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Endothelial VEGFR2-PLCy signaling regulates
vascular permeability and antitumor immunity
through eNOS/Src
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Yale University School of Medicine, New Haven, Connecticut, USA. ®Institute of Physiology and Medicine, Jobu University, Takasaki, Gunma, Japan. “Department of Cell Biology, Yale University School of

Medicine, New Haven, Connecticut, USA.

Endothelial phospholipase Cy (PLCy) is essential for vascular development; however, its role in healthy, mature, or
pathological vessels is unexplored. Here, we show that PLCy was prominently expressed in vessels of several human cancer
forms, notably in renal cell carcinoma (RCC). High PLCy expression in clear cell RCC correlated with angiogenic activity and
poor prognosis, while low expression correlated with immune cell activation. PLCy was induced downstream of vascular
endothelial growth factor receptor 2 (VEGFR2) phosphosite Y1173 (pY1173). Heterozygous Vegfr2"™*/* mice or mice lacking
endothelial PLCy (Plcg1t°) exhibited a stabilized endothelial barrier and diminished vascular leakage. Barrier stabilization
was accompanied by decreased expression of immunosuppressive cytokines, reduced infiltration of B cells, helper T cells and
regulatory T cells, and improved response to chemo- and immunotherapy. Mechanistically, pY1173/PLCy signaling induced
Ca?/protein kinase C-dependent activation of endothelial nitric oxide synthase (eNOS), required for tyrosine nitration and
activation of Src. Src-induced phosphorylation of VE-cadherin at Y685 was accompanied by disintegration of endothelial
junctions. This pY1173/PLCy/eNOS/Src pathway was detected in both healthy and tumor vessels in Vegfr2""*?/+ mice, which
displayed decreased activation of PLCy and eNOS and suppressed vascular leakage. Thus, we believe that we have identified
a clinically relevant endothelial PLCy pathway downstream of VEGFR2 pY1173, which destabilizes the endothelial barrier and

results in loss of antitumor immunity.

Introduction

Growth of solid cancers is accompanied by hypoxia-driven forma-
tion of abnormal blood vessels with a defective endothelial barri-
er, often due to chronic exposure to endothelial cell ligands such as
vascular endothelial growth factor A (VEGFA) (1, 2). Barrier deteri-
oration is manifested as gaps between endothelial cells (ECs) and
enhanced exchange of molecular mediators and cells across the
vessel wall, resulting in tumor edema, attenuated drug delivery,
suppressed antitumoral immune response, and increased meta-
static spread (1, 3). The EC barrier is normally maintained via cell-
cell junctions, including adherens junctions, which are composed
of homophilic complexes of VE-cadherin. In response to VEGFA,
VE-cadherin is phosphorylated and internalized, accompanied by
dismantling of adherens junctions (4). By therapeutic targeting
of VEGFA or its main receptor, VEGF receptor-2 (VEGFR2), the
barrier can be stabilized, resulting in reduced interstitial pressure,
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increased perfusion of tumor vessels, decreased malignant inva-
sion and metastatic spread, enhanced infiltration and activation of
immune cells, and improved therapy response (5, 6).

However, it is also well established that drugs targeting
VEGFA/VEGFR2 (anti-VEGFs), have deleterious effects on the
vasculature in the long run, eventually resulting in vascular prun-
ing and endothelial cell death (7). Moreover, animal models have
demonstrated that efficient suppression of VEGFA/VEGFR2
signaling by tyrosine kinase inhibitors may promote disease pro-
gression by increasing hypoxia, leading to malignant invasion
and increased metastatic spread (8-10). Blockade of individual
signal transduction pathways and their corresponding endotheli-
al response downstream of VEGFR2, such as vascular leakage, is
an attractive, alternative therapeutic strategy.

Upon VEGF binding, VEGFR2is activated and autophosphor-
ylated on several tyrosine residues, including Y949 in the kinase
insert,Y1052/Y1057 inthe kinase domain, and Y1173 and Y1212in
the C-terminal tail — these are mouse sequence numbers; human
sequence numbers are +2 residues, i.e. Y951, etcetera— initiating
distinct downstream signaling pathways. The phosphosite Y949
(pY949) site binds T cell specific adaptor (TSAd), which mediates
activation of Src family kinases (SFKs) (11). Mutation of Vegfr2
Y949 to phenylalanine (F) is fully compatible with embryonic
development but results in suppression of vascular permeability
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and decreased metastatic spread in cancer-challenged mice (12).
The pY1052/Y1057 sites are required for induction of kinase
activity (13). Signaling downstream of the pY1212 site is required
for Myc activation and endothelial proliferation during develop-
ment (14). Signaling downstream of the pY1173 site is necessary
for endothelial progenitor differentiation; mice expressing a
constitutive tyrosine-phenylalanine exchange mutation at Vegfr2
Y1173 (Y1173F) die at E8.5-E9.5, due to arrested vascular devel-
opment (15, 16). pY1173 recruits phospholipase Cy (PLCy), which
regulates hydrolysis of phosphatidyl 2,3 bisphosphate in the
plasma membrane. This results in generation of diacylglycerol
(DAG) and downstream activation of protein kinase C (PKC), as
well as inositol 1,4,5 trisphosphate, regulating Ca?" release from
the endoplasmic reticulum. Of these downstream pathways,
PKC-mediated activation of extracellular regulated kinases 1/2
(ERK1/2) plays a critical role in VEGF-induced endothelial prolif-
eration (17). Despite the well understood role of pY1173 signaling
in embryonic development, information is lacking regarding sig-
naling related to this phosphosite in the adult vasculature.

Here, we identify an essential role of pY1173/PLCy/endothelial
nitric oxide synthase-dependent (eNOS-dependent) signaling in
the adult vasculature regulating endothelial barrier integrity. Acti-
vated eNOS, phosphorylated on S1176, induced Src-mediated tyro-
sine phosphorylation of VE-cadherin, accompanied by its internal-
ization and disintegration of endothelial adherens junctions. This
pathway operates in the healthy endothelium as well as in tumor
vessels. Tumor vessels in human cancer express PLCy, and, in
clear cell renal cell carcinoma (ccRCC), PLCy serves as an inde-
pendent biomarker for poor survival. In mouse models, the Y1173F
mutation suppresses tumor vessel leakage, accompanied by vessel
normalization, reduced infiltration of immune cells, and reduced
production of immunosuppressive cytokines. Thus, the identified
VEGF-R2 Y1173/PLCy/eNOS/Src signaling pathway regulates
both normal and pathological vascular leakage. This information
could be exploited for drug development with the aim to alleviate
vascular leakage and immunosuppression in ccRCC.

