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Abstract

Angiogenesis inhibitors, such as the receptor tyrosine kinase (RTK) inhibitor sunitinib,
target vascular endothelial growth factor (VEGF) signaling in cancers. However, only a
fraction of patients respond, and most ultimately develop resistance to current
angiogenesis inhibitor therapies. Activity of alternative pro-angiogenic growth factors,
acting via RTK or G-protein coupled receptors (GPCR), may mediate VEGF inhibitor
resistance. The phosphoinositide 3-kinase (PI3K)p isoform is uniquely coupled to both
RTK and GPCRs. We investigated the role of endothelial cell (EC) PI3K[P in tumor
angiogenesis. Pro-angiogenic GPCR ligands were expressed by patient-derived renal cell
carcinomas (PD-RCC), and selective inactivation of PI3Kf3 reduced PD-RCC-stimulated
EC spheroid sprouting. EC-specific PI3Kp knockout (EC-BKO) in mice potentiated the
sunitinib-induced reduction in subcutaneous growth of LLC1 and B16F10, and lung
metastasis of BI6F10 tumors. Compared to single-agent sunitinib treatment, tumors in
sunitinib-treated EC-BKO mice showed a marked decrease in microvessel density, and
reduced new vessel formation. The fraction of perfused mature tumor microvessels was
increased in EC-BKO mice suggesting immature microvessels were most sensitive to
combined sunitinib and PI3Kf inactivation. Taken together, EC PI3Kf} inactivation with
sunitinib inhibition reduces microvessel turnover and decreases heterogeneity of the
tumor microenvironment, hence PI3K[ inhibition may be a useful adjuvant anti-

angiogenesis therapy with sunitinib.
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Introduction

Kidney cancer is among the most common cancers, predominantly affecting those over
45 years, with a lifetime risk of about 2.1% among men and 1.2% among women [1]. A
high fraction of these tumors carry a poor prognosis due to metastatic spread at the time
of diagnosis [2]. The opportunity for curative surgery is therefore limited, and first-line
treatment for these poor-prognosis cancers is directed at inhibition of tumor neo-

angiogenesis to indirectly limit tumor growth [2].

Vascular endothelial growth factor (VEGF) is recognized as the dominant growth factor
for embryonic vascularization [3]. Similarly, in the adult, malignant cells and tumor
stromal cells exploit VEGF to drive vascular endothelial cell (EC) sprouting and
expansion from the existing mature vasculature [4-7]. This pathway is targeted by
angiogenesis inhibitors, for example neutralizing antibodies to VEGF, or small molecule
inhibitors of the VEGF receptor-2 tyrosine kinase (RTK) activity [8]. Treatment with
angiogenesis inhibitors results in arrested tumor progression or tumor regression in a
fraction of cancer patients [2, 9]. However, this anti-tumor effect is not sustained, and

tumor neo-angiogenesis and growth eventually escape drug inhibition [10].

Other pro-angiogenic pathways are thought to be upregulated by the tumor when the
VEGF pathway is drug-inhibited [11]. These include Hepatocyte Growth Factor via the
c-met RTK among others, which can be targeted by extended-spectrum RTK inhibitors

[12]. In contrast, pro-angiogenic ligands for endothelial G-protein coupled receptors
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(GPCRs), also expressed by the cancer and tumor stromal cells, are not blocked. These
include pro-angiogenic inflammatory chemokines, such as interleukin-8 [13] or
chemokine (C-X-C motif) ligand 7 (CXCL7) [14], and developmental angiogenic cues,
such as stromal cell derived factor-1/CXCL12 (CXCL12) and apelin [15, 16]. These pro-
angiogenic RTK and GPCR pathways converge to efficiently activate mammalian target
of rapamycin (mTOR) kinase signaling. Temsirolimus, a salvage anti-angiogenesis agent
that inhibits mTOR activity, is approved to treat advanced kidney cancer, but is limited

by systemic toxicity [17].

Endothelial phosphoinositide 3-kinase (PI3K) activity couples pro-angiogenic cell
surface receptors to mTOR and other effectors such as Akt [18, 19]. PI3K activity in ECs
has been shown to be both required and rate-limiting for angiogenesis [20-22]. Among
the 3 classes of PI3K, the class I group is the most extensively studied. Aberrant
signalling via these enzymes downstream of RTKs, GPCRs, and small GTPases promote
many human cancers [23, 24]. The class I PI3Ks comprise four catalytic subunits (p110a,
B, v and ) that are bound to p85 regulatory subunits [25]. Whereas p110a and p1103
show a broad tissue distribution, pl110y and p1106 are mainly found in leukocytes [24].
The p110a isoform is the dominant form coupled to RTKs such as the VEGF receptor-2
(VEGFR2) in EC [20], whereas pl10B and pl10y are coupled to pro-angiogenic

endothelial GPCRs [20].



In this report we tested the hypothesis that renal cell carcinomas (RCCs) express pro-
angiogenic GPCR ligands as alternative cues to VEGF to support tumor neo-
angiogenesis. We further examined if selective inhibition of GPCR-stimulated PI3K[
activity alters neo-angiogenesis and tumor growth under chronic sunitinib-mediated

VEGFR2 inhibition.
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Material and Methods

Human tissue material

Human renal cell carcinoma tissue samples were obtained at surgical resection of the
tumor with the patient’s consent under a protocol approved by the Human Research
Ethics Board of the University of Alberta. The characteristics of the tumors is

summarized in Supplemental Table 1.

Cell culture

HUVEC, B16F10 mouse melanoma, and mouse Lewis lung carcinoma cell lines were

cultured as described in Extended Methods (Supplemental Materials).

