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Pericytes promote selective vessel regression to regulate vascular patterning
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Blood vessel networks form in a 2-step
process of sprouting angiogenesis fol-
lowed by selective branch regression and
stabilization of remaining vessels. Peri-
cytes are known to function in stabilizing
blood vessels, but their role in vascular
sprouting and selective vessel regres-
sion is poorly understood. The endosialin
(CD248) receptor is expressed by peri-
cytes associated with newly forming but
not stable quiescent vessels. In the pres-
ent study, we used the Endosialin~'-
mouse as a means to uncover novel roles

for pericytes during the process of vascu-
lar network formation. We demonstrate in
a postnatal retina model that Endosia-
lin—'- mice have normal vascular sprout-
ing but are defective in selective vessel
regression, leading to increased vessel
density. Examination of the Endosialin—'-
mouse tumor vasculature revealed an
equivalent phenotype, indicating that peri-
cytes perform a hitherto unidentified func-
tion to promote vessel destabilization and
regression in vivo in both physiologic
and pathologic angiogenesis. Mechanisti-

cally, Endosialin~'- mice have no defect
in pericyte recruitment. Rather, endosia-
lin binding to an endothelial associated,
but not a pericyte associated, basement
membrane component induces endothe-
lial cell apoptosis and detachment. The
results of the present study advance our
understanding of pericyte biology and
pericyte/endothelial cell cooperation
during vascular patterning and have im-
plications for the design of both pro-
and antiangiogenic therapies. (Blood.
2012;120(7):1516-1527)

Introduction

The expansion of existing blood vessels, known as angiogenesis, is
a critical process that occurs in response to an insufficient supply of
nutrients and oxygen during development and tissue regeneration.
The deregulated generation and abnormal remodeling of blood
vessels can promote the expansion of tumors or fail to restore
tissue oxygenation adequately, contributing to ischemic disease
progression (eg, in diabetic retinopathy). Therefore, the identifica-
tion of the cellular and molecular targets for therapeutic strategies
to influence vascular network formation and remodeling is of
considerable clinical importance.!?> Angiogenesis is initiated in
response to local production of proangiogenic factors, in particular
VEGF-A, which promote new vascular sprout formation by
the induction and migration of leading tip cells and by stimulating
the proliferation of neighboring stalk cells. In addition, VEGF-
mediated regulation of the Delta-like 4/Notchl signaling pathway
ensures the correct spatiotemporal coordination of tip versus
stalk cell specialization required for organized patterning of
new vascular networks.? Subsequent to sprouting angiogenesis,
the initial vascular plexus is remodeled extensively. Key to this
remodeling is the pruning of unwanted capillaries through selective
branch regression. The remaining vessels mature and are stabilized,
which marks the end of vessel plasticity and reflects the quiescent
state of the new hierarchical vascular network. With the exception
of the complete regression of the hyaloid vessels during develop-
ment,* the detailed mechanisms of vascular pruning are poorly
understood.

Blood vessels consist of 2 interacting cell types, endothelial
cells and surrounding mural cells. Pericytes are mural cells that
share a common basement membrane with endothelial cells, where
they communicate with each other via physical contact and
paracrine signaling pathways.®® It is known that interactions
between pericytes and endothelial cells are required for vessel
survival, maturation, and stabilization, and the importance of the
Angl-Tie2 paracrine signaling pathway in this process has been
documented extensively.>!? In keeping with this, it has been
demonstrated in mature quiescent vessels in both mouse models
and human disease states that disruption of the pericyte-endothelial
cell interactions leads to destabilization of the then-unprotected
vessels, which revert to a more plastic state and undergo wide-
spread regression. 13

The determination of the function of pericytes in early vascular
patterning events, including sprouting angiogenesis and vascular
pruning, has been hampered, at least in part, by the fact that
pericytes constitute a heterogeneous population of cells that lack
adequate and specific markers. For example, using a-smooth
muscle actin («SMA) to identify pericytes in the developing retina,
it was suggested that pericyte coverage occurs only in the later
stages of network formation associated with stabilizing and mature
vessels and that the lack of pericyte coverage defines a vascular
plasticity window.!! However, more recent studies using panels of
pericyte markers have shown that pericytes are already abundant in
actively sprouting and remodeling vascular plexi, so their presence
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per se does not mark vessel stability.!>!417 This finding highlights
the need to investigate the relationship of the mechanistic contribu-
tion of this early pericyte investment to physiologic and pathologic
angiogenesis and vascular remodeling.

Endosialin (CD248) is a type I transmembrane glycoprotein the
expression of which in the vasculature is restricted to pericytes.
Moreover, endosialin is expressed on newly forming vessels in
developing tissues and a wide variety of tumors, but its expression
is strongly down-regulated on resting, adult vessels.'$-23 Given this
unique expression pattern, in the present study we investigated both
developmental and tumor angiogenesis in wild-type and Endosia-
lin™'~ mice to address a fundamental and unexplored biologic
question: do pericytes have active functions during sprouting
angiogenesis and vascular pruning?