Results

Clinical relevance of tumor endothelial PLCy in kidney cancer. The
contribution of VEGFR2/PLCy signaling in the adult endothe-
lium, healthy or disease-afflicted, is unknown. As a basis for
hypothesis-driven exploration of the role of endothelial PLCy
signaling, we investigated endothelial PLCy expression in human
cancer. PLCy immunostaining of human tumor tissue microar-
rays (TMAs) — composed of RCC, skin cancer, melanoma, lung
cancer, and pancreatic cancer — revealed endothelial expression
of PLCy to different extents, in addition to expression in tumor
cells and immune cells in the different cancer forms (Supplemen-
tal Figure 1A; supplemental material available online with this
article; https://doi.org/10.1172/JCI161366DS1). In 5 of 12 exam-
ined biopsies from patients with RCC, PLCy was prominently
expressed in the tumor endothelium, with minor expression in
immune cells (Figure 1A and Supplemental Figure 1A). Inter-
estingly, certain patients with RCC lacked vascular PLCy, but
the expression in immune cells remained (Figure 1B). Given the
marked endothelial expression in a subgroup of patients, RCC
was chosen for extended analysis.

The Journal of Clinical Investigation

Clinical features correlating with overall PLCy expression
were explored using the gene expression TCGA-data set of 510
cases of ccRCC (KIRC) (https://www.cancer.gov/ccg/research/
genome-sequencing/tcga). The expression cut-off was deter-
mined by Kaplan Meier-analysis of patients divided into 4 equal
subgroups (25% of patients in each subgroup) based on quartiles
of PLCGI expression (subgroup 1: low expression; subgroup 2:
mid/low expression; subgroup 3: mid/high expression; subgroup
4: high expression). Patients in subgroup 4 showed a particular-
ly poor outcome compared with subgroups 1-3 which showed
similar outcomes (Supplemental Figure 1B). Therefore, patients
with expression levels above and below the third quartile were
assigned as PLCGI-high (subgroup 4; 127 patients) and PLCGI-
low expressing patients (subgroup 1-3; 383 patients), respective-
ly. There was no association of the PLCGI-high subgroup with
any clinicopathological characteristics analyzed (Supplemental
Table 1). Survival analyses, however, revealed a significant cor-
relation of high PLCGI mRNA levels and worse disease-specific
survival (DSS) (Figure 1C) as well as overall survival (OS) (Figure
1D), with an increased risk of death (DSS: HR =1.645 P = 0.018;
OS: HR = 1.481, P = 0.024). PLCy expression was further iden-
tified as an independent marker for poor ccRCC outcome. The
prognostic significance of the PLCGI-high subgroup remained in
multivariable analyses adjusted for clinicopathological charac-
teristics including sex, age, tumor-, nodal- and metastasis stage
(DSS: HR=1.642,P=0.022; 0S: HR=1.545, P= 0.014) (Table 1).
In summary, our analyses identified PLCy as a clinically relevant
biomarker for outcomes for patients with ccRCC.

Biological processes in RCC correlating with PLCy transcript
levels. Given the clinical relevance of PLCy expression in RCC,
the potential disease impact of differentially expressed genes
(DEGs) with a log, fold change of more than 1.0 or less than
-1.0 in the PLCGI-high and -low subgroups in the KIRC cohort
(Supplemental Data File 1) was assessed by examining enrich-
ment of gene ontology biological processes (GOBPs). GOBPs
were ranked based on significance (adjusted P value shown as
heatmap) and ratio of affected genes within each GOBP. In the
PLCGI-low group GOBPs were enriched for metabolic processes
(12 of the 20 top GOBPs) and for immune activation (4 of the 20
top GOBPs) (Figure 1E). Of all enriched GOBPs in the PLCGI-
low subgroup, 54 (5.2%) were related to immunity and inflam-
mation (Supplemental Figure 1C). Lead DEGs in the immunity
and inflammatory GOBPs enriched in the PLCGI-low subgroup
were largely overlapping and included genes such as TNFSF13
(APRIL), implicated in B cell survival and differentiation in RCC
(18), as well as ASAHI (19) and XRCC6 (20), implicated in T cell
function (Figure 1F). In contrast, GOBPs enriched in the PLCGI-
high subgroup related to proliferative and morphogenic process-
es, including lymph vessel morphogenesis, in agreement with
the loss of the hypoxia-regulated von Hippel Lindau (vHL) tumor
suppressor and hypoxia-induced expression of VEGFA in ccRCC
(21) (Figure 1, G and H). Strikingly, there was no enrichment of
immune activity-related GOBPs in the PLCGI-high subgroup,
and angiogenic GOBPs were missing in the PLCGI-low subgroup.

It is increasingly appreciated that tumor vascular dysfunction
hallmarks such as vessel fragility, hyperpermeability and poor
perfusion steer tumor metabolism (22) as well as tumor immune

J Clin Invest. 2023;133(20):e161366 https://doi.org/10.1172/JCI161366
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Figure 1. Tumor endothelial PLCy expression correlates with worse patient survival and biological processes in patients with ccRCC. (A and B) Repre-
sentative images of patients with RCC positive (n = 5, A) and negative (n = 7; B) for vascular PLCy expression. Scale bar: 50 um. Lower right panels show
magnifications from insets. Scale bar, 20 um. (C and D) Kaplan-Meier curves showing correlative analysis of PLCGT mRNA expression and disease specific
survival (C) and overall survival (D) in the ccRCC TCGA data set (KIRC); n = 383 (PLCGT-low subgroup) and 127 patients (PLCGT-high subgroup). (E) Ranking
of the 20 (GOBPs most enriched in the PLCGT-low subgroup (n = 383 patients) based on significance (Padi shown as heatmap) and ratio of affected genes
within each GOBP. Overrepresentation analysis was performed based on a hypergeometric distribution corresponding to the 1-sided Fisher’s exact test
(ClusterProfiler). (F) CNET plot showing networks of top differentially expressed genes (DEGs) in the immune activity GOBPs listed in E. (G) Ranking as in
E, of the 20 most enriched GOBPs in the PLCG1-high subgroup (n = 127 patients). (H) CNET plot showing network of top DEGs in the indicated GOBPs in G.

cellinfiltration and function, from antitumor to protumor directed
effects (6). Thus, the GOBPs enriched in the PLCGI-low and -high
RCC subgroups — metabolism and immune activation, and pro-
liferation and morphogenesis, respectively — could all be related
directly or indirectly to tumor vascular features.