To investigate the involvement of specific PI3K isoforms, cells were treated for 1 h with
the PI3Ka-specific inhibitor BYL-719 (30 nM) or the PI3Kf-specific inhibitor TGX-221
(100 nM), followed by stimulation of cells with 30 ng/ml VEGF and 50 ng/ml CXCL12

as indicated in the experiment. The data is representative of 3 independent experiments.

Drugs
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Sunitinib (Pfizer) was dissolved in 1X PBS (without Ca*" and Mg*") containing 0.1%
DMSO at a concentration 5 mg/ml. This stock solution of sunitinib was kept at 4 C and
used within a week. Hypoxyprobe ™-1 (NPI Inc) was prepared at a concentration of 100
mg/ml in 0.9% saline and kept at 4'C. TGX-221 (Cayman chemical) was reconstituted in

alcohol and further diluted to 100 uM in PBS.

3D angiogenesis assay

In vitro 3D angiogenesis assay was performed as described previously [26, 27]. Each data

point reflects one independent PD-RCC/ HUVEC co-culture.

Animal model

Animal experiments were performed following the guidelines approved by the Canadian
Council for Animal Care, and the animal protocol was approved by the Animal Care and

Use Committee at the Alberta Health Services Cross Cancer Institute.

Mouse Lewis lung carcinoma (LLC1; ATCC) or B16F10 mouse melanoma (ATCC; 1 x
10%) cells were subcutaneously injected in 12-week-old mixed sex EC-BKO or control
mice. Tumor volume was measured every 3 days. Vehicle or sunitinib (40 mg/kg i.p.
daily) was started when the tumor volume reached an average size of 200 mm’. Mice
were euthanized at day 16 post injection or when tumor volume reached an average size
>1500 mm’. In the experimental metastasis model, BI6F10 mouse melanoma cells (2 x

10%) were injected into the tail vein of 12 weeks old mice.
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Western blot

Tissue lysate from PD-RCC samples or mouse tissues and HUVECs were collected and
processed as described in Extended Methods. Each data point reflects one independent

PD-RCC/ HUVEC co-culture. A list of the antibodies is in Supplemental Table 2.

RNA isolation and quantitative PCR

Total cell RNA was extracted from HUVECs in 3D-culture or from mouse tumors were
processed as described in Extended Methods. Each data point represents an individual

mouse. The PCR primers used are listed in Supplemental Table 3.

Immunohistochemistry

Tissue samples were collected in ICH-zinc fixative (BD Bioscience) and kept at room
temperature for 48 h, then the samples were paraffin-embedded and 5 pum sections
prepared for immunohistochemical analysis. Sections were immunostained for tumor
hypoxia (pimonidazole) and tumor vascular density (oCD31; Dianova), pericyte
coverage (aNG2; Millipore Sigma; and o«PDGFR[3; ThermoFisher Scientific), basement
membrane (0Collagen type IV; Millipore Sigma), proliferation marker (Ki67; Abcam),
and an apoptosis marker (o.Caspase3; Novusbio). Technical details of the processing are

described in Extended Methods. Each data point represents an individual mouse.



Statistical analysis

Statistical analyses were performed using GraphPad Prism software. Differences between
two groups were analyzed by Mann-Whitney U test. Where ANOVA is used, the data
were first tested for normality using the D’Agostino test, and found to have similar
variance. Primary tumor growth curves of the repeated measure data were analyzed by
two-way ANOVA. Error bars represent the mean = SEM. P values < 0.05 were

considered significant.
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Results

Inhibition of PI3KB decreases patient-derived RCC-stimulated sprouting

angiogenesis

High-risk renal cell carcinomas are currently managed with anti-angiogenic therapies
mainly targeting VEGF-dependent neo-angiogenesis. The role of alternative pro-
angiogenic GPCR ligands produced by RCCs or tumor stromal cells to stimulate
vascularization of the tumor is poorly defined. We evaluated eight patient-derived RCCs
(PD-RCC) obtained by surgical excision, and characterized the ability of these tumors to
elicit an angiogenic response from EC spheroids in 3D culture in vitro (Fig 1A, B). Four
of the eight PD-RCC samples stimulated angiogenic sprouting. Von Hippel-Lindau
(VHL) was lost in all tumors that stimulated EC sprouts, but not in the four non-

angiogenic PD-RCCs ( Supplemental Table 1).

We previously observed that optimal in vitro angiogenic sprouting occurs in the context
of dual receptor tyrosine kinase and GPCR pro-angiogenic ligands [26]. VEGF-
stimulated PI3K-dependent activation of Akt in cultured EC was found to critically
depend on PI3Ko, whereas pro-angiogenic CXCLI12 signals required PI3KJ
(Supplemental Figure 1; [20]). We next tested the effect of TGX-221, a highly specific
inhibitor of PI3K[ [28], on PD-RCC-stimulated in vitro sprouting. Treatment with TGX-
221 decreased the number and length of endothelial sprouts in the co-cultures (Figure 1A,
B), correlating with reduced expression of ESM1, DLL4, and CXCR4, genes that mark the

lead, or ‘tip cell’ of an angiogenic sprout [29, 30] (Figure 1C).

10
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Angiogenic PD-RCCs were found to express more VEGF as compared to non-angiogenic
PD-RCCs, as analysed by qPCR and western blot (Fig 1D, E). We next probed PD-RCCs
for specific pro-angiogenic GPCR ligands such as CXCL12 and APLN (apelin), loss-of-
function of which during embryogenesis is associated with defects in vascular
development [31, 32]. CXCL12 is predominantly produced by the tumor, whereas apelin
is produced by EC. We also examined expression of CXCL7, a pro-angiogenic
chemokine produced by tumor stromal cells in RCC [14]. Expression of each of these
pro-angiogenic growth factors was found to be higher in freshly-isolated angiogenic
versus non-angiogenic PD-RCC samples, as assessed by qPCR (Figure 1D) or
immunoblotting (for VEGF and CXCL12; Figure 1E). TGX-221 treatment did not affect
VEGF, CXCL12, or APLN transcript abundance in the co-cultures compared to paired
vehicle controls (Supplemental Figure 2). These data show the angiogenic PD-RCCs
express both VEGF and pro-angiogenic GPCR ligands, the production of which is

independent of PI3K}.