Methods

Cells and Abs

Immortalized mouse skin endothelial cells (SEND) were cultured in
Dulbecco’s modified Eagle’s medium (DME) supplemented with 10% FCS
and 2mM L-glutamine. For transfection with siRNA oligonucleotides,
SEND cells were plated in antibiotic-free medium and transfected the next
day with Dharmacon SMARTpool siRNAs against mouse urokinase
plasminogen activator (uPA; Plau: M-060180-00) and/or urokinase plasmin-
ogen activator receptor (uUPAR; Plaur: M-061572-01) or nontargeting
control SMARTpool siRNA (D-001206-13) at a final concentration of
100nM using oligofectamine (Invitrogen) in serum-free medium for
4 hours before replacement with full growth medium. For protease inhibitor
treatment, SEND cells were cultured for 48 hours in the presence of
25 wg/mL of amiloride (Merck) or 400 U/mL of aprotinin (American
Diagnostica). Human umbilical cords were donated by the Department of
Obstetrics, Queen Charlotte’s Hospital (London, United Kingdom). The use
of human endothelial cells conforms to the principles outlined in the
Declaration of Helsinki and was approved by the Hammersmith Hospital’s
(London, United Kingdom) research ethics committee (reference number
06/Q0406/21). Human umbilical vein endothelial cells (HUVECs) were
isolated as described previously?* and cultured in M199 medium (Sigma-
Aldrich) supplemented with 20% FCS and 10 p.g/mL of heparin (Sigma-
Aldrich), 20 wg/mL of endothelial cell growth supplement (Serotech), and
2mM L-glutamine on 0.1% gelatin (Sigma-Aldrich)—coated dishes. For
VEGF-A stimulation, 2 X 10* HUVECs were cultured on endosialin
extracellular domain (ES-Fc; amino acids 1-369)— or control human IgG;
(hFc)—coated 6-well plates for 48 hours, serum starved for 2 hours, and
stimulated with 40 ng/mL of VEGF-A164 (R&D Systems) for the indicated
times. HUVECs were used between passages 2 and 5.

The polyclonal anti-endosialin Ab P13 has been described previously.'®
Anti-mouse NG2 polyclonal Ab was a kind gift of Bill Stallcup (Burnham
Institute for Medical Research, La Jolla, CA). The following Abs and
reagents were obtained commercially: mouse collagen IV (Millipore or
Acris Antibodies), mouse fibronectin (Abcam), FITC—annexin V, ICAM-2
(clone 3C4) and mouse CD31 (clone MEC 13.3; BD Biosciences), mouse
endomucin (Santa Cruz Biotechnology), aSMA, FITC-hFc, Cy3-hFc,
a-tubulin, and phospho-ERK1/2 (Sigma-Aldrich), VEGFR2, Tyrl175-
phosphorylated VEGFR2, ERK1/2, and activated caspase-3 (Cell Signaling
Technology), FITC-isolectin B4 (Vector Laboratories), anti-glial fibrilliary
acidic protein (GFAP), Alexa Fluor 488-isolectin B4, Alexa Fluor—
conjugated secondary Abs (Invitrogen), and HRP-conjugated secondary
Abs (Jackson ImmunoResearch Laboratories).

Mice

Endosialin~'~ mice> were backcrossed from a mixed 129/SvJ background
into the C57BL/6 background. All procedures were in accordance with
United Kingdom Home Office legislation.
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Microscopy

Fluorescent images were collected sequentially in 3 or 4 channels on a
Leica Microsystems TCS-SP2 or Zeiss LSM 710 confocal microscope.
Within each experiment, all images were taken at the same settings. Unless
otherwise indicated, a series of 0.5- to 1-pum optical sections were collected
and the maximum projections are shown in the figures. Images were
exported from the Leica or Zeiss Zen software into Adobe Photoshop
Version 10.0.1 software. Phase contrast images were collected on an
Olympus IX70 microscope.

Isolation and immunostaining of mouse retina

Retinal whole mounts were prepared as follows. After 5 minutes of fixation
in 4% paraformaldehyde, the sclera was dissected in 2X PBS and the lens
and vitreous removed. The retinas were fixed in 4% paraformaldehyde for
1 hour and then permeabilized in 2X concentrated PBS/2% FCS/0.5%
Tween 20/3% Triton X-100 for 1 hour. Immunostaining with primary Abs
was performed overnight at 4°C. The following day, retinas were washed
2 times for 5 minutes each in PBS and incubated with secondary Abs for
3-5 hours at 4°C. Retinas were mounted in 8 pL of Vectashield (Vector
Laboratories) in CoverWell Imaging chambers (Stratagene) and images
captured using 10X (HCPLAPOCS NA 0.4; Leica or EC Plan-Neofluar NA
0.3; Zeiss), 20X (HCPLAPOCS NA 0.7; Leica or EC Plan Neofluar NA 0.5;
Zeiss), or 40X (HCXPLAPO NA 1.25; Leica or EC Plan Neofluar NA 1.3;
Zeiss) lenses. To measure vessel density, images were changed into gray
scale and quantified using either the Metamorph Version 7.5 software
(Molecular Devices) “angiogenesis tube formation tool” or branch points
were counted manually as described previously.? For P2-P4 retinas,
4 fields of view (440 pm X 440 wm; Figure 2A boxes and supplemental
Figure 3A, available on the Blood Web site; see the Supplemental Materials
link at the top of the online article) per retina representing the central
capillary plexus were quantified. For P7 retinas, = 4 fields of view (277 pm
X 277 wm) were collected in 5 different areas of the retina, as illustrated in
supplemental Figure 4. For quantification of vessel density in the sprouting
plexus (Figure 4A asterisk), 8 fields of view (157 pm X 157 wm) were
analyzed. Retinal expansion was measured in low-power Adobe Photoshop
images taken with a 5X lens, and are represented as the distance migrated
from the center of the optic disc as a percentage of the retinal diameter. To
quantify the number of empty sleeves (collagen IV positive and isolectin B4
negative) and apoptotic vessels (defined as those in which the endothelial
cells had intracellular activated caspase-3 staining), = 4 micrographs
(515 wm X 515 wm) were taken in the remodeling plexus.