VEGFR2 Y1173 heterozygosity accompanied by decreased tumor
vascular permeability and enhanced antitumor immunity. PLCy
is a binding partner for the VEGFR2 phosphosite pY1173, which
regulates endothelial cell differentiation (23), but no unbiased
approach has been applied to identify the interactome of this
phosphosite. To this end, biotinylated peptides corresponding
to the region around Y1175 in the human sequence, correspond-
ing to mouse Y1173, phosphorylated or not, were used to capture
downstream signal transducers from human endothelial cell
lysates. Subsequent mass spectrometry (MS) analysis identified
PLCy as the main interaction partner for pY1175 (Supplemental
Figure 2A). RASA1, SHP2 (PTPNI11), VAV2, and CSK also bound
efficiently to the pY1175 peptide (Supplemental Figure 2A). West-
ern blot analysis corroborated a predominant binding of PLCy to
the pY1175 peptide compared with the pY951 and pY1214 peptides
(Supplemental Figure 2B). In agreement, mouse aortic endothe-
lial (MAE) cells expressing mouse WT VEGFR2 showed potent
accumulation of PLCy pY783 (denoted pPLCy below) required for
enzyme activation, which was lacking in MAE cells expressing the
VEGFR?2 Y1173F mutant (Supplemental Figure 2, C-E). The sup-
pressed PLCy phosphorylation was not due to loss of other recep-
tor phosphosites; VEGFR2 pY949 and pY1212 were still induced
in MAE-Y1173F cells (Supplemental Figure 2, C, F, and G).

The clinical relevance of endothelial PLCy expression in RCC
prompted further analysis using experimental tumor models. Two
subcutaneous tumor models, BI6F10 melanoma and T241 fibro-
sarcoma, were inoculated in the flanks of WT mice and in mice
in which one Vegfr2 allele carried the Y1173F mutation. The het-
erozygous Vegfr2"73/+ mutants were born at the expected Men-
delian ratios, whereas the homozygous Vegfr2"173/Yi7F mutant
pups were lost during embryogenesis in agreement with earlier
reports (15). Isolated ECs (IECs) from Vegfr2¥173%/+ lung displayed
a marked loss in pPLCy levels in response to VEGFA compared
with WT (Supplemental Figure 2, H and I), thus demonstrating
the relevance of this mouse model. In agreement, the Vegfir2"473/+
B16F10 vasculature showed reduced levels of pPLCy (Figure 2,
A and B). Tumor growth rates and vascular density were similar
when comparing WT with Vegfi2¥4737+ mice inoculated with either
B16F10 (Figure 2, C and D) or T241 fibrosarcoma (Supplemental
Figure 2, ] and K). The vasculature in solid tumors is characterized
by hypoxia-driven VEGFA expression, a disrupted endothelial
barrier, and elevated vascular leakage (1, 24). Vascular leakage in
the B16F10 and T241 vasculature was determined by i.v. injection

of FITC-conjugated 2,000 kDa fixable or TRITC-conjugated 70
kDa nonfixable dextran before tumor collection. BI6F10 melano-
ma vessels in Vegfr2¥173%+ mice showed reduced dextran leakage
compared with WT mice, assessed by quantifying fixed dextran on
sections and by extraction of nonfixable dextran (Figure 2, E-G).
Tumor vessel leakage was similarly suppressed in T241 fibrosar-
coma in Vegfr2"47+ mice (Supplemental Figure 2, L-N). The stabi-
lized B16F10 tumor vasculature in the Vegfr2"47¥* mice conferred
increased sensitivity of these tumors to chemotherapy; treatment
of Vegfr2¥173%/+ mice with alow dose temozolomide (TMZ, 5 mg/kg)
suppressed B16F10 melanoma growth while tumors in WT mice
remained unaffected (Figure 2, H and I).

The enhanced immune activation in the RCC PLCGI-low sub-
group implied a potential role for vascular VEGFR2 Y1173/PLCy
signaling in immune cell infiltration and activation. Profiling of
immune cells in the B16F10 tumors showed reduced numbers of

Table 1. Multivariable analysis of survival, including
clinicopathological characteristics and PLCy mRNA expression
levels in the KIRC cohort

DSS 0S

HR 95% Cl P value HR 95% Cl P value
Sex
Female 1 1
Male 1014  0.661-1555 0949 0914 0661-1.264  0.588
Age
<60 1 1
260 1158 07741733 0476 1538  1104-2143  0.01"
T-stage
1 1 1
2 3.094 1454-6585 0.003* 1317 0.767-2.262  0.319
3 4866 2580-9.177 <0.001° 2302 1.558-3402 <0.001°
4 10.548 4128-26.956 <0.001° 4498 2.096-9.651 <0.001
N-stage
0 1 1
1 0723 0480-1.089 0120  0.806 0.586-1109  0.185
M-stage
0 1 1
1 4276  2.799-6.532 <0.001° 2.566 1.802-3.656 <0.001
PLCy mRNA
Low 1 1
High 1642 1075-2508 0.022* 1545 1.091-2188  0.014*

DSS, disease specific survival; 0S, overall survival; HR, hazard ratio; Cl,
confidence interval; T-stage, size or direct extent of the primary tumor (0,
no; 1, yes); N-stage, spread to regional lymph nodes (0, no; 1, yes); M-stage,
presence of distant metastasis (0, no; 1, yes). Multivariable Cox regression
analysis. P < 0.05; 8P < 0.01; ‘P < 0.001.