EC PI3KB KO decreases primary tumor growth

Since endothelial PI3KP activity is a convergence node for CXCL12, apelin and CXCL7
GPCR signalling, we sought to determine if EC-selective PI3K[ loss would alter tumor
growth and neo-angiogenesis. Twelve-week old C57Bl6 Pik3ch™/Tie2-CreERT2""

(EC-BKO) and littermate control C57Bl/6 Pik3ch™"/Tie2-CreERT2" (wild-type) mice

11
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were treated with tamoxifen as described [26], leading to effective Cre-recombinase-

mediated disruption of Pik3chb (Supplemental Figure 3).

We next implanted Lewis lung carcinoma (LLC1) or B16F10 mouse melanoma cells
subcutaneously into the flank of EC-BKO or littermate wild-type mice, followed by
treatment with vehicle or the VEGFR2 inhibitor sunitinib when the implanted tumor
volume reached an average size of 200 mm’. This design of the sunitinib treatment has
been shown to optimally reduce tumor growth and invasiveness [33]. In agreement with
earlier publications, we observed a delay in LLC1 and B16F10 tumor growth in wild-type
mice treated with sunitinib (Figure 2A, Supplemental Figure 4). We observed a trend to
delayed tumor growth in untreated EC-BKO mice, and further delayed upon sunitinib
treatment. These data indicate that inactivation of endothelial PI3K[ potentiates the

reduction in tumor growth obtained with VEGF-pathway inhibition.

EC PI3KP KO decreases tumor vascular density

To understand the mechanism of the endothelial PI3K[} inactivation-mediated delay of
primary tumor growth, we examined the tumor microvasculature in sunitinib-treated EC-
BKO and wild-type mice. In agreement with previous reports, we found that the density
of CD31" tumor microvessels was decreased in sunitinib-treated wild-type mice (Figure
2B, C, Supplemental Figure 5). Endothelial PI3K[3 inactivation combined with sunitinib

treatment further reduced tumor vascularization versus sunitinib treatment or endothelial

12



10

11

12

13

14

15

16

17

18

19

20

21

22

PI3Kp inactivation alone. This was associated with increased tumor cell apoptosis,

quantified by active caspase 3 immunostaining (Supplemental Figure 6).

Next, we evaluated the impact of EC-PI3K[3 KO on tumor hypoxia in late tumors at the
time of maximum tumor growth (1500 mm®). As anticipated, the reduced tumor
vascularization in sunitinib-treated mice was associated with reduced nutrient delivery
and increased tumor hypoxia compared to vehicle-treated wild-type mice (Figure 2D, E).
We observed a reduction in the pimonidazole-positive hypoxic tumor area in sunitinib-
treated EC-BKO versus wild-type mice (Figure 2D, E). We further evaluated the
expression of the hypoxia-dependent marker genes, glucose transporter 1 (Glutl) and N-
myc downstream-regulated gene (Ndrgl), in the late stage tumors. The abundance of both
Glutl and Ndrgl transcripts was increased in tumors from sunitinib-treated mice (Figure
2F), consistent with the data from the pimonidazole staining. Expression of Glutl and

Ndrgl was reduced in sunitinib-treated-EC-BKO mice versus -wild-type mice.

We investigated day 16 (early) post-implantation sunitinib-treated tumors, a timepoint
that corresponds to maximal tumor growth in untreated littermate wild-type mice, to
better define the effect of endothelial PI3K[ loss during tumor growth. In wild-type mice,
tumor expression of the hypoxia reporter genes was higher in sunitinib-treated than
untreated tumors at the similar timepoint, despite the smaller volume of the sunitinib-
treated tumors. Endothelial PI3K[P inactivation mitigated this effect of sunitinib

treatment. We found decreased Ndrgl and a trend for decreased Glutl expression in EC-

13
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BKO versus wild-type mice (Figure 2F). We confirmed this finding by western blot of
early tumors recovered from sunitinib-treated mice (Figure 2G, H). Moreover, since
hypoxia drives expression of Vegfa, Cxcl12 and Apln, we examined transcript abundance
of these proangiogenic genes. We found that expression of Vegfa, Cxcl12, and Apln were
each reduced in tumors in sunitinib-treated EC-BKO mice versus -wild-type mice at the
early and late stage of tumor growth (Supplemental Figure 7). Together, these data show
that while combined endothelial PI3K[ inactivation and sunitinib treatment maximally
slowed tumor growth and decreased microvascular density, endothelial PI3K[3
inactivation reduced tumor hypoxia versus sunitinib treatment alone at early and late

timepoints in tumor growth.

EC PI3KP KO decreases tumor vessel remodeling

The observation that EC PI3K[ inactivation decreased tumor microvascular density and
tumor hypoxia, indicated that endothelial PI3K[} inactivation may favor tumor vessel
normalization, which is characterized by pericyte coverage that stabilizes blood vessels
[7]. To gain insight into this, we evaluated pericyte association with CD31" microvessels
using the pericyte markers, NG2 and PDGFRJ, to identify mature, stabilized vessels in
late-growth tumors. Our analyses showed that the fraction of both NG2-positive (Figure
3A, B, Supplemental Figure 5B) and PDGFR-positive (Supplemental Figure 8A, B, 5C)
tumor microvessels was higher in EC-BKO mice compared to wild-type controls.
Furthermore, larger tumor ‘mother’ vessels were also well-covered by pericytes in EC-

BKO mice compared to wild-type mice (Supplemental Figure 8C, D, Supplemental

14
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Figure 5C). Consistent with these findings, we observed that tumor Pdgfb expression, a
major pericyte growth factor and chemoattractant [34], was elevated in tumors from EC-

BKO mice (Supplemental Figure 8E).