Aortic ring outgrowth assay

Assays were performed as described previously.?” Briefly, thoracic aortae
from 6- to 12-week-old 129/Sv] mice were dissected, cleaned from fatty
tissue, transversely cut into rings, and incubated overnight in serum-free
OptiMEM medium (Invitrogen) at 37°C in 8% CO,. The next day, rings
were mounted in 60 wL of 1.1 mg/mL acid-solubilized rat tail type I
collagen (BD Biosciences) in DME with 1 ring per well of a 96-well plate.
After collagen polymerization, 180 wL of DME plus 2.5% FCS (Autogen
Bioclear) and 30 ng/mL of VEGF-A164 were added. The culture medium
was changed every 48 hours. After 6 days in culture, rings were fixed for
1 hour in 4% paraformaldehyde, permeabilized for 30 minutes with 0.5%
Triton X-100, and, where indicated, immunostained. Rings were mounted
in 8 nL of Vectashield in CoverWell Imaging chambers. For phase-contrast
microscopy, 4 or 5images per aortic ring (representing the entire aortic
ring) were taken with a 10X (PhC, ¢ plan, NA 0.15) lens of the Olympus
IX70 microscope. Images were imported into Adobe Photoshop and sprout
number, length, and branch points measured.

Tumor xenografts

B16-FO melanoma cells (5 X 10°) resuspended in 100 L sterile PBS were
injected subcutaneously into C57BL/6 Endosialin™* or Endosialin™'~
mice. Tumors were harvested after 7 or 14 days, fixed overnight in 4%
paraformaldehyde, paraffin embedded, and sections cut at 3 levels (25%,
50%, and 75%) through the tumor. To quantify vessel density and the
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number of collagen IV—positive, endomucin-negative empty sleeves,
= 6 micrographs per section with a field size of 750 pm X 750 wm were
taken in the nonnecrotic areas.

Fc constructs

Soluble Fc constructs (illustrated in supplemental Figure 8A) contained the
C-type lectin-like domain, the sushi domain, and the 3 EGF repeats of the
mouse ES-Fc or the CD44 extracellular domain containing the R41A
mutation to prevent hyaluronan binding (CD44-Fc).?® Fc constructs were
expressed and purified as described previously.!® Endotoxin levels as
measured using the kinetic LAL turbidimetric assay (Associates of Cape
Cod International) were < 0.1 EU of endotoxin/pg. hFc was purchased
from Sigma-Aldrich. To coat plates, wells were incubated with 1 pwg/mL of
ES-Fc, CD44-Fc, or hFc in 0.05M carbonate/bicarbonate buffer overnight
at 4°C. Plates were washed and coated with 0.1% gelatin (BD Biosciences).
For binding assays, aortic rings cultured for 6 days were incubated without
fixation with 10 pg/mL of ES-Fc, CD44-Fc, or hFc for 1 hour at 37°C in
DME. Frozen embryos were fixed with 4% paraformaldehyde and incu-
bated with 50 wg/mL of ES-Fc overnight at 4°C. After fixation, Fc construct
binding was detected with FITC-anti-Fc or Cy3-anti-Fc and cells counter-
stained with Alexa Fluor 555—phalloidin and DAPI. ES-Fc binding was
quantified using the histogram quantification tool of the Leica confocal
software. The mean number of pixels measured in the 488 channel (ES-Fc
binding) was normalized against the number of cells (ie, the mean number
of pixels retrieved from the DAPI staining: the 405 channel).

Apoptosis and cell detachment

For annexin V staining, HUVECs or C3H/10T1/2 mouse embryonic
mesenchymal cells were cultured for 48 hours, serum starved for 2 hours,
and then incubated with 20 ng/mL of VEGF-A164 plus 50 p.g/mL of ES-Fc
or hFc for 3 hours. Cells were trypsinized, washed twice with PBS, stained
with FITC-annexin V and propidium iodide for 15 minutes at room
temperature, and analyzed in an LSRII FACS analyzer (BD Biosciences). In
detachment assays, HUVEC were cultured for 48 hours, incubated in
serum-free medium for 2 hours, and then treated with medium containing
10 ng/mL of VEGF-A164 and 2% FCS in the presence of 100 pg/mL of
hFc, ES-Fc, or CD44-Fc.

Statistical analyses

The Prism Version 5 statistical package (GraphPad) was used for statistical
analyses. Unless otherwise stated, numerical data are expressed as means
+ SEM. Experiments were analyzed with the unpaired Student ¢ test. All
tests were 2-tailed with a confidence interval of 95%. Where multiple
comparisons were made, 1-way ANOVA with Bonferroni posttest and a
confidence interval of 95% was used.

Results

Endosialin-deficient mice have incr d retinal v

| density

To investigate the role of endosialin in sprouting angiogenesis and
vascular remodeling, initially we used the postnatal mouse retina
model of developmental angiogenesis. During the first 8 days after
birth, angiogenic blood vessels emerge from the optic disc and
spread radially around the back of the retina. The advantage of this
model is that it allows examination of sprouting angiogenesis,
vascular remodeling, and maturation in a single preparation.? In
wild-type mice, low-level expression of endosialin is detected on
pericytes as early as postnatal day 2 (P2; Figure 1A). This
expression increases during the first few days of retinal develop-
ment so that by P4, endosialin is expressed strongly (Figure 1A-B)
and its expression remains elevated throughout the later stages of
retinal development (supplemental Figure 1). Endosialin expres-
sion is detected on pericytes throughout the developing superficial
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vascular plexus from the optic disc to the retinal periphery (Figure
1 and supplemental Figure 1), and at all postnatal stages examined,
all pericytes coexpressed endosialin and the alternative pericyte
marker NG2 (Figure 1C and supplemental Figure 2). Consistent
with previous results,!®20-2230 no endosialin expression was de-
tected on the vascular endothelial cells (Figure 1D).

