is capable of sustainedly releasing DII4 and
VEGF. After implantation into ischemic hindlimbs, the DII4 and VEGF may release faster
as the weight loss rate of the hydrogel may be higher due to reactive oxygen species in the
tissue environment [57].

3.5. Delivery of DIl4 and VEGF stimulated blood flow recovery and alleviated severity of
ischemia in the operated hindlimbs of mice

To determine the efficacy of delivery of DIl4 and VEGF in promoting vascularization in
ischemic limbs, the 4 °C hydrogel encapsulated with DII4 (DI14/Gel), VEGF (VEGF/Gel),
or DII4 and VEGF (DI14/VEGF/Gel) were injected in the ischemic region after induction of
ischemia (Fig. 5a). The injected hydrogel did not leak out during and after the injection. On
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day 0, the blood perfusion in the operated limbs was 10-12% of the contralateral limb as
examined by laser Doppler imaging system. During the following 14-day treatment period,
the blood perfusion for the surgery group without hydrogel treatment (Surgery group)
slowly increased to 38% of the contralateral control limb. The injection of hydrogel alone
(Gel group) largely increased blood perfusion compared to the Surgery group, with 58%
of blood perfusion at day 14 (Fig. 5b and c). The injection of DIl14/Gel and VEGF/Gel
groups significantly increased blood perfusion compared to the Gel group, with 72% and
76% of blood perfusion recovery at day 14, respectively (p<0.05, DII4/Gel group vs. Gel
group; p<0.05, VEGF/Gel group vs. Gel group). The delivery of both DIl4 and VEGF
(DII4/VEGF/Gel group) synergistically further increased blood perfusion with 98% of
blood perfusion recovery at day 14 (Fig. 5¢). Consistent with blood perfusion results, the
modified ischemia score gradually augmented during the 14-day treatment period where a
greater score represents lower ischemia (Fig. 5d). The group treated with DII4/VEGF/Gel
demonstrated the highest modified ischemic score (Fig. 5d).

3.6. DIl4 and VEGF delivery enhanced blood vessel formation, arteriole formation, and
vessel branching with enhanced expression of VEGFR2, Notch-1, and p-Erk1/2

To visualize the blood vessel formation in vivo, tissue sections were stained with isolectin
and a-SMA. The two markers are for endothelial cells and vascular smooth muscle cells,
respectively. There were few capillaries in the surgery only group, and a slightly higher
density of vessels with the injection of the hydrogel (Fig. 6a). The vessel density in DII4/Gel
group was increased near two-fold compared to that of the hydrogel alone group (Fig.

6¢). The VEGF/Gel group exhibited a significantly higher vessel density than the DII4/Gel
group (p<0.01). The highest vessel density was found in the DIl4/VEGF/Gel group, which
was increased more than three-fold compared to the Gel group (p<0.001), and significantly
higher than that of the DI14/Gel group (p<0.001) or VEGF/Gel group (p<0.01). The delivery
of DIl4 and VEGF also regenerated mature blood vessels where the DII4/VEGF/Gel group
had the highest density of vessels with isolectin® ECs and a-SMA+ smooth muscle cells
(Fig. 6d).

To further evaluate whether delivery of VEGF and DI14 promoted arteriole formation,
EphrinB2 staining, a marker specifically for arterial endothelial cells, was performed (Fig.
6b). The delivered DII4 and VEGF stimulated arteriole formation. The ischemic limbs
injected with DII4/Gel and VEGF/Gel groups showed significantly greater arteriole density
than the ischemic limbs injected with hydrogel only (p<0.01, Fig. 6€). The DIl4 and
VEGF released from the hydrogel demonstrated similar capability in promoting arteriole
formation. Notably, the combined delivery of DIl4 and VEGF synergistically enhanced
arteriole formation (p<0.01).

DIl4 has been demonstrated to induce vessel branching [49,84]. To determine how released
DIl4 stimulated vessel branching, we performed vascular perfusion with fluorescent-labeled
antibodies isolectin and a-SMA, and sectioned ischemic limbs in the sagittal direction (Fig.
6f). The DII4/Gel and DII4/VEGF/Gel groups formed a greater number of vessel branches
than the Surgery, Gel, and VEGF/Gel groups (Fig. 6f). Quantitatively, these two groups
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exhibited substantially higher branching point density, and the DII4/VEGF/Gel groups had
the highest branching point density (Fig. 6g).