J Clin Invest. 2023;133(20):e161366 https://doi.org/10.1172/JCI161366
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Figure 2. VEGFR2 pY1173/PLCy signaling in experimental tumors affects
vascular leakage, response to therapy, and antitumor immunity. (A and
B) Immunostaining (A) and mean fluorescent intensity (MFI) quantifi-
cation (B) of pPLCy Y783 in Vegfr2+/+ (WT) and Vegfr2"™*+ (Y1173F/+)
B16F10 melanoma tumors; n = 5 (WT) and 3 (Y1173F/+) mice, > 3 fields

of view/experiment. Scale bar: 100 um. Unpaired 2-tailed Students’ t

test. (€) Tumor growth of WT and Y1173F/+ B16F10 tumors; n = 5 (WT)

and 3 (Y1173F/+) mice. 1-way ANOVA. (D) Quantification of vessel density
(MFI) from A; n =5 (WT) and 3 (Y1173F/+) mice, > 3 fields of view/tumor.
Unpaired 2-tailed Students’ t test. (E and F) Representative image (E)

and quantification (F) of extravasated fixable 2,000 kDa FITC-dextran in
B16F10 tumors; n = 5 (WT) and 3 (Y1173F/+) mice, > 3 fields of view/experi-
ment. Scale bar:100 um. Unpaired 2-tailed Students’ t test. (G) Fluorescent
intensity of 70 kDa TRITC-dextran extracted from B16F10 tumors; n =5
(WT) and 3 (Y1173F/+) mice. Unpaired 2-tailed Students' t test. (H and

1) Tumor growth (H) and tumor weights (1) of WT and Y1173F/+ B16F10
tumors treated with 5 mg/kg Temozolomide (TMZ) or DMSO control; n
=9-10 mice/group. 2-way ANOVA (H), 1-way ANOVA (1). (J-M) Percent B
cells (CD19) (), helper T cells (CD3 and CD4 costaining) (K), regulatory T
cells (CD3, CD4, CD25, and Foxp3 costaining) (L), cytotoxic T cells (CD3 and
CD8 costaining) (M) in WT and Y1173F/+ B16F10 tumors; n = 16/genotype.
Unpaired 2-tailed Students’ t test. (N) mRNA expression of TGFp (Tgfb1-3),
IL10 (1110), L35 (/112a, Ebi3), IFNy (Ifng), and TNFo. (Tnf) in WT and Y1173F/+
B16F10 tumors; n = 5 mice/genotype. Unpaired 2-tailed Students’ t test.
(0) Tumor weight of CD40- or IgG-treated WT and Y1173F/+ B16F10 tumors
harvested at day 12; n = 9-10 mice/group. 1-way ANOVA. Data represent
mean + SD or SEM (H). *P < 0.05, **P < 0.01, ***P < 0.001.

B cells (CD19%) and helper T cells (CD3* CD4") as well as Tregs
(CD3* CD4* CD25* Foxp3*) in Vegfr2"73#/+ tumors compared with
WT tumors (Figure 2, J-L). Notably, the overall number of immune
cells (CD45%) did not differ between genotypes and other immune
cell populations, including cytotoxic T cells (CD3* CD8*), dendritic
cells (CD11c* MHC 1I"), and macrophages (CD11b* F4/80") were
present at similar levels in B16F10 tumors from WT and Y1173F
mice (Figure 2M and Supplemental Figure 2, O-Q). In the human
KIRC cohort, PLCGI expression correlated with mRNA expression
of the B cell markers CD19 and CD20 and the Treg marker Foxp3,
but not with the T cell marker CD8 (Supplemental Table 2). This
human RCC data is in agreement with the higher prevalence of B
cells and Tregs in the mouse WT B16F10 tumors, which has abun-
dant endothelial PLCy signaling (Figure 2, A and J-M).
Quantitative PCR (qPCR) of whole tumor lysate for transcript
levels of the cytokines TGFp (Tgfb1-2), IL10 (I1l10), and IL35 (Ebi3
and Il12a), associated with suppressed antitumor immunity (25),
showed reduced levels in Vegfr2¥47+ tumors (Figure 2N). Ebi3 can
also dimerize with I/27 to form IL27, and Il12a with Il12b to form
IL12; both II27 and Il12b were expressed at low and comparable
levels in the B16F10 tumors from WT and Vegfi247*"* mice (Sup-
plemental Figure 2R). The inflammatory cytokine IFNy (Ifng),
assigned a pleiothropic role in tumor immunity (26), was also
reduced in Vegfr2"73+ tumors, whereas the levels of Tgfb3 and
Tnfa remained unaffected (Figure 2N). In line with these data, in
the KIRC cohort, PLCGI transcripts covaried with expression of
TGFBI-3 and IL12A (Supplemental Table 3). Overall, these data
suggest that tumor vascular VEGFR2 pY1173/PLCy signaling may
steer an immune-suppressive microenvironment. Therefore, the
response to immunotherapy treatment with CD40 agonistic anti-
bodies was tested. CD40 agonistic antibodies enhance antitumor
immunity by increasing antigen presentation through CD40,
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expressed on antigen-presenting cells (APCs), including DC and
B cells, which promotes activation and expansion of cytotoxic T
cells (27). Treatment of Vegfr2Y173/* mice with anti-CD40 antibod-
ies suppressed growth of BL6F10 tumors, while WT mouse tumors
were resistant to this therapy (Figure 20). These data indicate that
the extent of PLCy signaling in tumor vessels correlates with the
anti-tumor immune status and the response to immunotherapy.

VEGFR2 pY1173 regulates VEGFA-induced vascular permeabil-
ity. To examine the role of PLCy signaling downstream of VEG-
FA-induced pY1173invivo in the healthy endothelium, Vegfi-2¥#73/+
and WT mice were injected intradermally with VEGFA or PBS in
the back skin. Immunofluorescent staining showed reduced levels
of VEGFA-induced pPLCy Y783 in the endothelium of Vegfir2¥173F/+
mice compared with WT mice, supporting the requirement of
pY1173 signaling for PLCy activation in vivo (Figure 3, A and B).

The importance of pY1173 signaling in regulation of the
vascular barrier in normal vessels was assessed by analysis of
intradermal leakage of the albumin-bound colloidal dye Evans
blue after administration of VEGFA in the back skin. Leakage
increased 2.7-fold in the WT dermis, while the effect of VEGFA
was essentially obliterated in Vegfr2¥173+ mice (Figure 3, C and
D). In contrast, administration of the inflammatory cytokines
bradykinin or histamine elicited similar leakage responses in WT
and Vegfr2"173%+ mice (Figure 3, C and D). Live imaging of vas-
cular leakage using sensitive, noninvasive real-time imaging to
determine its kinetics (28) confirmed a significant suppression
of VEGFA-mediated vascular leakage in the Vegfr2"477+ dermal
vasculature, quantified as number of leakage sites per vessel
length (Figure 3, E-G). Leakage from dermal venules as well as
capillaries was reduced by approximately 50%, in accordance
with the Y1173F heterozygosity.