We further assessed if endothelial PI3K[ inactivation altered tumor microvessel
remodelling. First, we quantified the fraction of CD31" EC microvessels associated with
collagen IV staining, marking maturing microvessels. We found sunitinib treatment
reduced the fraction of mature EC CD31" microvessels covered by collagen IV"
basement membranes in wild-type mice (Figure 3C, D left panel). However, loss of
endothelial PI3K[3 was associated with a normalization of the fraction of mature tumor

microvessels in sunitinib-treated mice (Figure 3C, D left panel).

Regression of established microvessels is associated with remnant basement membrane
sleeves from which ECs have been lost [35]. Sunitinib treatment markedly increased the
fraction of collagen IV remnant vessel profiles lacking an endothelium in wild-type mice
(Figure 3C, D right panel). However, we observed a reduction in the number of remnant
microvessel basement membrane sleeves in the tumors of sunitinib-treated EC-BKO mice
(Figure 3C, D right panel). Moreover, remnant vessel profiles were also reduced in the
tumors from carrier-treated EC-BKO mice. Together, these data indicate that VEGFR2
inhibition is associated with a high turnover of immature tumor microvessels. Endothelial
PI3K[} loss blunts both immature vessel initiation or stability, and regression of mature

microvessels.

15
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We next assessed the effect of endothelial PI3K[ inactivation on vessel perfusion under
sunitinib treatment. We studied early post-implant tumors from sunitinib-treated mice.
Consistent with our evaluation of the late-growth tumors, endothelial loss of PI3K[} was
associated with a reduction in microvessel density (Figure 3E, F upper panel,
Supplemental Figure 5B). However, the fraction of perfused microvessels, labelled by
antemortem intravenous lectin staining, was increased in the EC-BKO versus wild-type
control mice (Figure 3E, F lower panel). These data indicate that inactivation of
endothelial PI3K[B further reduces sunitinib-induced microvascular remodelling,

promotes tumor vessel normalization, and increases the net fraction of perfused vessels.

EC PI3Kp KO suppresses sprout formation

We observed that TGX-221-mediated inhibition of PI3KJ reduced in vitro endothelial
spheroid sprouting in PD-RCC co-cultures (Fig 1). We therefore examined the effect of
endothelial PI3Kf inactivation on tumor microvessel sprouting in vivo. As shown in
Figure 4, A, B and Supplemental Figure 5D, sunitinib treatment was associated with a
reduction in sprouts from tumor mother vessels. Combined endothelial PI3Kf
inactivation and sunitinib treatment was associated with a further reduction in sprout
formation (Figure 4A, B and Supplemental Figure 5D). We characterized angiogenic
endothelial tip cell marker-gene expression among the tumors from sunitinib-treated mice

in both early- and late-growth post-implant tumors. We found EC PI3K[ inactivation co-
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ordinately reduced the expression of ESM1, DLL4 and CXCR4 versus wild-type hosts, in
tumors from sunitinib-treated mice (Figure 4C). Tip cell gene expression in the tumors
was reduced in the EC-BKO versus the wild-type mice at both the early and late growth
sunitinib-treated mice. This suggests that delayed tumor growth and reduced microvessel
density in sunitinib-treated EC-BKO mice is associated with a sustained decrease in
tumor sprouting neo-angiogenesis. Further, we evaluated tumor angiopoietin-2
expression, another characteristic tip cell marker, by western blot in early tumors from
sunitinib-treated mice. We observed that angiopoietin-2 was reduced in tumors from
ECB-KO versus wild-type sunitinib-treated mice. Similarly, ESM1 matrix protein
deposits were reduced in tumors from the EC-BKO versus wild-type tumors
(Supplemental Figure 9, 5SE). These data indicate that inactivation of endothelial PI3K[3
activity in combination with sunitinib-mediated VEGFR2 inhibition, markedly reduces
neo-vessel sprouting and microvessel density, while sparing pericyte-covered established

vessels.

EC PI3KB KO dampens sunitinib-associated tumor cell epithelial to mesenchymal

transition

Our data show that endothelial PI3K[ loss combined with sunitinib treatment optimally
reduces microvessel density, tumor growth, and promotes tumor apoptosis. Next, we
evaluated the effect of sunitinib treatment with and without endothelial PI3Kf deficiency
on the tumor cells. We observed a decreased frequency of Ki-67" proliferating cells in

tumor cortex from ECP-KO versus wild-type sunitinib-treated mice (Supplemental

17
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Figure 10, 5F). We further evaluated if vascular normalization in EC-BKO mice reduced
tumor cell epithelial-to-mesenchymal transition (EMT), a process that is involved in
tumor progression and metastatic spread to distant sites [36]. To test this, we determined
the expression of the EMT-driving transcription factors, Twistl, Zebl, Snaill and Slug
[36]. Sunitinib treatment markedly upregulated expression of these transcription factors
in late growth tumors in wild-type mice (Figure 5A). Expression of each of these
transcription factors was lower in tumors from EC-BKO versus wild-type control
sunitinib-treated mice, in both early and late growth tumors (Figure 5A). Further, we
evaluated Zebl and Slug expression by western blot in early growth tumors. We
confirmed reduced expression in tumors from EC-BKO versus wild-type sunitinib-treated
mice. Together, these data indicate that EC PI3K inactivation with sunitinib treatment

optimally reduces tumor cell proliferation, and blunts sunitinib treatment-associated

EMT.

