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Notch pathway regulates vessel development and maturation. D14, a high-affinity ligand for Notch, is
expressed predominantly in the arterial endothelium and is induced by hypoxia among other factors.
Inhibition of D114 has paradoxical effects of reducing the maturation and perfusion in newly forming ves-
sels while increasing the density of vessels. We hypothesized that partial and/or intermittent inhibition
of D114 may lead to increased vascular response and still allow vascular maturation to occur. Thus tissue
perfusion can be restored rapidly, allowing quicker recovery from ischemia or tissue injury. Our studies in
two different models (hindlimb ischemia and skin flap) show that inhibition of D114 at low dose allows
faster recovery from vascular and tissue injury. This opens a new possibility for D114 blockade’s therapeu-
tic application in promoting recovery from vascular injury and restoring blood supply to ischemic tissues.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Vascular response to tissue damage is a well-organized physio-
logical process [1]. Following loss of tissue perfusion or traumatic
injury, angiogenesis is initiated by inflammatory response, release
or induction of growth factors, and remodeling of cell-matrix [1].
New blood vessels grow via a cascade of well orchestrated events
supporting tissue repair. This process is sustained until the terminal
stages of healing, when angiogenesis is slowed by reduced levels of
growth factors, resolution of inflammation, and stabilized tissue
matrix [2]. Several pro-angiogenic factors have been investigated
in order to accelerate wound repair, including recombinant human
platelet-derived growth factor-BB (rhPDGF-BB) with success [3,4].
Other factors under investigation include vascular endothelial
growth factor (VEGF), fibroblast growth factor (FGF), keratinocyte
growth factor (KGF), and transforming growth factor-beta (TGF-B)
[5].

Notch signaling plays a central role in angiogenesis. DII4 is an
endothelium-specific Notch ligand [6]. Its expression is largely
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restricted to arteries, especially during embryonic development,
while in adults it is expressed on small arteries and capillary net-
works [7,8]. DIl4 haploinsufficiency in mice results in embryonic
lethality at approximately E10.5 [7]. It is the only known gene with
a haploinsufficient-lethal phenotype due to failure to form a func-
tional vasculature besides VEGF, highlighting its critical role in
angiogenesis.

Recently the blockade of Notch pathway with either a
Dll4-selective neutralizing antibody or a soluble DIl4 fusion
protein (Dll4-Fc) showed inhibition of tumor growth associated
with an increase in tumor vascular density but poor vessel perfu-
sion. It appears that excessive chaotic branching, lack of lumen
formation and impaired vessel maturation are responsible for
anti-tumor activity [9-11]. This can be explained by the fact that
Dll4/Notch negatively regulates pro-angiogenic factors, such as
VEGF, and positively regulates vascular maturation factors, like
PDGFR-B and TGF-B [12,13]. Thus, anti-Dll4 therapy results in
increased vascularization with decreased vascular maturation
and, therefore, decreased vascular function [14]. We hypothesized
that Dll4/Notch inhibition has a dose-dependent manner such
that it may be possible to modulate vascular response to achieve
pro-angiogenic outcome. Thus a modest increase in functional
vascular proliferation can occur in which vessels grow orderly,
form lumen and are able to carry blood flow. Here we provide
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in vivo evidence supporting the use of anti-DIl4 therapy to in-
crease vascularization without decreasing vascular function, and
thus improve the recovery from acute vascular ischemia and tis-
sue injury.

2. Materials and methods
2.1. Experimental animals

All procedures involving animals in this study were approved
by the Institutional Animal Care and Use Committee of the Univer-
sity of Southern California or the Faculty of Veterinary Medicine of
Lisbon Ethics and Animal Welfare Committee. The generation of
DIi4*~ (Dll4/LacZ) mice on CD1 background has been reported pre-
viously [7]. DIl4 conditional gain-of-function mice, tetO7-DIl4 [12],
were crossed with Tie2-rtTA mice. Doxycycline (4 mg/mL in drink-
ing water starting from 5 days before surgery) was given to double
transgenic offspring throughout the experiment, inducing endo-
thelial-specific transgene expression. The control mice have the
same DIl4 gain-of-function genotype but were not induced with
doxycycline.