Examination of the central capillary plexus adjacent to the optic
disc of C57BL/6 Endosialin™'*, Endosialin*'~, and Endosialin~'~
mice revealed a clear increase in retinal vessel density in Endosia-
lin™'~ retinas (Figure 2). This phenotype was also observed in
129/Sv] mice (supplemental Figure 3), indicating a strain-
independent effect. Quantification of vessel density using either the
angiogenesis tube formation tool (Figure 2B and supplemental
Figure 3B) or manual counting of the vascular branch points
(Figure 2C) showed a significant increase in vascular density at P3
and P4 and a clear trend at P7 in the Endosialin™'~ retinas. This
trend in increased vessel density was also observed further out in
the Endosialin™'~ P7 retinas (supplemental Figure 4 regions 2 and
3), but not in the outer regions (regions 4 and 5). This phenotype
was not because of failure of pericyte recruitment or distribution,
because NG2 staining revealed no detectable difference in pericyte
coverage between the Endosialin*'*, Endosialin™'~, and Endosia-
lin~'~ retinas (Figure 2D and supplemental Figure 3A).

Loss of endosialin leads to a defect in aortic ring vascular
outgrowths

To assess whether the vascular defects associated with the loss of
Endosialin were recapitulated in an independent model, we exam-
ined angiogenesis from ex vivo aortic rings of adult animals. In
wild-type aortic ring explants, the vascular sprouts contained an
inner core of isolectin B4-positive endothelial cells surrounded by
closely associated endosialin-positive pericytes (Figure 3A). Within
6 days of explant culture, VEGF-dependent outgrowths of capillary
sprouts from the aortic rings were observed in both wild-type and
Endosialin~'~ mice. There was no significant difference in the
number of sprouts emanating from the rings; however, the Endosia-
lin~'~ aortae revealed a markedly different capillary outgrowth
pattern (Figure 3B and supplemental Figure 5). Sprouts were
longer in length, had an increased number of branch points, and
showed a more disorganized outgrowth pattern. As observed in the
retinal vasculature, lack of endosialin protein did not prevent
pericyte recruitment to the aortic ring capillary sprouts (data not
shown).

Loss of endosialin results in impaired selective vessel
regression

The increased vessel density observed in retinas of Endosialin™'~
mice (Figure 2 and supplemental Figure 3) may occur as a result of
increased sprouting activity at the vascular front and/or reduced
pruning of the initial primitive plexus through impaired selective
vessel regression. To address the former, a detailed analysis of the
sprouting plexus was undertaken. In the absence of endosialin, no
difference was detected in the number of tip cells or in the extent
and alignment of tip cell filopodia with the underlying astrocytic
network (Figure 4A) identified by expression of GFAP and low
level expression of NG2 (supplemental Figure 6). Further, in the
area situated immediately behind the leading tip cells (Figure 4A
asterisk), there was no significant difference in vessel density
between Endosialin®'* and Endosialin™'~ 129/Sv] mice or be-
tween Endosialin™™", Endosialin™~, and Endosialin~'~ C57BL/6
mice (Figure 4B), indicating that sprouting activity is not affected
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Figure 1. Expression of endosialin in the postnatal mouse retina. Whole-mount retinas from P2, P3, and P4 wild-type 129/SvJ mice were stained as follows.
(A) Anti-endosialin or anti-NG2 polyclonal Ab followed by Alexa Fluor 555 anti—rabbit Ig. Scale bar indicates 250 nm. (B) Anti-endosialin or anti-NG2 polyclonal Ab and Alexa
Fluor 555 anti—rabbit Ig (red), FITC—isolectin B4 (green), and DAPI (blue). Scale bar indicates 50 wm. (C) Anti-endosialin mAb 3K2L (supplemental Figure 2) and anti—rat
Ig (green), anti-NG2 and anti-rabbit Ig (red), FITC—isolectin B4 (white), and DAPI (blue). Scale bar 50 pm. (D) Anti-endosialin polyclonal Ab followed by Alexa Fluor
555—anti—rabbit Ig (red), FITC—isolectin B4 (green), and DAPI (blue). Endosialin expression is detected on pericytes (arrowheads) but not endothelial cells (arrows). Scale bar

indicates 25 um.

by loss of endosialin. In keeping with this notion, no significant
difference in radial expansion of the superficial vascular plexus was
observed between Endosialin™'* and Endosialin™'~ 129/SvJ mice
or between Endosialin*'*, Endosialin*'~, and Endosialin™'~
C57BL/6 mice (Figure 4C).

To investigate directly whether the Endosialin™'~ retinas have
an impairment in selective vessel regression, we examined the
remodeling plexus. Regressing endothelial cells leave empty
sleeves of matrix deposits rich in the basement membrane compo-
nent collagen IV.31-33 In the remodeling plexus, empty sleeves
(collagen IV positive and isolectin B4 negative) were clearly
detected in wild-type retinas and were prominent adjacent to the

arteries and in the more mature region of the plexus proximal to
the optic nerve (Figure 5A arrowheads) and denote regression
profiles. In Endosialin™~ and Endosialin™'~ retinas, there were
significantly fewer empty sleeves detected (Figure 5A), indicating
defective vessel regression. Therefore, the Endosialin™'~ pheno-
type is consistent with normal branching but defective regres-
sion of neocapillaries, leading to increased vascular density in
the remodeling plexus. Consistent with many of the defects
detected in retinal angiogenesis,>*3¢ the endosialin phenotype
resolves over time. The increased vascular density was still
observed in P7 Endosialin™'~ retinas in the remodeling plexus
adjacent to the optic nerve (region 1) and further out (regions 2 and
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Figure 2. Loss of Endosialin results in increased
vessel density. Retinas from littermate Endosialint/*,
Endosialin*'~, and Endosialin~'~ C57BL/6 mice were
stained with FITC—isolectin B4 and NG2 followed by
Alexa Fluor 555—anti-rabbit |g. (A) Low-power images of
P4 retinas with box indicating the field of view in the
central capillary plexus analyzed for quantification of
vessel density in panels B and C. (B) Quantification of
vessel density (Metamorph software tool)/100 pm?
+ SEM. (C) Quantification of vessel density (manual
counting of branch points)/100 um2 + SEM. Endosia-
lint/+: P2, n=5; P3, n=7; P4 n=5; P7, n=3.
Endosialint'~: P2, n=15; P3, n=4; P4, n=5; P7,
n = 7. Endosialin~/~: P2, n = 4; P3, n = 4; P4, n = 5;