EC PI3KB KO reduces tumor metastasis

Tumor growth at metastatic sites requires tumor cell seeding in the naive vascular bed,
with subsequent growth dependent on neo-angiogenesis or co-option of the native
microvasculature [37]. VEGF inhibitor treatment has been implicated to sensitize the
lung vasculature to support tumor cell extravasation [38]. We evaluated the effect of
endothelial PI3K[ inactivation in the metastatic seeding potential of B16F10 mouse
melanoma cells under sunitinib treatment. B16F10 cells were injected into the tail vein of

12-15 week EC-BKO or littermate wild-type mice. Sunitinib alone did not affect tumor
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metastasis (Figure 6A). However, endothelial PI3K inactivation resulted in reduced
tumor foci establishment in the lung, and decreased tumor area per lung in EC-BKO mice
versus wild-type mice (Figure 6A, B; Supplemental Figure 11 A, B). Similar to the LLC1
primary tumor model, BI6F10 metastases showed a decrease in CD31" microvessels in
sunitinib-treated EC-BKO versus -wild-type mice (Figure 6C, D, Supplemental Figure
5G). This was accompanied by a reduction in endothelial tip cell marker gene expression,
consistent with a reduction in sprouting neo-angiogenesis (Supplemental Figure 12).
Furthermore, the pimonidazole-positive hypoxic area in the metastatic tumors was
substantially reduced in sunitinib-treated tumors from ECB-KO versus wild-type mice
(Figure 6E, F). Consistent with the subcutaneous primary LLC tumor model, a greater
fraction of microvessels were found to be covered with pericytes in sunitinib-treated
tumors from the ECB-KO versus wild-type mice (Figure 6G, H). These data indicate that
metastatic BI6F10 tumor growth and angiogenesis is optimally reduced by combined

endothelial PI3Kf} inactivation with sunitinib-mediated VEGF receptor inhibition.

Discussion

The anticipated benefit of angiogenesis inhibition therapies to control advanced or
chemotherapy-resistant cancer is not fully realized, since not all tumors respond to anti-
VEGF treatment, and those that do initially respond eventually become resistant [39].
Further, the unstable immature vessels associated with anti-VEGF treatment may
compromise the delivery and effect of chemotherapy or immune-modulating anti-tumor

drugs. This is particularly important, since emerging clinical trial data suggests that a
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combination of angiogenesis inhibitors and immune-modulating agents optimizes

outcomes Versus either approach alone [40, 41].

In this study, we sought to understand the role of pro-angiogenic ligands for endothelial
GPCRs in tumor neo-angiogenesis. We show that a subset of patient-derived RCC
samples are able to elicit angiogenic sprouting from endothelial spheroids in vitro. These
PD-RCCs express VEGF as well as pro-angiogenic ligands (CXCL12, CXCL7, and
APLN) for endothelial GPCRs. Inhibition of PI3K[3, a common signal integration node
for GPCRs, in these co-cultures did not reduce pro-angiogenic growth factor gene
expression by the cancer and stromal cells, but inhibited tumor-driven angiogenic
sprouting. These data suggest these mediators participate to cue tumor EC neo-

angiogenesis in humans, acting through endothelial PI3K3.

We directly tested this idea in mice by inactivating PI3K[ selectively in the host
endothelium, then evaluated tumor growth under anti-VEGF receptor-2-treatment. PI3K[3
inactivation alone reduced subcutaneous growth of LLC1 and B16F10 tumors. Further,
endothelial PI3K[3 KO markedly potentiated sunitinib-driven growth inhibition of both
LLC1 and B16F10 tumors in mice. This finding is supported by an increase in cleaved
caspase-3 " apoptotic tumor cells, and reduced fraction of Ki-67" proliferating tumor cells,
in tumors with combined endothelial PI3K [ inactivation and VEGF receptor-2 inhibition.
Sunitinib treatment alone reduced tumor microvessel density and markedly increased

tumor hypoxia, expression of hypoxia reporter genes, and tumor EMT in late-growth
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tumors. EC PI3Kf} inactivation combined with sunitinib treatment mitigated tumor
hypoxia, hypoxia-responsive gene expression, and expression of the EMT markers versus
sunitinib treatment alone in early and late stage tumors. Earlier work has shown the
effects of VEGF receptor-2 inhibition to reduce tumor neoangiogenesis and vascular
density and yet increase tumor oxygenation are transient [42, 43]. Stabilization of the
tumor microvasculature, mediated by combined endothelial PI3Kf3 and VEGFR2
inactivation, reduces vascular heterogeneity in the early and late tumor microenvironment
consistent with a sustained decrease in cyclic tumor hypoxia. Hypoxic niches in the
tumor have been linked to a cancer cell EMT program that may facilitate metastasis or
resistance to chemotherapy[44, 45]. Our data suggest cyclic tumor hypoxia associated
with immature microvessel turnover is an important driver of LLC cancer cell EMT that

can be mitigated by dual inactivation of proangiogenic RTK and GPCR signalling.