2.2. Hindlimb ischemia model

Hindlimb ischemia was performed as previously described [15].
Briefly, 12-week old Swiss Webster mice were anesthetized by
intraperitoneal (i.p.) administration of 100 mg/kg of ketamine
and 10 mg/kg of xylazine. Both the proximal portion of the femoral
artery and the distal portion of the saphenous artery in the right
leg were ligated with 7-0 suture. Branches between the two sites
were ligated and all arteries in between were excised. After liga-
tion, the mice received i.p. administration of DIl4-Fc (0.75, 2.5, or
10 mg/kg) or PBS twice a week for 4 weeks. DII4-Fc was produced
in mammalian cells and purified as described previously [16].
There were four animals per group. Animals were taken for micro-
bubble ultrasound study after one week and sacrificed for histolog-
ical analysis after 4 weeks.

2.3. VEGFR2-targeted microbubble ultrasound

The VEGFR2-targeted microbubble ultrasonographic contrast
agent (UCA) was purchased from VisualSonics (Toronto, Ontario,
Canada) and prepared as instructed. Mice were anesthetized with
1.5% isoflurane and restrained on a heated stage during the exam-
ination. The ultrasound transducer transmits at a central frequency
of 40 MHz with a focal area of interest of 9 x 9 mm. A surgically
implanted 26-gauge jugular vein catheter was used for injections.
Each mouse received a 50 pL bolus of an isotype control antibody
conjugated microbubble UCA (containing 3.8 x 107 microbubbles)
followed by a 50 pL saline flush. The contrast agent was allowed to
circulate for 4 min after each injection, providing sufficient time for
binding of microbubbles. After 4 min, images were acquired with a
resolution of 17 frames per second, followed by a high-power
ultrasonic destruction (20 cycles, 10 MHz, mechanical index of
0.59). The system was then reset and images were acquired with
the same imaging parameters as above. After 15 min the above
procedures were repeated using VEGFR2 antibody conjugated
microbubble. The UCA signal difference before and after destruc-
tion was used to estimate the relative VEGFR2 expression level
[17]. Images were analyzed with the Vevo 770 scanner software
(VisualSonics). The UCA used in this study showed no notable tox-
icity because all test animals recovered without complications
after the procedure.

2.4. Myocutaneous skin flap procedure

Male mice of 10-15 weeks of age (4 mice per group) were used.
Briefly, mice were shaved on the back and anesthetized with tri-
bromoethanol. 2 x 2 cm Myocutaneous flaps were raised and de-
tached on all four sides, and then sutured back in place. Flaps
were photographed from the day of surgery (day 0) to serve as ref-
erence, and every day until the wound healed. On day 7 mice were
again anesthetized and photographed under a stereomicroscope so
that the scale was the same for all mice. The percentage of live tis-
sue area versus total flap area was analyzed with Image] (NIH).

2.5. Immunohistochemistry

On each end-point mice were sacrificed and samples from the
living tissue of the ischemic hindlimb or the flaps were collected,
fixed in 4% paraformaldehyde (PFA) at 4 °C for 1 h, cryoprotected
in 15% sucrose, embedded in 7.5% gelatine, frozen in liquid
nitrogen and cryosectioned at 10 um. Immunostaining of platelet
endothelial cell adhesion molecule (PECAM) was performed to
show vascular density, while staining of pericyte marker NG2
and smooth muscle cell marker alpha smooth muscle actin
(a-SMA) was performed to examine vessel maturity. The rat
anti-mouse PECAM antibody was from BD Pharmingen (San Jose,
CA), rabbit anti-mouse NG2 antibody was from Chemicon
(Temecula, CA), and rabbit anti-mouse a-SMA antibody was from
Abcam (Cambridge, UK). Hypoxyprobe-1 and hypoxyprobe anti-
body (Chemicon, Temecula, CA) were used to stain hypoxic areas.
Species-specific secondary antibodies conjugated with Alexa Fluor
488 or 555 were from Invitrogen (Carlsbad, CA). For immunofluo-
rescence staining, the tissue sections were incubated with primary
antibody overnight at 4 °C and secondary antibody for 1 h at room
temperature. Nuclei were counterstained with 4/,6-diamidino-2-
phenylindole dihydrochloride hydrate (DAPI; Molecular Probes,
Eugene, OR). Fluorescent immunostained sections were examined
under a Leica DMRA2 fluorescence microscope with Leica HC PL
Fluotar 10 and 20x /0.5 NA dry objective, captured using Photomet-
rics CoolSNAP HQ, (Photometrics, Friedland, Denmark), and
processed with Metamorph 4.6-5 (Molecular Devices, Sunnyvale,
CA). Images were analyzed with NIH Image] 1.37v. Vessel density
corresponds to the percentage of each section field occupied by a
PECAM-positive signal. To measure vascular maturity, mural cell
recruitment was assessed by quantifying the percentage of
PECAM-positive structures lined by a-SMA-positive coverage.