P7,n = 5. (D) Confocal images of P4 retinas to illustrate

p=0.060 mm+/+

-
o
Il

p=0.065  p=0.001 p=0.011 4 /- p=0.065
— — — —

T

e
o
1

vessel density
[$,]

(Metamorph software tool)
©

N
o
1

o
I

o
i

p=0.020
~

r 1 m+/- no difference in NG2-positive pericyte coverage in Endo-
p=0.0827 5 _/- sialin*/*, Endosialin*'~, and Endosialin~'~ mice. a indi-
= cates arteries; and v, veins. Scale bar indicates 200 pm.

-

. 1
P2 P3 P4
age of C57BL/6 mice

P3

S
o
vessel density
(manual count of branch points)

P4
age of C57BL/6 mice

P7

D
v a v a v a

3; supplemental Figure 4). However, by P21, all 3 plexi (superfi-
cial, intermediate, and deep) were present with no detectable
abnormalities in the Endosialin™/~ mouse (data not shown),
indicating that loss of endosialin reduces the speed of pruning
rather than causing an inability to prune.

To assess whether pericytes also function to promote vascular
pruning during pathologic angiogenesis, we next examined the
vasculature of B16-FO melanoma cells grown as tumors in
Endosialin*/* and Endosialin~'~ mice. Staining with the endothe-
lial marker endomucin revealed that the Endosialin™'~ tumor
vasculature showed an increased number of smaller vessels and a
reduced number of larger vessels compared with the vasculature of
tumors grown in Endosialin/* mice (Figure 5B). This aberrant
vascular pattern is consistent with previous reports using different
tumor models in endosialin-deficient mice.?*” In keeping with our
findings in the developing retina and ex vivo aortic ring out-
growths, there was no overt defect in pericyte recruitment in the
Endosialin™~ tumor vasculature as monitored by SMA and NG2
staining (supplemental Figure 7A). There was a significant de-
crease in the number of collagen I[V—positive, endomucin-negative
empty sleeves in the Endosialin™'~ tumor vasculature (Figure 5B),
demonstrating that the pruning defect observed in physiologic
angiogenesis also underlies the aberrant vascular phenotype in
tumors in Endosialin™'~ mice. No differences were detected in
subcutaneous tumor growth or overall levels of tumor hypoxia and
necrosis (supplemental Figure 7B). These latter observations are in
agreement with previous studies showing that tumor size was not
impaired in Endosialin™'~ mice after subcutaneous® or intracra-
nial’” tumor cell inoculation. However, when tumor cells were

implanted into the liver or onto the serosal surface of the large
intestine, reduced tumor growth was observed in Endosialin~'~
mice.? These combined tumor studies suggest site specificity in the
ability of the vasculature to compensate functionally for loss of
endosialin expression.

Interaction of endosialin with the vascular basement
membrane

To investigate the mechanism by which pericyte-expressed endosia-
lin is able to promote vessel pruning, we generated a soluble
endosialin-Fc construct (supplemental Figure 8 A ES-Fc) to ascer-
tain the localization of endosialin ligand(s) in vivo. ES-Fc bound
the basement membrane associated with the abluminal surface of
endothelial cells in cryosections of embryonic day 15 mouse brain
(Figure 6A arrowhead); however, it was notable that no binding
was detected in the basement membrane on the basal side of the
associated pericytes (Figure 6A arrow). An equivalent pattern of
staining was observed in wild-type aortic vascular outgrowths
(Figure 6B). ES-Fc binding detected in in vivo and ex vivo
specimens was specific and not mediated by the Fc domain,
because no binding was observed with a control Fc construct?®
(Figure 6B CD44-Fc). In cell-free assays, it has been reported that
endosialin binds to the extracellular matrix components fibronectin
and collagen IV, but not to vitronectin or laminin.?® In the present
study, double labeling of the aortic ring cultures revealed that
fibronectin was present in both endothelial cell- and pericyte-
associated basement membrane and the associated fibroblasts
(Figure 6C), indicating that endosialin does not bind universally to
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Figure 3. Loss of Endosialin results in aberrant A
vascular sprouts in the aortic ring outgrowth assay.
Thoracic aortae were dissected from Endosialin*/+ or
Endosialin~'~ 129/SvJ mice, embedded in a collagen
| matrix and cultured for 6 days in the presence of
VEGF-A. (A) Fixed wild-type aortae stained with FITC—
isolectin B4 (green) and anti-mouse Endosialin Ab fol-
lowed by Alexa Fluor 555-anti-rabbit Ig (red). Nuclei
were counterstained with DAPI. Image shows a vascular
sprout with expression of Endosialin on pericytes (arrow-
heads) but not endothelial cells (arrows). Scale bar
indicates 25 pm. (B) Phase-contrast images illustrating
increased vascular branching in Endosialin~'~ out-
growths (arrows). Scale bar indicates 200 pm. Quantifica-
tion of aortic ring vascular sprout number (n = 12), sprout
length (n = 5), and branch point number (n = 5) per
aortic ring. Data shown are means = SEM.

isolectin

fibronectin in vivo. This observation was confirmed in vitro, where
ES-Fc binding was restricted to extracellular matrix components
deposited by endothelial cells (supplemental Figure 8B-D). No
binding was detected to the extracellular matrix deposited by other
cell types despite abundant fibronectin production by all cultured
cells examined. Binding to the endothelial cell matrix in vitro was
again specific to ES-Fc with no binding of CD44-Fc detected
(supplemental Figure 8D).