Tumor microvessels in the late-growth tumors from ECB-KO hosts were found to be
more mature, covered by both basement membranes and pericytes, with tumors featuring
fewer empty basement membrane sleeves arising from regressed microvessels [35]. The
combination of endothelial PI3K[ inactivation and sunitinib-mediated VEGF receptor-2
inhibition suppressed sprouting from tumor mother vessels better than VEGF receptor-2
inhibition alone, consistent with the effect of pharmacological PI3Kf inhibition in the in
vitro model of patient-derived RCC angiogenesis. Expression of endothelial tip cell genes
was consistently lower in early and late growth tumors from ECB-KO hosts. The finding

was confirmed by the observation that angiopoietin-2 was decreased in the early growth
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sunitinib-treated tumors in ECP-KO hosts. These data suggest that both VEGF and non-
VEGF angiogenic cues drive angiogenesis in these tumors. Moreover, these four lines of
evidence support the interpretation that compared to mature microvessels, tip cell
differentiation and sprout formation are particularly sensitive to the combination
blockade of VEGF receptor-2 and pro-angiogenic GPCR cues dependent on PI3K[3. The
net result is a higher fraction of the tumor vessels are perfused if endothelial PI3K[ is

inactivated.

Under VEGF pathway inhibition, cancer or tumor stromal cell [46, 47] recruitment of
neovascularization using alternative pro-angiogenic RTK ligands contributes to acquired
drug resistance [48, 49], and is partially mitigated by the broader receptor inhibition
profile of new-generation anti-angiogenic agents such as cabozantinib [12]. However,
RTK antagonists do not inhibit pro-angiogenic GPCR ligands generated by cancer or
stromal cells. Earlier work has identified upregulation of ligands such as CXCL12, IL-8,
and CXCL-7 that might contribute to neovascularization under VEGF/VEGF receptor
blockade [14, 50, 51]. Moreover, autocrine apelin receptor signaling in angiogenic ECs
participates in developmental and tumor angiogenesis [52, 53]. Since tumors are
heterogeneous for these and other mediators, our data suggest that targeting an important
common GPCR signal integration node in the EC, such as PI3Kf3, may complement RTK

inhibitors of angiogenesis.
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Neo-angiogenesis and dysfunctional vascular remodelling are associated with progression
and metastasis of several cancer types [54]. The effects of anti-angiogenesis drugs, such
as sunitinib, on the tumor microvasculature promote non-homogeneous oxygen and
nutrient delivery that results in microenvironmental niches favoring cancer cell transition
to more aggressive forms [38, 55]. In addition, these experimental findings suggest anti-
VEGF pathway inhibitors may condition the systemic vasculature to facilitate metastatic
cancer cell spread [38]. Combined inhibition of VEGF RTK and PI3Kf normalized
tumor hypoxia-responsive, and EMT gene expression Versus sunitinib alone. In addition,
we observed reduced expression of Vegf and Cxcll2 in these tumors, suggesting re-
inforced angiogenesis inhibition upon combined sunitinib and PI3Kf} inactivation. Future
experiments will be needed to determine if such combination treatment reduces
metastatic behaviour of the primary tumor. However, we find that this regimen reduced
tumor seeding, growth and hypoxia, and promoted tumor microvessel maturation in the
B16 lung metastasis model. These data suggest combined inhibition favourably promotes

host microvessel resistance to metastasis.

In the endothelium, PI3Ka is coupled to the VEGF RTK, and is indirectly inhibited by
VEGF pathway inhibitors. In contrast to endothelial PI3Kf inhibition, however, PI3Ka
inactivation is associated with chaotic tumor neoangiogenesis [56], in part mediated by
impaired expression of DLL4 NOTCH ligand, in turn associated with uncontrolled
endothelial tip cell differentiation [29]. A reduction in gene expression markers for
endothelial tip cells, combined with a reduction in remnant, non-vascularized

microvessels in tumors in the sunitinib-treated EC-BKO mice suggests that pro-
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angiogenic GPCR ligands functionally drive tumor neoangiogenesis in these models, and

contribute to unbalanced PI3K isoform signaling.

In summary, our findings in pre-clinical models reveal the potential benefit of combined
inhibition of VEGF RTK and PI3Kp to inhibit tumor growth. Freshly-isolated human
RCCs were found to express several pro-angiogenic GPCR ligands that can couple to
endothelial PI3KPB, and PD-RCC-stimulated angiogenesis was sensitive to
pharmacological PI3K[ inhibition. This suggests that PI3K[ inhibition to target the
subset of such human tumors merits further investigation. Systemic PI3K[} inhibition in
human cancer has been found to be well-tolerated [57]. Our data suggest that clinical

PI3KJ inhibitors could be useful as an adjuvant to VEGF-based anti-tumor therapies.
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Figure Legends

Figure 1. Inhibition of PI3K[} decreases sprouting angiogenesis in HUVECs co-cultured
with patient-derived renal cancer (PD-RCC) samples. A, Freshly-harvested PD-RCC
samples were minced, then co-cultured with HUVEC spheroids with vehicle or 100 nM
TGX-221 as described in Methods. Mock-treated EC cultures were used as the control
(Ctrl). Scale bars 95 um. B, Quantification of the number and length of angiogenic
sprouts (mean =+ SEM; n = 8 independent PD-RCC samples; **P < 0.01; two-way
ANOVA). C, Endothelial tip cell marker gene expression in PD-RCC/ EC spheroid 3D
co-culture (mean + SEM; n = 8 independent samples; *P < 0.05; two-way ANOVA).
Mock-stimulated EC spheroids were used as the reference. D, Quantification of pro-
angiogenic growth factor expression by PD-RCC. PD-RCC samples that didn’t stimulate
angiogenesis were used as the reference (mean + SEM; n = 8 independent samples; *P <
0.05, **P<0.01; Mann-Whitney U - test). E, Expression of VEGF and CXCL12 in PD-

RCC samples by western blot.