2.6. Vascular perfusion

To mark vessel perfusion in the ischemic hindlimb model, Rho-
damine Ricinus communis agglutinin I (RCA) from Vector Labora-
tories (Burlingame, CA) (0.5 mg in 100 pl) was injected into the
tail vein and allowed to circulate for 7 min before the mice were
euthanized. The calf muscle was harvested, frozen on dry ice and
stored at —80 °C until analysis.

To mark vessel perfusion in the skin flap model. tribromoetha-
nol anesthetized mice were injected with Biotin-conjugated lectin
from Lycopersicon esculentum (100 pg in 100 ul of PBS; Sigma, St.
Luis, MO) via caudal vein and allowed to circulate for 5 min before
the mouse was transcardially perfused with 4% PFA in PBS for
3 min. Flap samples were collected and processed as described
above. Biotinylated lectin was visualised with Streptavidin-Alexa
488 (Invitrogen, Carlsbad, CA). The images were obtained and pro-
cessed as described above. Myocutaneous flap perfusion was quan-
tified by determining the percentage of PECAM-positive structures
that were colocalized with lectin positive area.
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2.7. Quantitative PCR analysis

Tissue samples were collected by dissecting living skin flap tis-
sue from experimental mice on day 7 of the experiment and snap
frozen in liquid nitrogen until RNA extraction (Qiagen RNeasy).
First-strand cDNA was synthesized using a SuperScript III First-
Strand Synthesis Supermix (Invitrogen, Carlsbad, CA). Real-time
PCR analysis was performed as previously described [12], using
specific primer pairs. Primer sequences are available upon request.
Gene expression was normalized to $-actin.

3. Results

3.1. Microbubble ultrasound analysis indicates improved perfusion
and increased VEGFR2 by DIl4-Fc treatment

Microbubble ultrasound technique has been used to determine
the vascular perfusion in vivo, while a vascular endothelial growth
factor receptor 2 (VEGFR2)-targeted ultrasonographic contrast
agent (UCA) has been used to determine the extent of VEGFR2
expression in tumor vasculature [17]. A bolus of the UCA was in-
jected and allowed to circulate, followed by acquisition of two sets
of images before and after a high-power ultrasonic destruction se-
quence. The perfusion status in the ischemic hindlimb is reflected
by the signal intensity of non-targeted UCA, while the VEGFR2 le-
vel in the vasculature is reflected by the extent of the decrease of
VEGFR2-targeted UCA signal when all VEGFR2 bound microbub-
bles are destroyed by the ultrasonic destruction sequence. In this
study, the mice with ischemic hindlimb received 2 doses of
Dll4-Fc in one week immediately after femoral artery ligation. As
shown in Fig. 1C, top panel, the isotype control antibody
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conjugated (non-targeted) UCA signal was significant higher in
2.5 mg/kg DIll4-Fc treated ischemic hindlimb compared to PBS
treated hindlimb (Fig. 1A), close to the lateral control hindlimb
(Fig. 1E). This implicates significantly improved perfusion after
2.5 mg/kg Dll4-Fc treatment. However, 0.75 mg/kg DIl4-Fc treat-
ment had no significant benefit on the perfusion (Fig. 1B), and
10 mg/kg Dll4-Fc treatment led to decreased perfusion (Fig. 1C)
compared to PBS group. In terms of VEGFR2-targeted UCA signal,
it is higher than the non-targeted UCA only in 2.5 mg/kg Dll4-Fc
treated hindlimb (Fig. 1C). In addition, destruction of microbubble
led to a more significant drop of VEGFR2-targeted UCA signal in
2.5 mg/kg Dll4-Fc treated hindlimb compared to all other groups
(Fig. 1A-E). These indicate that the VEGFR2 level was markedly
increased in 2.5 mg/kg Dll4-Fc treated hindlimb compared to PBS
group, and the higher (10 mg/kg) or lower (0.75 mg/kg) doses of
DIl4-Fc did not induce VEGFR2 expression. Based on these results,
only 2.5 and 0.75 mg/kg doses were chosen for later experiments.