During angiogenesis and subsequent vessel remodeling, the
vascular basement membrane undergoes extensive reorganization
that is known to regulate pericyte-endothelial cell interactions, and
key to these events is the activity of proteases.**? Treatment of
SEND cells with amiloride and/or aprotinin impaired ES-Fc
binding to the endothelial cell extracellular matrix (Figure 6D).
Because amiloride and aprotinin act as inhibitors of the uPA/uPAR/
plasminogen pathway, SEND cells were treated with siRNA
oligonucleotides against uPA and/or uPAR. Control siRNA treat-
ment had no effect on ES-Fc binding, but down-regulation of either
uPA or uPAR resulted in decreased binding with a further
significant blockade observed in cells treated with uPA and uPAR
siRNAs together (Figure 6E). These data indicate a mechanism by
which endosialin activity could be localized by endothelial cell
proteases.

Endosialin promotes endothelial cell apoptosis

Changing levels of pro- and antiangiogenic factors, in particular,
decreasing levels of VEGF, play a key role in determining vascular

ENDOSIALIN/CD248 REGULATES VESSEL PRUNING 1521

B +/+ -/-

(o)) =

Si15q 22, 6007 P02 o

o E =

£ Q

o = A
210 = 8

3 2 2

= [} £

Q i 0 0.2
%5 3200 a

3 2 5

= 3 c

3] ©

3 o

(g 0 0 0.0

+H+ - +H+ - +H+ -

pruning during angiogenesis.! To examine whether endosialin
modulates the response of endothelial cells to VEGF-A, HUVECs
were plated onto ES-Fc—coated dishes to mimic the presentation of
endosialin by pericytes. Cells cultured on ES-Fc, compared with
control hFc, showed attenuated VEGF-mediated signaling as
monitored by VEGFR2 Tyr1175 and ERK1/2 phosphorylation, but
no reduction in total VEGFR?2 expression (Figure 7A). At 24 hours,
the attenuated signaling of cells plated onto ES-Fc translates into a
significant decrease in cell viability (Figure 7B). To investigate
whether endosialin could promote endothelial cell apoptosis,
serum-starved HUVECs were treated with VEGF-A and soluble
ES-Fc. FACS analysis revealed a 65% increase in annexin
V—positive and annexin V/propidium iodide double-positive HU-
VECs after 3 hours in the presence of ES-Fc compared with hFc
control (Figure 7C) or CD44-Fc control (data not shown). Treat-
ment with ES-Fc did not promote apoptosis in cultured 10T1/2
pericyte-like cells (Figure 7C). Consistent with this promotion of
endothelial cell apoptosis, HUVECs cultured in the presence of
soluble ES-Fc, but not control CD44-Fc or hFc, showed increased
cell detachment by 8 hours (Figure 7D). To confirm that the
increased apoptosis and cell detachment observed in vitro reflected
the defect in vessel pruning observed in vivo, retinas from
Endosialin*'*, Endosialin*'~, and Endosialin~'~ mice were stained
for collagen IV, activated caspase-3, and isolectin B4. In the
Endosialin*'* remodeling plexus, endothelial cells with intracellu-
lar activated caspase-3 staining were readily detected and this loss
of endothelial cells was clearly associated with the formation of
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Figure 4. Sprouting angiogenesis is not affected by loss of Endosialin. Retinas were stained with FITC—isolectin B4 (green) and NG2 followed by Alexa Fluor

555—-anti-rabbit Ig (red). (A) Confocal images of P3 Endosialint/+ and Endosialin~'~
difference in the alignment of tip cell filopodia (arrowheads) with the underlying

129/SvJ retinas taken at the sprouting front of the expanding vasculature showing no
NG2-positive astrocyte network (arrows). Scale bars indicate 50 pm. Graph shows

quantification of tip cell number. (B) Vessel density in the sprouting plexus was analyzed immediately behind the sprouting front (indicated by asterisk in panel A). Graph shows
quantification of vessel density at the sprouting front = SEM. No significant difference was observed at any time point. For panels A and B, 129/SvJ Endosialin*/*: P3, n = 6;

P4,n = 3; Endosialin~'~ P3,n = 8; P4,n = 4. C57BL/6 Endosialin*’*: P2, n = 3; P3,

n = 7;P4,n = 4. Endosialin*’~ P2,n = 4; P3,n = 4; P4 = 4. Endosialin~'~: P2,n = 2;

P3,n = 3; P4,n = 7. (C) Left panels show representative low-power images of 129/SvJ P3 retinas. Scale bar indicates 500 pm. Right panels show quantification of the radial
expansion of the vascular plexus at each time point = SD. No significant difference was observed at any time point. 129/SvJ; Endosialin™/*: P3,n = 3; P4,n = 4; P5,n = 4;

P6,n = 4,P7,n = 2. Endosialin~~: P3,n = 2;P4,n = 2;P5,n = 3;P6,n = 4,P7,n
P3,n = 2; P4,n = 4. Endosialin~'=: P2,n = 2; P3,n = 3; P4,n = 4.

collagen IV—positive empty sleeves (Figure 7E arrowheads). In
keeping with our earlier observations (Figure 5A), apoptotic
endothelial cells were predominantly found in the small vessels
around the arteries and in the more mature remodeling plexus
proximal to the optic disc, where selective vessel regression is most
prominent at P4 and P5. There was a significant reduction in the
number of apoptotic endothelial cells in Endosialin™'~ retinas at P4
and a clear trend toward reduction at P5 (Figure 7E), demonstrating
a role for endosialin in the functional cooperation in vivo of
pericytes and endothelial cells to regulate vessel density.