Figure 2. Inactivation of endothelial PI3K[3 potentiates sunitinib treatment to delay tumor
growth and reduce tumor vessel density. A, 1 X 10° mouse Lewis lung carcinoma (LLC]1)
cells were implanted subcutaneously into wild-type (Ctrl) or EC-BKO mice (n = 4 - 8
mice / group). When the tumor volume reached 200 mm’, mice were treated with
sunitinib (40mg / kg / day) or vehicle. Tumor volume was measured every 3 days using

slide calipers as described in Methods. Results are presented as the mean £ SEM; *P <
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0.05, **P < 0.01 by two-way ANOVA, repeated measure. B, Representative
immunohistochemical (IHC) images of CD31" vessels. Scale bar, 50 um. C,
Quantification of CD31" vessels per high power field (HPF) from (B) (mean = SEM; n =
4 - 8 mice / group; **P < 0.005; Mann-Whitney U - test). D, Representative images of
pimonidazole” hypoxic areas (scale bar, 1 mm) and E, quantification of tumor
pimonidazole+ area (mean = SEM; n =4 - 8§ mice / group; *P < 0.05, **P < 0.01; Mann-
Whitney U - test). F, hypoxia responsive marker gene expression in vehicle or sunitinib-
treated control vs EC-BKO mice (mean + SEM; mice n = 4 - 8 mice / group; *P < 0.05,
**P < (0.01; Mann-Whitney U - test). G, NDRGI protein level was probed by western
blot in early-stage tumors collected from sunitinib-treated wild-type vs EC-BKO mice. H,
Quantification of western blot images among the groups (mean = SEM; n = 5 mice/

group; *P < 0.05; Mann-Whitney U - test).

Figure 3. Inactivation of endothelial PI3K promotes tumor vessel normalization in
sunitinib-treated mice. Vessel maturity was evaluated by using NG2' pericyte and
Collagen IV" (Col IV) basement membrane staining. A, Representative images of NG2
(red) coverage of CD31" (green) tumor vessels in vehicle or sunitinib-treated wild-type
(Ctrl) vs EC-BKO mice. Scale bar, 50 um. B, Quantification of the fraction of NG2-
associated CD31" vessels (mean = SEM; n = 4-8 mice/ group; *P < 0.05, **P < 0.01;
Mann-Whitney U - test). C, Representative images of CD31" (green) vessels and Col IV"
(red) capillary basement membranes. Scale bar, 50 pm. D, Quantification of Col IV"
coverage of CD31" vessel profiles (left panel), and Col IV" empty sleeves (right) in

vehicle or sunitinib-treated wild-type vs EC-BKO mice (mean = SEM; n = 4 - 8 mice/
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group; **P < 0.01; Mann-Whitney U - test). E, Representative images of lectin® (red)
perfused tumor vessels in sunitinib-treated wild-type vs EC-BKO mice. Scale bar, 20 um.
F, Quantification of the fraction of lectin-positive CD31" vessels (mean + SEM; n = 5

mice/ group; **P < 0.005; Mann-Whitney U - test).

Figure 4. Inactivation of endothelial PI3KP reduces tumor angiogenesis. A,
Representative images of sprouting from large vessels in sunitinib-treated wild-type
(Ctrl) vs EC-BKO mice. The inset shows a sprout with tip cell filopodia. Scale bars, 50
um. B, Quantification of angiogenic sprouts in LLC1 tumors from sunitinib-treated wild-
type vs EC-BKO mice (mean + SEM; n = 5 mice/ group; *P < 0.05, **P < 0.01; Mann-
Whitney U - test). C, Quantification of endothelial tip cell marker gene expression in
vehicle or sunitinib-treated wild-type vs EC-BKO mice (mean = SEM; n = 4 - 8 mice/
group; *P < 0.05, **P < 0.01; Mann-Whitney U - test). D-E, western blot analysis of
angiopoietin-2 (Ang2) protein level in early-stage tumor collected from sunitinib-treated
wild-type vs EC-BKO mice (mean + SEM; n = 5 mice / group; **P < 0.01; Mann-

Whitney U - test).

Figure 5. Cancer cell epithelial to mesenchymal transition (EMT) is reduced in EC-BKO
mice A, EMT marker gene expression in vehicle or sunitinib-treated wild-type (Ctrl) vs
(mean + SEM; mice n = 4 - 8 mice/ group; *P < 0.05, **P < 0.01; Mann-Whitney U -
test). B, The expression of Zebl and Slug proteins were probed by western blot in early-

stage tumors collected from sunitinib-treated wild-type vs EC-BKO mice. C,
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Quantification of western blot images among the groups (mean £ SEM; n = 5 mice/

group; *P < 0.05; Mann-Whitney U - test).

Figure 6. Inactivation of endothelial PI3K[ decreases lung metastases, tumor vessel
density, and tumor hypoxia in sunitinib-treated mice. Mouse B16F10 melanoma cells (2
X 10°) were injected into the tail vein of wild-type (Ctrl) or EC-BKO mice. Immediately
after tumor cell inoculation, mice were treated with vehicle or sunitinib (40mg/ kg/ day)
for 20 days, then were euthanized at day 21. A, Representative images of H&E stained
sections showing tumor foci among vehicle or sunitinib-treated wild-type vs EC-BKO
mice. Scale bars, 1 mm. B, Quantification of tumor area in H&E stained sections (mean +
SEM; n = 5 - 8 mice / group; *P < 0.05; Mann-Whitney U - test). C, Representative
images of CD31" tumor vessels and D, quantification (mean + SEM; n = 5 - 8 mice/
group; *P < 0.05, **P < 0.005; Mann-Whitney U - test). E, Representative images and F,
quantification of pimonidazole”™ tumor hypoxic area among vehicle or sunitinib-treated
wild-type vs EC-BKO mice (mean = SEM; n = 5 - 8 mice/ group; *P < 0.05; Mann-
Whitney U - test). Scale bars, | mm. G, Representative images of PDGFRB" pericyte
(red) coverage of CD31" (green) tumor vessels among vehicle or sunitinib-treated wild-
type vs EC-BKO mice. Scale bars, um. H, Quantification of the fraction of CD31" vessels
covered by PDGFRP" pericytes (mean + SEM; n = 5 - 8 mice/ group; *P < 0.05; Mann-

Whitney U - test).