To confirm the impact of pY1173/PLCy signaling on vas-
cular permeability and circumvent the embryonic lethality of
Vegfr2V173/Y1I73F mice, we bred Vegfir2Y1173/+ heterozygous mice onto
a Vegfr2"f; Cdh5-CreERT2 background. Tamoxifen-mediated
excision of the WT Vegfr2 allele generated Vegfr2Y"7*%/- mice
expressing only one Vegfr2 allele in endothelial cells, carrying
the Y1173F mutation. The efficiency of VEGFR2 downregulation
in tamoxifen-treated Vegfr2"*¥- mice was validated by anti-
VEGFR2 immunostaining (Supplemental Figure 3, A and B).

The effect of elimination of pY1173-signaling in the
Vegfr2Y173%- model was examined by assessing vascular density
in the ear dermis of 8-week-old mice. Thirty days after the ini-
tiation of tamoxifen treatment, there was no difference in the
vascular density between WT, Vegfr2"173/-, and Vegfr2"73f mice
(expressing one Y1173F mutant Vegfi2 allele and one WT allele)
(Supplemental Figure 3, C and D), suggesting that pY1173 signal-
ing is nonessential for endothelial maintenance in the adult vas-
cular bed, although organ-dependent effects cannot be exclud-
ed. However, VEGFA-induced leakage in the ear dermis was
nearly completely suppressed in Vegfr2¥3#- mice compared with
Vegfr2*/- mice (expressing only one Vegfr2 WT allele in endotheli-
al cells) or Vegfr2"173#f mice (Figure 3, H and I). Interestingly, the
suppression of VEGFA-induced leakage was similar to that seen
after endothelial removal of both Vegfr2 alleles, demonstrating
the requirement for pY1173 signaling for transient destabiliza-
tion of endothelial junctions (Figure 3, H and I).
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Figure 3. VEGFR2 pY1173 signaling regulates VEGFA-induced vascular permeability in the healthy skin. (A) Representative images of immunoflu-
orescent staining for VE-cadherin (VEC) and pPLCy Y783 in the back skin of Vegfr2+/*+ WT and Vegfr2""7**/+ heterozygous (Y1173F/+) mice, subsequent
to intradermal injection of PBS or VEGFA. Scale bar: 20 um. (B) Quantification of mean fluorescent intensity of vascular pPLCy Y783 from A; n=5
mice/genotype, > 2 fields of view/mouse. 1-way ANOVA. (C) Representative images of Evans blue leakage in response to PBS, VEGFA, bradykinin, or
histamine in the back skin of WT and Y1173F/+ mice. (B) Quantification (620 nm absorbance) of extravasated Evans blue from C. Values are shown as
fold of PBS-treated control, normalized to tissue weight; n = 3-5 mice/group. 1-way ANOVA. (E) Representative time-lapse image of VEGFA-induced
vascular permeability of 2,000 kDa FITC dextran in the ear dermis of WT and Y1173F/+ mice. Scale bar: 50 um. (F and G) Number of leakage sites/

100 pum in WT and Vegfr2""*¥+ mice, in veins (F) and capillaries (G); n = 3 mice/genotype, > 2 fields of view/mouse. Unpaired 2-tailed Students’ t test.
(H and 1) Ear dermis leakage in response to VEGFA in tamoxifen-treated Vegfr2//"; Cdh5-Cre™ (fl/fl), Vegfr2""7**/f; Cdh5-Cre- (Y1173F/fl), Vegfr2""3#/f;
Cdh5-Cre* (Y1173F/-), Vegfr+/f; Cdh5-Cre* (+/-), Vegfr2f/f; Cdh5-Cre* (-/-), quantified as leakage sites/100 pum, in veins (H) and capillaries (1); n = 3-5
mice/genotype, > 2 fields of view/mouse. 1-way ANOVA. Data represent mean = SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 4. pY1173/PLCy signaling leads to adherens junction disruption and
phosphorylation. (A) Evans blue leakage in the back skin in response to

PBS or VEGFA in tamoxifen-treated Plcg?™f; Cdh5-Cre - (WT), and Plcg1™

fi. Cdh5-Cre + (Plcg1t%°) mice. (B) Quantification of extravasated Evans blue
from A shown as fold of PBS-treated WT mice, normalized to tissue weight;
n =12 (WT), and 8 (PlcgTt*°) mice. 1-way ANOVA. (C) Immunofluorescent
staining with antibodies against VE-cadherin (VEC) and pVEC Y685 in the
back skin of tamoxifen-treated WT and PlcgTt*° mice after intradermal
injection of PBS or VEGFA. Scale bar: 20 um. (D) Quantification of mean
fluorescent intensity for vascular pVEC Y685 from C; n = 3 mice/genotype,

> 2 fields of view/mouse. 1-way ANOVA. (E) Immunofluorescent staining of
VEC and pVEC Y685 of unstimulated or VEGFA-stimulated HUVECs (100 ng/
mL, 5 min), silenced for PLCGT (siPLCGT) or treated with control siRNA (siCtr).
Nuclei stained with DAPI (blue). Scale bar: 20 um. (F and G) Quantification of
VEC area (F); n = 6 independent experiments, > 3 fields of view/experiment
and pVEC Y685 levels (G); n = 5 independent experiments, > 3 fields of view/
experiment from E. 1-way ANOVA. (H) Representative Western blot showing
downstream VEGFA-activated signaling in siCtr or siPLCG1-treated HUVECs.
(I-M) Quantification of at least 3 independent experiments from H, for pVEC
Y685 (1), pVEGFR2 Y1175 (J), pFAK (K), pSFK Y418 (L), and pERK (M), shown
as fold change of unstimulated samples. 1-way ANOVA. Data represent
mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001.

The vascular barrier is composed of endothelial cells, the sur-
rounding mural support, and the basement membrane. Analysis
of the skin vasculature of Vegf2"47*¥/+ mice revealed similar ves-
sel density, pericyte coverage, levels of basement membrane and
junctionalmarkersasseeninthe WT Vegfi2”*vasculature (Supple-
mental Figure 3,E-J). Moreover,unprovoked, basaldermalleakage
measured in mice with systemic circulation of fluorescent dex-
tran or Evans blue, was similar between WT and Vegfir2V473/+
mice (Supplemental Figure 3, K-N), indicating that the stability
of the vascular barrier in the absence of leakage agonists was
unaffected by loss of pY1173 signaling.

We conclude that dermal vessel permeability and leakage of
macromolecules in vivo depends on signaling downstream of the
VEGFR2 Y1173 phosphosite.