3.2. Dll4-Fc facilitates the recovery of ischemic hindlimb

After the ligation of right femoral artery, the mice were intra-
peritoneally injected with PBS or DII4-Fc (0.75 or 2.5 mg/kg, two
times a week) for 4 weeks. In the PBS treated control group, the li-
gated foot developed signs of vascular insufficiency including pale
color, tissue damage, ulceration, and even auto-amputation of toes
(Fig. 2A, left). In contrast, the mice treated with 2.5 mg/kg DIl4-Fc
did not show overt signs of ischemia in the foot (Fig. 2A, right).
0.75 mg/kg sDII4-Fc also showed protection from signs of vascular
insufficiency, but to a less extent (Fig. 2A, middle). The statistics
analysis of the ischemic appearance score of the animal feet
(Fig. 2B) shows that 2.5 mg/kg DIll4-Fc treatment significantly
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Fig. 1. DIl4-Fc increased perfusion and VEGFR2 expression in ischemia model based on VEGFR2 micro-ultrasound analysis. After femoral artery ligation, the mice with
ischemic hindlimb received 2 doses of PBS (A), 0.75 mg/kg D1l4-Fc (B), 2.5 mg/kg DIl4-Fc (C), and 10 mg/kg Dll4-Fc (D) in a week. Isotype control antibody or VEGFR2 antibody
conjugated UCA was injected and 2 sets of images of the hindlimb were taken, before and after a high-power ultrasonic destruction sequence (indicated by a black arrow in
the top graphs). The measured UCA signal intensity was shown on the top. The representative ultrasound images of hindlimb after VEGFR2 targeted UCA injection were
shown on the bottom. Images are superimposed on gray scale B-mode images of the hindlimb. The unligated hindlimb (lateral ctrl) was used as a control showing normal

perfusion (E).
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Fig. 2. DIl4-Fc facilitated the recovery from ischemia by promoting angiogenesis and perfusion. (A) Representative pictures showing that the ligated right foot in PBS,
0.75 mg/kg DIl4-Fc, or 2.5 mg/kg DIl4-Fc treated mice. (B) DIl4-Fc treatment improves ischemic foot appearance score. Scale: 0 = normal, 1 = pale foot or gait abnormalities,
2 = necrosis in one toe, 3 = necrosis in more than one toes or toenails falloff, 4 = toe auto-amputation; n = 4 per group. Statistics analysis was done with student T-test, 2 tails,
and two-sample unequal variance. (C) Haematoxylin Eosin staining of the ischemic mouse calf tissue. The unligated left foot treated with 2.5 mg/kg DIl4-Fc is shown as
“lateral ctrl”. (D) The mouse muscle tissue was stained with PECAM (endothelial cell marker) antibody, NG2 (pericytes marker) antibody, and hypoxia probe (marking the
hypoxia area). Nuclei were counterstained with DAPL The quantification result of the positive areas was shown in (E). (F) Confocal images showing the perfusion (RCA) as well

as blood vessels and pericytes. Bar = 20 pm.

(P=0.003) improved the recovery from ischemia. Tissue analysis
revealed that the PBS treated ligated hindlimb had sparse muscle
component, while 0.75 mg/kg DIl4-Fc treatment led to increased
muscle tissue density (Fig. 2C). With 2.5 mg/kg DIl4-Fc treatment,
the muscle structure was very similar to the contra-lateral unligat-
ed hindlimb control (lateral ctrl) (Fig. 2C).