35



36



PD-RCC

Non-angiogenic

Angiogenic Angiogenic +

B TGX-221
9207w E1s0 g Crt
2151 = %100 [l Non-angiogenic PD-RCC
T@ 101 5 [ Angiogenic PD-RCC
3 5/ 5 50 [ Angiogenic PD-RCC +
& =4 TGX-221
0l g o
C
6y, 5 0
2] T :
4
5 S °
E2 ' 2 4
(<] 1 2
[V
0 0 0
ESM1 DLL4 CXCR4
[ Non-angiogenic PD-RCC
D [l Angiogenic PD-RCC
801 .. 10 40 8
9 . T e .
£'60 ¢ 8 " 30 T8 ——
2 6
G 40 20 4
ke] 4
o 20 2 10 2
0 0 0
VEGF CXCL12 APLN cxcL7
E Non-angiogenic ~ Angiogenic
PD-RCC PD-RCC
i 2- - VEGF
-—- -_r . e— CXCL12
| Actin




A —e- Crtl / vehicle

-m- EC-BKO / vehicle
Crtl / sunitinib

—¥— EC-BKO / sunitinib

—~ 2000 ”
€
£ 1500
(0]
£
2 1000+
>
g 5004
5
[
0 1 T T T T T T
07 10 13 16 19 22 25
Days
B C
Il Crtl / vehicle
I EC-BKO / vehicle
I Crtl / sunitinib
w Bl EC-BKO / sunitinib
T 257 75
g 20
Ee] €15
£ =]
£ €10
@ 2 5
Lo
E
Il Crtl / vehicle
o f I EC-BKO / vehicle
%’) A 8\t ~- S8 I Crtl / sunitinib
2 '1-‘!' ' k [ EC-BKO / sunitinib
B S P @©
o
©
el . ) L
£ } X
S : g
F T
ES
F
50 )
© 40 ElCrtl / vehicle
2 EEC-BKO / vehicle
% 30 I Crtl / sunitinib / early stage
220 I EC-BKO / sunitinib / early stage
£ 10 EACrtl / sunitinib / late stage
0 EEC-BKO / sunitinib / late stage
Glut1 Ndrg1
G Sunitinib H
Crtl EC-pKO 2207 &
RORR TR W A R g 15
NDRGT[ Moo e " M o i o ok S | <
L o (O] o
Actin et g s
Zo0



Vehicle

Sunitinib

Vehicle

Sunitinib

cril EC-BKO

Sunitinib

E

CD31

CD31Lectin

Lectin*
sels (

ves:

B mcrti/ vehicle
I EC-BKO / vehicle
[ Crtl / sunitinib
B EC-BKO / sunitinib

o o
o o

NG2* vessels (%)
N
o

D mcrti/ vehicle
I EC-BKO / vehicle
[ crtl / sunitinib
B EC-BKO / sunitinib

-
o
o

Col IV* vessels(%)

-
[$)]
1
*
*

-
o
n

[ Crtl / sunitinib
B EC-BKO / sunitinib

Vessel number ™
I HPF
[,]

%)

0
A O
o O Oo
T L T

2 20+




Il Crtl / vehicle

I EC-BKO / vehicle
I Crtl / sunitinib

B EC-BKO / sunitinib

Vehicle

Sunitinib

o N M oo @

Sprouts /
large vessel

O

Fold change

Cxcrd

2.0+
3 W Crtl / vehicle
5" EEC-BKO / vehicle
; 1.0- I Crtl / sunitinib / early stage
E 05 EEC-BKO / sunitinib / early stage
] EACrtl / sunitinib / late stage
0.0- B EC-BKO / sunitinib / late stage
Dll4
b Sunitinib E
Crt ECBKO 257
— - £20 I
S ; i g < [ Crtl / sunitinib
97 Mook Ny i . | Ly g B EC-BKO / sunitinib
: : 1.0
Actin g '
0.5




ok

° ,.*—* Bl Crtl / vehicle

2 ﬂ EEC-BKO / vehicle

% ol o B Crtl / sunitinib / early stage

e} EEC-BKO / sunitinib / early stage
i —— ECrtl / sunitinib / late stage

EEC-BKO / sunitinib / late stage

Fold change

Snail1 Slug

Sunitinib
B cril EC-BKO

Zeb1 v'“ F . J,‘_. 44 ,..’ el .‘- 1
SIUG | s Wo—

Actin| s

(@]

o
o

N
I

<
[N}

Zeb1 / Actin

o
o

Slug / Actin

|




ECrtl / vehicle

EEC-BKO / vehicle

I Crtl / sunitinib

EEEC-BKO / sunitinib
ns

= N W b
o O o

Sunitinib
Metastases (%)
o O

ECrtl / vehicle
EEC-BKO / vehicle
ECrtl / sunitinib
EEEC-BKO / sunitinib

Vessel number

-n

ECrtl / vehicle
EEC-BKO / vehicle
ZCrtl / sunitinib
EEEC-BKO / sunitinib

<40
S

ICrtl / vehicle
IEEC-BKO / vehicle
ICrtl / sunitinib
EEIEC-BKO / sunitinib
ns

S
83

2
c
=
c
=
(2]

PDGFRp* vessels (%)
o 3 B