Discussion

Compared with the abundant information on angiogenic sprouting,
the processes and players involved in vascular pruning during the
remodeling phase of vascular network formation remain relatively

= 3. C57BL/6; Endosialin*/*: P2,n = 3; P3,n = 3; P4, n = 3. Endosialin*/~: P2, n = 4;

obscure.*! The study presented here provides a new perspective on
the mechanisms that regulate vascular pruning by presenting the
first evidence that pericytes can actively promote selective vessel
destabilization and regression in vivo. This has important implica-
tions in the understanding of pericyte biology, because until now
pericyte investment has been regarded as promoting rather than
antagonizing vessel survival and stabilization. Moreover, our data
indicate that this role of pericytes in selective vessel pruning occurs
in both physiologic and pathologic angiogenesis and provides a
mechanistic explanation for the aberrant vessel density observed in
the present study and in previous studies®3’ in tumors grown in
Endosialin™'~ mice.

Two main mechanisms for promoting endothelial cell apoptosis
in the remodeling vasculature have been reported: (1) down-
regulation of VEGF after increased tissue oxygenation results in
apoptosis of newly established vessels that are still dependent on
VEGF for their survival?’3 and (2) recruitment of cytotoxic
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Figure 5. Loss of Endosialin leads to a defect in selective vessel regression. (A) Retinas from littermate Endosialin*'+, Endosialin*/~, and Endosialin~'~ C57BL/6 mice
were stained with FITC—isolectin B4 (green), the basement membrane marker collagen IV (red), and DAPI (blue). Left panel, representative confocal images from P5 retinas.
Arrowheads show collagen IV—positive, isolectin B4—negative empty sleeves indicating vessel regression. Scale bar indicates 25 pm. Right panels, quantification of mean
number of empty sleeves + SEM. Endosialin*/*: P4, n = 4; P5, n = 7. Endosialin*'~: P4, n = 5; P5, n = 5. Endosialin~~: P4, n = 3; P5, n = 3. (B) B16-FO melanoma
xenografts grown for 14 days in Endosialin*/* or Endosialin~'~ mice (mean tumor diameter, 7.1 mm) were formalin fixed, paraffin embedded, and sections were stained for
collagen IV (green) and endomucin (red). Nuclei were counterstained with DAPI (blue). Arrowheads show collagen IV—positive, endomucin-negative empty sleeves. Scale bar
indicates 100 wm. Graphs show the distribution of vessel size and the number of empty sleeves as a percentage of total vessels = SEM. Endosialin*/*: n = 3; Endosialin~'—:

n=3.

T lymphocytes resulting in Fas ligand—mediated endothelial cell
killing.* Our in vitro and in vivo data demonstrate that endosialin
expressed on pericytes can promote endothelial cell apoptosis. This
may occur via endosialin bound to the vascular basement mem-
brane directly disrupting endothelial cell adhesion to the matrix.
Alternatively, matrix-bound endosialin may impair the cross-talk
between endothelial integrins and VEGFR2, leading to the attenua-
tion of VEGF signaling and subsequent endothelial cell apoptosis.
The issue of whether the endothelial cell apoptosis leads to vessel
regression or if vessel regression leads to apoptosis has been
discussed in the literature and both scenarios are considered
possible.*> In addition, it has been demonstrated recently that
embryonic fibroblasts expressing endosialin with a truncated

cytoplasmic domain are impaired in their ability to bind U937
monocytes.** Therefore, endosialin may also modulate selective
vessel pruning via its ability to promote localized leukocyte
recruitment.

Very little is known about the mechanisms by which particular
vessels are selected for pruning while adjacent vessels remain
patent. Our data presented herein demonstrate that endosialin plays
a role in this process and further suggest that the activity of
endosialin could be restricted to selected vessels by the regulated
availability of its ligand. It has been demonstrated previously in
cell-free assays that endosialin can bind to the extracellular matrix
components fibronectin and collagen IV (but not to vitronectin or
laminin),® and to the tumor cell-secreted component Mac-2
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Figure 6. Endosialin binds to the vascular basement membrane in vivo. (A) Cryosections of embryonic day 15 mouse brain were incubated with mouse ES-Fc overnight at
4°C. The following day, sections were stained with FITC—anti-Fc (green) and anti-CD31, followed by Alexa Fluor 555—anti—rat IgG (red). Nuclei were counterstained with DAPI
(blue). Arrowheads indicate ES-Fc binding associated with the abluminal side of the endothelial cells but not with the adjacent pericytes (arrows). Scale bar indicates 50 pm.
(B) Aortic ring outgrowths from wild-type 129/SvJ mice were cultured for 6 days and then stained with ES-Fc or CD44-Fc for 1 hour at 37°C. After fixation, cultures were stained
with Cy3—anti-Fc (red) and FITC—isolectin B4 (green). Nuclei were counterstained with DAPI (white). Arrowheads indicate ES-Fc binding associated with the abluminal side of
the endothelial cells but not with the adjacent pericytes (arrows). Scale bar indicates 50 um. (C) Aortic ring outgrowths were incubated with ES-Fc as described in panel B. After
fixation, cultures were stained with FITC-anti-Fc (green) and antifibronectin, followed by Alexa Fluor 555—anti—rabbit Ig (red). Nuclei were counterstained with DAPI (blue).
Arrowhead indicates colocalization with fibronectin on the abluminal surface of the endothelial cells. Arrow indicates lack of colocalization with fibronectin associated with the
basement membrane surrounding the pericytes. Scale bar indicates 25 um. (D) Immortalized mouse skin endothelial cells (SEND) cells were cultured for 2 days on coverslips
in the presence of no drug, amiloride, and/or aprotinin. Cells were incubated with ES-Fc for 1 hour at 37°C, fixed, and stained with FITC—anti-Fc (green). Nuclei were
counterstained with DAPI (white). Scale bar indicates 50 um. Representative images are shown. Data shows quantification of ES-Fc binding from 3 independent experiments
+ SEM. *P < .05. (E) sEND cells were either mock transfected or transfected with control siRNA, uPAR siRNA, uPA siRNA, or uPA plus uPAR siRNAs. Forty-eight hours after
transfection, cells were incubated with ES-Fc as described in panel D. Data show quantification of ES-Fc binding from 3 independent experiments = SEM. *P < .05.