PLCy signaling destabilizes the endothelial cell barrier. To pin-
point the contribution of PLCy in the adult endothelium in vivo,
Plcgl™f mice (29) were crossed with the Cdh5-CreERT?2 strain to
generate Plcgl"?; Cdh5-CreERT2 mice. Cre-positive Plcgl"? mice,
lacking expression of PLCy specifically in ECs after tamoxifen
administration, are referred to as PlegI'=¢*° mice (see Supplemen-
tal Figure 4, A and B for floxing efficiency in lung iECs). Plcgl’ck0
mice failed to respond to intradermal VEGFA administration with
increased Evans blue extravasation, relative to cre-negative Plcgl
A (WT) mice, demonstrating an essential role for endothelial PLCy
in regulation of vascular leakage in vivo (Figure 4, A and B).

Regulation of vascular permeability by modulating endothelial
adherens junction stability is a key in vivo response downstream of
VEGFA/VEGFR?2 activation. VE-cadherin is essential in stabilizing
endothelial adherens junctions by forming homophilic complexes
between ECs (30). Phosphorylation of VE-cadherin at Y685 by
SFKs is accompanied by VE-cadherin internalization and thereby
disruption of the homophilic interactions (31). In this process, the
morphology of VE-cadherin junctions transition from linear to
broad, jagged patterns in vitro. The transition of VE-cadherin mor-
phology to a jagged phenotype at VEGFA-induced vascular leakage
sites was confirmed in vivo, in dermal vessels (Supplemental Figure
4C). An increased VE-cadherin area, marking junction disruption
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when treated with VEGFA, was also displayed in lung iECs from
WT mice. In contrast, junctions remained linear in cultures of iECs
from Vegfr2¥17%+ mice (Supplemental Figure 4, D and E). Moreover,
VE-cadherin pY685 levels increased in vivo in the WT mouse back
skin dermis after injection of VEGFA, but remained low in Vegf-
r2¥17317+ mice (Supplemental Figure 4, F and G) and Plcgl’°%° mice
(Figure 4, C and D). VEGFA-induced VE-cadherin disruption and
phosphorylation at Y685 were also suppressed in HUVECs after
siRNA-mediated silencing of PLCGI, assessed by immunostaining
and immunoblotting (Figure 4, E-I). PLCGI silencing still allowed
VEGFA-induced phosphorylation of VEGFR2 Y1175 and focal
adhesion kinase (FAK) (Figure 4, H, ], and K), however, activation
of SFKs and ERK1/2 were suppressed to baseline in siPLCGI-treat-
ed HUVECs (Figure 4, H, L, and M). VEGFA-induced SFK- and
ERK1/2-signaling was also suppressed in iECs from Vegfr217/+
mice compared with WT mice, while pY949 levels were unaffected
(Supplemental Figure 4, H-L). Therefore, VEGFR2 pY1173/PLCy
signaling was required for VEGFA-mediated SFK and ERK1/2 acti-
vation, phosphorylation of VE-cadherin at Y685, and disruption of
endothelial adherens junctions.

PLCy induction of vascular permeability requires eNOS activa-
tion. VEGFA provokes a rapid release of Ca?* from intracellular
stores by activation of PLCy (17). Disruption of adherens junctions
is known to involve Ca?* signaling (32), and, therefore, we studied
the effect of removal of intracellular Ca? using the cell-permeable
Ca? chelator MAPTAM, or by inhibiting PLCy-induced Ca? fluxes
using the PLCy inhibitor U73122 (Supplemental Figure 5A). MAP-
TAM-treated HUVECs showed reduced VE-cadherin disruption,
estimated as a change in area, as well as reduction of VE-cadherin
Y685 phosphorylation after VEGFA-stimulation (Figure 5, A-C).
eNOS depends on Ca* for its effects on a broad range of endothe-
lial processes induced by VEGFR2-signaling (33). Moreover, both
activation of SFKs and induction of VE-cadherin pY685 are sup-
pressed in mice expressing a catalytically inactive eNOS mutant,
challenged with oxygen-induced retinopathy (34). In HUVECs
silenced for PLCGI or, alternatively, treated with the PLCy inhib-
itor U73122 (Supplemental Figure 5A), VEGFA-mediated eNOS
activation was nearly extinguished, whereas pY1175 phosphoryla-
tion remained intact (Supplemental Figure 5, A-G). Furthermore,
activation of eNOS was suppressed in VEGFA-stimulated iECs
from Vegfr2¥137+ mice, relative to iECs from WT mice (Figure 5,
D and E), as well as in tumor vessels in BI6F10 melanoma grow-
ing in Vegfr2 Y473+ mice (Figure 5, F and G). In accordance with
an important role for eNOS activity in VEGFA-induced junction
disintegration, VEGFA-induced VE-cadherin pY685 in dermal
vessels (Figure 5, H and I) and intradermal leakage of dextran
(Figure 5, J-L) were markedly suppressed in Nos3S1764/51764 mjce,
homozygous for an inactivating mutation at S1176, required for
eNOS catalytic activity.

Ca*" release rescues activation of Src and VE-cadherin pY685
accumulation upon loss of PLCy signaling. To delineate the molec-
ular mechanism in eNOS-regulated vascular permeability and, in
particular, the role of SFK activation, expression of either eNOS
or Src was silenced in endothelial cells. Downregulation of eNOS
resulted in elevated basal and reduced induction of SFK pY418 in
response to VEGFA stimulation, whereas downregulation of Src
left eNOS activation unaffected (Supplemental Figure 6, A-D),
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Figure 5. PLCy activates eNOS in a Ca**-dependent manner to induce
VEGF-dependent vascular leakage. (A) Representative VE-cadherin (VEC)
and pVEC Y685 immunostainings of HUVECs pretreated for 15 minutes with
DMSO (control) or 5 uM MAPTAM prior to VEGFA stimulation (100 ng/ml, 5
min). Nuclei stained with DAPI (blue). Scale bar: 20 pm. (B and €) Quantifi-
cation of VEC area (B) and pVEC Y685 levels (C) from A; n = 6 independent
experiments, > 3 fields of view/experiment. 1-way ANOVA. (D and E) Rep-
resentative Western blot (D) and quantification (E) of peNOS 51177 levels in
VEGFA-stimulated isolated lung ECs from WT and Vegfr2""7+ (Y1173F/+)
mice; n = 4 mice/genotype. 1-way ANOVA. (F and G) Representative
immunostaining (F) and mean fluorescent intensity (MFI) quantification (G)
of eNOS and peNOS $1176 in B16F10 melanomas from Vegfr2+/+ (WT) and
Vegfr2""73/+ (Y1173F/+) mice; n = 5 (WT) and 3 (Y1173F/+) mice, > 2 fields of
view/tumor. Scale bar: 100 um. Scale bar inset: 20 um. Unpaired 2-tailed
Students’ t test. (H) Immunofluorescent staining with antibodies against
VEC and pVEC Y685 in the back skin of NOS3*/* (WT) and Nos3°™eA/s1674
(S1176A) mice after intradermal injection of PBS or VEGFA. Scale bar: 20
um. (I) Quantification of MFI values for vascular pVEC Y685 from H; n = 3
mice/genotype, > 2 fields of view/mouse. 1-way ANOVA. (J) Representative
time-lapse image of VEGFA-stimulated vascular extravasation of a 2,000
kDa FITC-dextran in the ear dermis of WT and S1176A mice. Scale bar: 50
um. (K and L) Number of leakage sites/100 um in WT and S1176A mice in
ear dermis veins (K) and capillaries (L); n = 4-5 mice/genotype, > 2 fields of
view/mouse. Unpaired 2-tailed Students’ t test. Data represent mean + SD.
*P < 0.05, **P < 0.01, ***P < 0.001.