The above results demonstrate that sustained delivery of DII4 and VEGF promoted capillary
and arteriole formation, vessel maturation, and vessel branching in ischemic limbs. In
addition, DIl4 and VEGF showed synergistic effects in these processes. Based on the in vitro
studies, the facilitation of vascularization is likely because of: (1) DIl4 and VEGF increasing
survival and migration of ECs under upregulated TGFg condition of ischemic limbs (Fig. 1a,
b, e, and f), and (2) increased tube formation of ECs stimulated by DII4 and VEGF (Fig. 2a
and c).

AKin to the in vitro mechanism proved in Fig. 3, we extracted the proteins from tissue
samples at day 14 to examine the effects of DIl4 and VEGF released in vivo on VEGFR2,
Notch, and Erk1/2 signaling. Consistent with the in vitro findings, the expression of
VEGFR2, Notch-1, and p-Erk1/2 was substantially upregulated in the DII4/VEGF/Gel
group at day 14 (Fig. 6h) compared to the other treatment groups. Mechanistically, for
both our in vitro and in vivo data, we delineated that the synergistic effect of DIl4 and
VEGF under elevated TGFg condition is due to activating VEGFR2 and Notch signaling
pathways. Additionally, the activation of the VEGFR2 signaling pathway likely induced
an upregulation of p-Erk1/2 (Fig. 6h), which is a major downstream cascade of MAPK
signaling and is required for the integrity of ECs during angiogenesis [85,86].

Dll4 and VEGF had a synergistic effect in promoting host cell survival without

causing inflammation in vivo

As the in vitro efficacy of DIl4 and VEGF in promoting HAEC proliferation was prominent
(Fig. 1e and f), the consequent behavior of rescuing host cells in vivo was examined using a
proliferating cell marker Ki67 [61,87] (Fig. 7a and c). The DII4/Gel and VEGF/Gel groups
displayed significantly higher Ki67* cell density than the Surgery and Gel groups (p<0.05)
at day 14. There was no significant difference between the DII4/Gel and VEGF/Gel groups
(p>0.05), while host cells were able to proliferate more with the delivery of DII4/VEGF/Gel
group (p<0.01). Notably, the Gel group exhibited a significantly greater density of Ki67+
cells than the Surgery group (p<0.05), possibly because the hydrogel scavenged ROS in the
ischemic limbs and decreased ROS attack-induced cell death.

To investigate potential tissue inflammation resulting from the injection of growth factor-
encapsulated hydrogel solutions, CD68 staining was performed (Fig. 7b and d) on the tissue
samples collected on day 14. Compared with the Surgery group, the injection groups had

a similar CD68* cell density, indicating that the injected growth factor and hydrogel did

not provoke tissue inflammation. Interestingly, the expressions of pro-inflammatory genes
tumor necrosis factor ( 7nfa) [88] and interleukin 1 beta (//1p) [89] were significantly
reduced in the DII4/VEGF/Gel group compared with other groups (Fig. 7e and f). These
results demonstrate that the combination of DII4 and VEGF has the potential to decrease
inflammation in ischemic tissues. However, it remains to be investigated how DII4 and
VEGF supplementation reduce inflammation in ischemic tissues.
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Improved muscle regeneration and functional recovery by the delivery of DIl4 and

To determine whether the delivery of DIl4 and VEGF improved the regeneration of skeletal
muscle tissues, histological analysis of the tissue harvested on day 14 was conducted. The
skeletal muscles in the Surgery group degenerated as muscle fibers were highly separated
(Fig. 8a), and had the lowest mean muscle fiber diameters (Fig. 8b), and density of central
nuclei (Fig. 8c). The injection of hydrogel slightly alleviated muscle degeneration where the
muscle fiber diameter was substantially increased (p>0.05 Fig. 8b). In contrast, the DII4/Gel
group and VEGF/Gel group showed a more compact tissue structure with a larger fiber
diameter and significantly higher density of central nuclei (Fig. 8b and c).

The delivery of the DII4/VEGF/Gel group further improved muscle anatomy, and increased
fiber diameter (Fig. 8b) and density of central nuclei (Fig. 8c), indicating a synergistic effect
in muscle regeneration. The muscle regeneration augmented muscle function. The group
treated with DI14/VEGF/Gel demonstrated the highest running ability (Fig. 8d).