3.3. Immunofluorescence staining reveals that DIl4-Fc promotes
angiogenesis and perfusion in ischemic hindlimb

Four weeks after femoral artery ligation, the mice were sacri-
ficed and the calf muscle tissue was collected for immunofluores-
cence analysis. PECAM staining indicated that the vessel density
increased with the increasing dose of DIl4-Fc (Fig. 2D). Pericyte
(NG2 positive cells) numbers also increased in a dose dependent
manner to DII4-Fc (Fig. 2D). Ischemia leads to profound tissue hy-
poxia. The hypoxia probe staining demarcates the regions of hy-
poxia and this response was prevented by DIl4-Fc in a dose
dependent manner (Fig. 2D). The statistical analysis of the immu-
nostaining signals is shown in Fig. 2E. The confocal imaging of per-
fusion (RCA), blood vessels (PECAM), and pericytes (NG2) show
that in PBS and 0.75 mg/kg DIl4-Fc treated group, many blood ves-
sels were not covered by pericytes and some were not perfused
(Fig. 2F). In contrast, in 2.5 mg/kg DIl4-Fc treated group, most of

the blood vessels were covered by pericytes and well perfused
(Fig. 2F).

3.4. Dll4-Fc treated mice displayed improved tissue revascularization
in skin flap model

The above results suggest that inhibition of DIl4-Notch signal-
ling with DIl4-Fc can promote angiogenesis while allowing
perfusion. However, in hindlimb ischemia model, the delivery of
DIl4-Fc to the large ischemic areas in the hindlimb is limited
because of the femoral artery ligation. That explains the relative
high dose of DII4-Fc needed to achieve efficient recovery in this
model, even though this dose is five to ten times lower than
needed to inhibit tumor growth. To test the pro-angiogenic activity
of DIl4-Fc, we tested a super-low dose in a dorsal skin flap model in
which delivery of the drug is not compromised. In this model a
myocutaneous flap is raised and detached on all four sides, and
then sutured back in place. Engraftment requires angiogenesis
and vascular reperfusion from the lateral unaffected skin into the
flap, reconnecting the vascular circuits. A dose of 0.05 mg/kg of
Dll4-Fc was tested and found to be effective in promoting engraft-
ment in this model in C57BL/6 mice. Mice were administered with
DIl4-Fc every 48 h from day 0 to 7 via i.p. injection. After 7 days
skin flaps in Dll4-Fc treated mice had more than twice area of
living tissue compared to their respective controls, 75% versus
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35% (Fig. 3A). In the control group, many of the PECAM positive
vessels were not perfused based on lectin staining (Fig. 3D). These
vessels could be vessels left in the skin flap after surgery, which
lacked the connection with the vasculature in the underlying tissue
and hence failed to be perfused (Fig. 3D). Dll4-Fc treated skin flaps
had 50% more blood vessels compared to their respective controls
(Fig. 3B). All these blood vessels were covered with smooth muscle
cells (Fig. 3C) and were perfused well (Fig. 3D). This indicates that
new vessels sprouting from underlying tissue migrated into skin
flap and established network with the vascular remnants.

In order to study biomarkers and surrogate markers of response
for the observed phenotype we performed quantitative RT-PCR
analysis of selected angiogenesis related genes (Fig. 3E). RNA was
extracted from living skin flap tissue. Expression levels were cor-
rected for PECAM-1 mRNA levels to compensate for variations in
vascular density between samples. DIl4 expression was slightly re-
duced in DII4-Fc treated skin flaps, probably reflecting the similar
reduction observed in VEGF-A expression levels, which is one of
its main inducers, although differences were not statistically sig-
nificant. Reduced Hey2 expression levels confirmed the inhibitory
effect of DIl4-Fc on Notch signaling. Ephrin-B2 expression was
slightly reduced. VEGF-C expression was increased. Among the
VEGF receptors, expression of VEGFR1 was decreased and expres-
sion of VEGFR2 and VEGFR3 was increased, indicating a trend to in-
crease the angiogenic potential.