placing Src activation downstream of eNOS. Of the SFK mem-
bers, Src has previously been shown to be critical in VEGF-A-,
as well as bradykinin-induced vascular permeability (31, 35).
However, antibodies against SFK pY418 recognize a sequence that
isidentical between Src, Yes, and Fyn. To overcome the challenge
of reagents cross-reacting between different SFKs, a proximity
ligation assay (PLA) was employed, using oligonucleotide-conju-
gated antibodies detecting Src or Yes in combination with anti-
bodies detecting pSFK Y418. As seen in Figure 6, A-D, VEGF-A
stimulation of HUVECs enhanced the number of junction-asso-
ciated Src/pSFK signals only in cells with functional PLCy- and
eNOS-signaling (Figure 6, A-D). In contrast, the presence of
activated Yes at endothelial junctions was already high before
VEGFA treatment, and junctional pSFK/Yes PLA signals were
unaffected by downregulation of eNOS (Supplemental Figure 6,
E and F). Thus, eNOS regulates activation of Src but not Yes.

The crucial involvement of Ca? was further revealed by res-
cue experiments using Thapsigargin (TG) to inhibit the sarco-
endoplasmatic/endoplasmic reticulum Ca?* ATPase (SERCA),
required for depletion of Ca* from the cytosol (36). TG treat-
ment of HUVECs enhanced cytosolic Ca?* levels, independent of
PLCy activation in cells treated with the PLCy inhibitor U73122
or DMSO control (Supplemental Figure 6G). Notably, addition of
TG rescued VEGFA-stimulated Src activation (Figure 6, A-D) and
VE-cadherin pY685 levels after siRNA-mediated downregulation
of PLCy, but not after downregulation of eNOS (Figure 6, E and F).
TG treatment also rescued VEGFA-induced VE-cadherin pY685
levels subsequent to pharmacological inhibition of PLCy (Supple-
mental Figure 6, H and I). These data show that restoring intra-
cellular Ca* levels through TG treatment overcomes the loss of
PLCy-mediated Ca* release required for activation of eNOS and
downstream phosphorylation of Src and VE-cadherin. In contrast,
TG-mediated Ca* restoration could not compensate for the loss
of eNOS, whose enzymatic activity is required for accumulation
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of Src pY418 and VE-cadherin pY685. This data further support
Ca*-dependent functions of eNOS, downstream of PLCy, in regu-
lation of endothelial junction stability.

Collectively, Ca®* signaling induced by PLCy is crucial for
VEGFA-mediated vascular permeability by activating an eNOS/
Src/VE-cadherin-signaling cascade.

PKC-dependent eNOS activation mediates tyrosine nitration of
Src, required for VEGF-induced vascular permeability. Several kinases
have been described to phosphorylate eNOS at S1177, leading to
subsequent enzymatic activation, including AKT (37-39), CAMK
(40), AMPK (41), and PKCa (42). In an attempt to identify the
responsible kinase for eNOS S1177 phosphorylation downstream
of pY1173/PLCy signaling, we used pharmacological inhibitors to
block AKT — with Wortmannin, a PI3K inhibitor — ERK — with
U0126,a MEK inhibitor — or PKC activation — with Go6983, a PKC
inhibitor. VEGFA-induced activation of eNOS was unperturbed by
inhibition of either AKT or ERK signaling (Supplemental Figure 7,
A-F). In accordance, downstream SFK activation was unaffected by
these inhibitors (Supplemental Figure 7, A-F), and VEGFA-induced
phosphorylation of VE-cadherin Y685 still remained after treating
HUVECs with Wortmannin or U0126 (Supplemental Figure 7, G-I).
In contrast, inhibition of PKC using Go6983 efficiently hindered
phosphorylation of eNOS in response to VEGFA (Figure 7, A and
B), suggesting the involvement of one or several isoforms of PKC in
eNOS activation. VEGFA-induced phosphorylation of Src and ERK
was also reduced by PKC inhibition, whereas upstream PLCy phos-
phorylation was unaffected (Figure 7, C-E).

eNOS activation and NO release have previously been shown
to impact vascular permeability through posttranslational modifi-
cation of cysteine and tyrosine residues in Src and other mediators
(43-46). Src activity is known to be regulated by posttranslational
modification of tyrosine residues through phosphorylation, which
spurred our interest in tyrosine nitration. To investigate if pY1173/
PLCy signaling enhances modification of Src by tyrosine nitra-
tion in an eNOS dependent fashion, PLA was employed, using
antibodies against 3-Nitrotyrosine, combined with antibodies
against Src or pSFK. VEGFA-enhanced tyrosine nitration of Src
was detected only in the presence of eNOS expression (Figure 7,
F and G, and Supplemental Figure 7, J-L). Nitrated Src molecules
localized both to the cytoplasmic compartment and to endothelial
junctions (Supplemental Figure 7, J-L), whereas nitrated pSFK
molecules showed a preferential junctional localization (Figure 7,
F and G) in response to VEGFA.

The critical role of eNOS-mediated NO production in VEGF-
induced vascular leakage was further validated by the in vitro and in
vivo rescue effects of the NO donor S-nitroso-N-acetylpenicillamine
(SNAP). SNAP-treatment of HUVECS silenced for either PLCGI or
NOS3 rescued VEGFA-induced VE-cadherin Y685 phosphorylation
(Figure 8, A and B). Importantly, local administration of SNAP also
rescued VEGFA-induced dermal vascular leakage in vivo (Figure 8,
C-F) in the absence of either PLCy or eNOS signaling.