To investigate the underlying mechanism, the gene expression of insulin-like growth factor 1
(/gfI) and hepatocyte growth factor (Hg/) from tissue samples of different treatments were
tested using real-time RT-PCR. /gf1 promotes myoblast proliferation and differentiation

of satellite cells in skeletal muscle [90]. Hgfactivates quiescent satellite cells to form
myoblasts [91,92]. We found that both factors were significantly increased in the group of
DII4/VEGF/Gel group compared to the other groups (Fig. 8e and f).

The above results demonstrate that combined delivery of DIl4 and VEGF enhanced
vascularization and skeletal muscle regeneration in ischemic limbs of young wild-type mice.
While the results are encouraging, there are limitations on the animal model. First, the
growth factors were delivered 30 minutes after ligation of unilateral femoral arteries and
veins, before the chronic ischemic condition was established. Second, the CLI model was
induced in young wild-type mice instead of aged mice with pre-existing PAD.

In future work, we will test therapeutic efficacy when delivering DII4 and VEGF into aged
mice with PAD after chronic ischemic condition is developed. In this work, we investigated
the therapeutic efficacy of controlled release of DIl4, VEGF, or both in regenerating
ischemic limbs. We did not examine the therapeutic efficacy when delivering bare DII4 and
VEGF without using hydrogel. We will include these groups in future studies to demonstrate
the benefits of controlled release over direct delivery of these growth factors.

4. Conclusion

In this study, we demonstrated that D114 and VEGF synergistically promoted endothelial cell
survival, migration, and tube formation under evaluated TGFg mimicking that of ischemic
limbs. The upregulated TGFg in ischemic limbs impairs endothelial cell function leading

to delayed vascularization. The synergistic effect of DIl4 and VEGF was resulted from
activating VEGFR2, Notch-1, and Erk1/2 signaling pathways. The delivery of DII4 and
VEGEF significantly stimulated the capillary and arteriole formation, and vessel branching
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in ischemic limbs. In addition, the delivered DIl4 and VEGF promoted skeletal muscle
regeneration and increased muscle function.
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Fig. 1. Effects of Dll4 and VEGF in promoting migration and proliferation of HAECsin the

presence of TGFg.

a. Representative migration images for the groups at 0 h and 24 h. Scale bar = 100 pm.

b. Quantification of relative HAEC migration ratio at 24 h (n=6). c, d. DIl4 and VEGF
increased filopodial structure formation of HAEC:s in the presence of TGFSL. The cells
were stained using VWF and DRAQ5. Representative images are shown in (c). Density of
filopodial bursts (d) were quantified from images. Scale bar = 10 um. e. Representative
images for live HAECs at 0 and 72 h. HAECs were pre-labelled with live-cell tracker
CMFDA. Scale bar = 200 um. f. Quantification of relative dsSDNA content measured by

PicoGreen dsDNA (n=4). *p<0.05, **p<0.01, ***p<0.001.
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Fig. 2. Effects of Dll4 and VEGF in promoting tube formation and branching of HAECs.
a. Representative images of HAEC lumen formation on a collagen model with different

treatments for 3 days in the presence of TGFS1. Scale bar = 200 um. b. Representative
images of F-actin staining of HAECs cultured on a 3D collagen model for in vitro branching
study. Scale bar = 100 um. c. Quantification of lumen density based on images in (a). n=4.
d. Quantification of branching point density from images obtained in (b). n=4. *p<0.05,
**p<0.01, ***p<0.001.
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Fig. 3. Immunoblotting of VEGFR2, Notch-1, t-Erk1/2 and p-Erk1/2in HAECs.
The cells were cultured with or without TGFL for 24 hours in the presence of DIl4, VEGF

or both. GAPDH serves as a loading control. The number of repetition times is 2.
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Fig. 4. Physical properties and rheological tests of the hydrogel and release kinetics of DII4 and
VEGF loaded in the hydrogel with HP for two weeks.