BP/90K.* In the present study, we show that endosialin binding in  both collagen IV and fibronectin throughout the vascular basement
vivo and in ex vivo samples is restricted to the endothelial cell ~membrane, demonstrating that endosialin does not bind universally
basement membrane. No binding was detected to the basement to fibronectin or collagen IV, or indeed other known basement
membrane covering the pericytes despite abundant deposition of = membrane components. Therefore, in vivo, either endosialin binds
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Figure 7. Endosialin modulates VEGF-A signaling and promotes endothelial cell apoptosis. (A) HUVECs cultured on ES-Fc- or hFc-coated plates were stimulated with
VEGF-A, lysed, and subject to immunoblotting using the indicated Abs. Antitubulin mAb was used as a loading control. Molecular size markers are in kilodaltons. High- and
low-exposure blots are shown. Quantification of the band intensities are from 3 independent experiments = SEM. Data are normalized to the loading control and are shown
relative to the hFc control at each time point. (B) HUVECSs (4 X 103) were cultured on ES-Fc- or hFc-coated 96-well plates for 24 hours. Media were replaced with serum-free
media supplemented with 20 ng/mL of VEGF-A and cells were cultured for a further 24 hours. Cell viability was measured using the CellTiter-Glo assay. Data shown are from
1 of 3 representative experiments with n = 3 samples = SEM. (C) HUVECs or 10T1/2 cells incubated for 3 hours with VEGF-A in the presence of ES-Fc or hFc were stained
with FITC—annexin V and/or propidium iodide (PI) and subjected to FACS analysis. Representative HUVEC FACS profiles are shown. Graph shows annexin
V-positive/Pl-positive, and annexin V—-positive/Pl-negative cells in the presence of ES-Fc from 2 independent experiments + SD relative to the hFc control. (D) Phase-contrast
images of HUVECs cultured in medium containing VEGF-A in the presence of hFc, ES-Fc, or CD44-Fc for 0, 8, and 20 hours. Scale bar indicates 100 pm. (E) Retinas from
Endosialin*'*, Endosialin*'~, and Endosialin~'~ C57BL/6 mice were stained for collagen IV (red), activated caspase-3 (white), and FITC—isolectin B4 (green). Images show
activated caspase-3—positive endothelial cells (arrowheads) associated with collagen IV empty sleeves in P4 retinas. Scale bar indicates 20 um. Graph shows relative number
of apoptotic (activated caspase-3—positive) vessels + SEM. Endosialin*/*: P4, n = 7; P5, n = 2; Endosialin*/~: P4, n = 6; P5, n = 5; Endosialin~'~: P4,n = 11; P5,n = 4.

to an endothelial cell-specific basement membrane component or
modification of the vascular basement membrane by endothelial
cells is required for endosialin binding. Intriguingly, the endosialin-
binding site in fibronectin is located in the N-terminal 70-kDa
domain’®® and we show here that binding to the endothelial cell

extracellular matrix requires endothelial cell uPA/uPAR activity.
uPA/uPAR converts plasminogen to plasmin, which cleaves fi-
bronectin directly within the 70-kDa fibronectin fragment.*> Such
proteolytic processing could localize endosialin activity and sug-
gests a potential mechanism by which pericytes and endothelial
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cells work cooperatively to fine-tune the balance between vessel
regression and vessel stabilization. There is precedence for sprout-
ing angiogenesis in vivo being regulated by the differential
expression and processing of basement membrane components and
by uPAR expression in retinal endothelial tip cells.**47 Although
the molecular mechanisms remain unclear, uPAR processing of
basement membrane components has been proposed to facilitate
sprout migration, growth, and/or gene expression. uPAR deficiency
causes defects in neovascularization during oxygen-induced retinop-
athy*® and has been shown to play a key role in tumor angiogen-
esis.* However, lack of uPAR alone does not impair postnatal
retinal angiogenesis,*® highlighting the fact that the precise combi-
nation of proteases required remains to be determined. Neverthe-
less, the data of del Toro et al* and the present results support a
model in which endothelial cell uPAR activity functions in both
sprouting angiogenesis and vascular pruning to regulate vascular
patterning.

Interactions between pericytes, endothelial cells, and the base-
ment membrane change as vessels mature and new basement
membrane is deposited and remodeled.®7* In the developing
postnatal retina, these maturing vessels eventually become fully
stabilized and switch to a nonplastic phenotype covered by mature
pericytes that function to promote vessel survival. A better
understanding of the plasticity and maturity of blood vessels, and in
particular the mechanisms involved in vascular pruning, is impor-
tant for the implementation of therapies designed to stimulate
vascular network formation and inhibit excessive networks. For
example, in regenerative medicine, tissue engineering, and the
treatment of various ischemic diseases, the ability to promote
vessel plasticity selectively is necessary for the formation of a
functional, hierarchical vascular network in vivo. Similarly, in
tumors, it may be desirable to provide a window of “normalized”
vasculature to allow efficient delivery of therapeutics followed by
the subsequent reversion of mature vessels to a more plastic state
with increased responsiveness to VEGF blockade. This is exempli-
fied in a recent study demonstrating in melanoma patients and a
corresponding murine model that the level of perivascular differen-
tiation, which influences the stabilization of the tumor vessels,
governed the response to antiangiogenic therapy.>® The results of
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the present study highlight the potential to exploit the targeting of
endosialin and other regulators of vascular pruning as therapeutic
strategies to promote vessel stabilization in some pathologies or to
enforce vascular regression in others.
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