3.5. Skin flap tissue of DIl4*~ mice displayed improved survival

To further address the D114 dose dependent function in the reg-
ulation of myocutaneous flap reperfusion in genetic models, we
used both DIl4”~ mice and endothelial-specific DIl4 gain-of-func-
tion mutant mice. DIl4*~ mice were found to have a higher percent-
age of living myocutaneous flap tissue than their control mice, 75%

versus 25% (Fig. 4A). Vascular density in DII4”~ mice was almost
60% higher than in controls (Fig. 4B) although smooth cell recruit-
ment was impaired (Fig. 4C). Mice overexpressing DII4 in endothe-
lial cells (DII40E) underwent the same surgical procedure but
displayed impaired revascularization and therefore poorer out-
comes in myocutaneous flap recovery. After 7 days DII4OE mice
had less than 10% of the skin flap still alive, whereas controls dis-
played approximately 30% (Fig. 4D). Skin flap vasculature in DII4OE
mice was less dense than in their respective controls (Fig. 4E) but
smooth muscle cell recruitment was enhanced (Fig. 4F).

4. Discussion

Dll4 inhibits angiogenesis by down-regulating VEGF receptor
expression. Inhibition of DIl4 paradoxically inhibited tumor
growth while increasing angiogenesis. New vessels however had
poor maturation, and were mostly non-perfused, thus reducing tu-
mor vascular function and leading to increased hypoxia, tumor
apoptosis and necrosis. We postulated since DII4/Notch inhibition
has a negative correlation with vessel maturation and positive cor-
relation with vessel proliferation, there may exist a maturation
threshold and a proliferation threshold. When high dose Dll4/
Notch inhibitor is used, the vessel maturation is below its thresh-
old, leading to non-functional vessels and poor perfusion, even
though the vessels are highly proliferating (Fig. 4G, blue area).
When very low dose DIl14/Notch inhibitor is used, the vessel prolif-
eration is below its threshold, leading to insufficient neovasculari-
sation and poor perfusion (Fig. 4G, green area). However, when
low/intermediate dose of DIl4/Notch inhibitor is used, the vessel
maturation is above its threshold, allowing perfusion as well as in-
crease in vascular proliferation (Fig. 4G, red area). Therefore, the
low/intermediate dose DIl4-Fc may be used to promote reperfu-
sion and facilitate the recovery from ischemia.
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We thus sought out to test the activity of various doses of D114~
Fc in hindlimb ischemia model and dorsal skin flap model. We
found that low dose DIl4-Fc can promote the growth of new vessels
and yet these vessels are mature and functional, leading to better
perfusion and less hypoxia. Thus both ischemic hindlimb and skin
flap recovered much faster when treated with low dose DII4-Fc.
Quantitative RT-PCR analysis revealed that DIl4/Notch signalling
blockage leads to increased expression of pro-angiogenic factors,
such as VEGFC. VEGFR2/VEGFR1 ratio in endothelial cells is also
increased, consistent with the general outcome of DII4 blockade
and also predicting elevated pro-angiogenic response. This in-
crease in VEGFR2 is also confirmed in a VEGFR2-targeted micro-
bubble study. In addition, VEGFR3 expression is also increased,
again contributing to the increased vascular responsiveness and
sprouting. However, elevated angiogenesis is not accompanied by
much impaired vessel maturation, which is normally seen in high
dose inhibition of D114 signalling. In fact, pericytes/smooth muscle
coverage on newly formed blood vessels is almost intact and the
expression of Ephrin-B2, a marker for arterial endothelial and
mural cell is not affected.

Results from our models of DIl4 gain- and loss-of-function
confirmed the importance of DIl4 dosage in the regulation of
angiogenesis and vessel maturation. DIl4”~ mice were revealed

to have improved skin flap revascularization, although impaired
vascular maturation, leading to a 2.7-fold increase in live tissue
after days, relative to control mice. DII4OE mice had reduced skin
flap revascularization with improved vascular maturation, leading
to a 4-fold reduction in skin flap survival. Taken together, these re-
sults suggest the low dose of DIl4/Notch inhibitor may have the
therapeutic potential for promoting revascularization and reperfu-
sion of ischemic tissues.
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