a. Tané of the hydrogel solution from 10 °C to 37 °C at a fixed strain of 2% and frequency
of 1 Hz measured by rheometer. b. Flowability of the hydrogel with HP at 4 °C. c.
Injectability of the hydrogel with HP at 4 °C. d. Viscosity of the 4 °C hydrogel with HP at
different shear rate. e. Gelation of the hydrogel with HP at 37 °C. f. Image of the hydrogel
immersed in DPBS during the release study. g, h. Cumulative ratio of DIl4 (g) and VEGF
(h) in the release medium (n=6). The ratios at 4 h time point represent the growth factors not
being encapsulated in the hydrogel during gelation (dash line for 0 — 4 h). The ratios after 4
h represent the growth factors released from the hydrogel after gelation (solid lines for the

time points after 4 h).
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Fig. 5. Delivery of DIl4 and VEGF promoted blood perfusion in amouse CLI model.
a. In vivo study timeline. b. Representative images of blood perfusion performed at days 0, 7

and 14 by PeriCam PSI System. ¢. Quantification of the relative blood perfusion ratio (blood
perfusion of operated limb over contralateral limb) at days 0, 7 and 14 (n=6). d. Modified
ischemia scoring at days 0, 7 and 14 (n=6). *p<0.05, **p<0.01, ***p<0.001.

Acta Biomater. Author manuscript; available in PMC 2023 February 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Niu et al.

Page 24

-
3
o
o
"
b4
o
>
]
c
©
-

[

Transverse cut

2 1800 = 150

60 o
100] 40

20

Arteriole density (#mm?)

Total vessel density (#/mm?)
N
o
(=]

’ *
%
*

Mature vessel density (#/mm?)
o

g 8 _ D4 - + - +
' ek VEGF - - + +
s E oo &
£ 2 4
& o 20

Fig. 6. Enhanced formation of blood vessels and branches by the delivery of DIl4 and VEGF.
a. Representative images of isolectin, a-SMA, and DAPI staining of ischemic limb tissues

cut in transverse direction. The tissue samples were collected on day 14 post surgery. Scale
bar =50 um. b. Representative images of EphrinB2 and DAPI staining of ischemic limb
tissues cut in transverse direction. The tissue samples were collected on day 14. Scale bar
=50 um. c. Quantification of capillary density (isolectin+) based on images in (a). n=6. d.
Quantification of mature vessel density (isolectin+ and a-SMA+) based on images in (a).
n=6. e. Quantification of arteriole density based on images in (b). n=6. f. Representative
image of isolectin and a-SMA staining of tissue samples cut in sagittal direction. The
tissue samples were collected on day 14 post surgery. Scale bar = 40 um. g. Quantification
of branching point density (n=6). h. Immunoblotting of VEGFR2, Notch-1, t-Erk1/2 and
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p-Erk1/2 from the tissue lysates extracted from ischemic limb tissues harvested at day14
post-surgery. GAPDH was used as a loading control. The number of repetition times was 2.
*p<0.05, **p<0.01, ***p<0.001. *p<0.05, **p<0.01, ***p<0.001.
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Fig. 7. Delivery of DIl4 and VEGF into ischemic limbs promoted host cell survival and did not

cause substantial inflammation.

a. Representative images of Ki67 and DAPI staining of ischemic limb tissue samples
collected on day 14. Scale bar = 50 um. b. Representative images of CD68 and DAPI
staining of ischemic limb tissue samples collected on day 14. Scale bar = 50 um. c.

Quantification of Ki67+ cell density based on images in (a). n=6. d. Quantification of

CD68+ cell density based on images in (b). n=6. e, f. Gene expression of (e) 7nfa and (f)
/113 in ischemic limb tissues collected at 14 days post-surgery (n = 4). n.s. p>0.05, *p<0.05,

**p<0.01.
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Fig. 8. Delivery of DIl4 and VEGF promoted muscle tissue regeneration and muscle function
recovery.
a. Representative H&E images of ischemic limb tissue samples collected on day14. Scale

bar = 20 pm. b. Quantification of muscle fiber diameter based on H&E images (n=4). c.
Quantification of central nuclei density from H&E images (n=4). d. Evaluation of running
distance until exhaustion by treadmill test at days 7 and 14 (n>4). e, f. Gene expression of
(e) /gf1and (f) Hgffrom ischemic limb tissues collected at 14 days of post-surgery (n = 4).
*p<0.05, **p<0.01, ***p<0.001.
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