Discussion

Here, we have defined a VEGFR2 Y1173/PLCy/eNOS/Src signal-
ing pathway vital for VEGFA-induced macromolecular leakage
in healthy vessels as well as in tumor vessels, of consequence for
tumor immune status and disease outcome (see graphical abstract).
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Figure 6. TG rescues activation of Src and VE-cadherin phosphorylation in response to VEGFA, after removal of PLCy. (A-C) PLA using antibodies
against Src and pSFK Y418, visualizing phosphorylation of Src on Y418, in HUVECs treated for 5 min with DMSO, 100 ng/ml VEGFA or 100 ng/ml VEGFA
+TuM TG, and pretreated with siCtr (A), siPLCGT (B), or siNOS3 (C). Junctions are stained for VE-cadherin (VEC) and nuclei with DAPI (blue). Scale bar:
20 um. Boxed regions in left panels are magnified in panels to the right. Scale bar: 5 um. (B) MFI quantifications of junctional PLA signals represent-
ing Src phosphorylated on Y418 from A-C; n = 3 independent experiments, > 3 fields of view/experiment. 1-way ANOVA. (E) Representative images of
immunofluorescent stainings with antibodies against VEC and pVEC Y685, of HUVECs treated with VEGFA or VEGFA+TG, pretreated with siCtr, siPLCGT
or siNOS3. Scale bar: 20 um. (F) MFI quantification of data from E shown as fold of DMSO-treated siCtr; n = 3 independent experiments, > 3 fields of
view/experiment. 1-way ANOVA. Data represent mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 7. VEGF-induced PKC signaling mediates eNOS activation and junc-
tional tyrosine nitration of Src. (A) Western blot showing VEGFA-activated
. signaling in HUVECs pretreated with DMSO (control) or the PKC inhibitor
._E Go6983. (B-E) Quantification of at least 3 independent experiments from
2 A, for peNQS S1177 (B), pSFK Y418 (C), pERK (D), and pPLCy Y783 (E), shown
™ > as fold change of unstimulated samples. 1-way ANOVA. (F) PLA using anti-
8 bodies against 3-nitrotyrosine and pSFK Y418, in HUVECs stimulated with
% VEGFA (100 ng/mL, 5 minutes), pretreated with siCtr or siNOS3. Junctions

VEGFA

Mice heterozygous for the Y1173F mutation, mice lacking
endothelial expression of PLCy, or mice expressing a mutant
eNOS S1176A, were all insensitive to VEGFA-induced vascular
permeability. A prior study has indirectly associated PLCy with
vascular permeability, through DAG and PKC-induced phosphor-
ylation of eNOS at S1176, required for eNOS activation (47). Sub-
sequent generation of NO was described to enhance relaxation
of vascular smooth muscle cells, leading to vessel dilation and
increased blood flow and promoting extravasation of fluid and
small molecules. However, eNOS/NO has also been described to
enhance endothelial VE-cadherin phosphorylation (34, 48). Src
has been found to interact directly with eNOS (49) and its activity
has been placed both upstream (50) and downstream of eNOS,
with NO-dependent modification of cysteine or tyrosine resi-
dues in c-Src, correlating with increased Src kinase activity (45,
46). We have previously shown that VEGFA-induced activation
of SFKs is dependent on the adaptor molecule TSAd, which binds
to the pY949 phosphosite in VEGFR2 through its SH2 domain and
to Src’s SH2 and SH3 domains via phosphotyrosine residues and
proline-rich stretches, respectively (11). In Vegfr2"*#FY4F mice,
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are stained for VE-cadherin (VEC). Scale bar: 20 um. Boxed regions in left

panels are magnified in panels to the right. Scale bar: 5 um. (G) MFI quan-
tification of junctional 3-nitrotyrosine/pSFK Y418 PLA signals from F; n =

3 independent experiments, > 3 fields of view/experiment. 1-way ANOVA.
Data represent mean = SD. *P < 0.05, ***P < 0.001.

Tsad”~, Tsad""; Cdh5-CreERT2, and Src¢"%;Cdh-CreERT2 mice,
VEGFA-induced macromolecular leakage is suppressed, validat-
ing the important role for the VEGFR2 pY949-TSAd-Src path-
way in VEGFA-induced macromolecular leakage (11, 12, 51, 52).
This pathway may also regulate accumulation of Src at adherens
junctions, where VEGFR2 exists in complex with VE-cadherin
(12). Thus, these data suggest that Src activation at endothelial
junctions requires both the VEGFA/VEGFR2 pY949 and pY1173
pathways, leading to VE-cadherin phosphorylation and disman-
tling of adherens junctions. It is possible that VEGFR2 pY949-
TSAd activity initiates the release of Src from autoinhibition, and
also brings Src in proximity to eNOS, allowing NO-dependent
tyrosine nitration, which may be a prerequisite for full activation
of Src. This notion is supported by the fact that NO donors alone
did not induce dermal leakage, but rescued VEGFA responsive-
ness in mice lacking endothelial Plcgl or expressing a catalytically
inactive eNOS (see Figure 8, C-F). Further studies are needed to
identify which tyrosine residue(s) — and potentially also cysteine
residues — in Src that are modified by PLCy/eNOS-dependent
nitrosylation/nitration and how this regulates Src activity.
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Figure 8. NO donor rescue of VE-cadherin phosphorylation and vascular leakage in the absence of PLCy/eNOS signaling. (A) Representative images
of immunostainings with antibodies against VE-cadherin (VEC) and pVEC Y685 of HUVECs treated with VEGFA + DMSO or VEGFA + SNAP for 5
minutes, pretreated with siCtr, siPLCGT, or siNOS3. Scale bar: 20 um. (B) MFI quantification of data from A shown as fold of DMSO-treated siCtr. n=3
independent experiments, >3 fields of view/experiment. 1-way ANOVA. (C) Miles assay showing Evans blue leakage in the back skin after intradermal
injection of PBS or VEGFA, combined with DMSO (control) or the NO-donor SNAP, in tamoxifen-treated Plcg?"; Cdh5-Cre- (WT), and Plcg1"; Cdh5-Cre*
(Plcg1%%) mice. (D) Quantification of extravasated Evans blue from C shown as fold change of PBS-treated WT mice, normalized to tissue weight; n =
5/genotype. 1-way ANOVA. (E and F) Quantification (E) and representative images (F) of Evans blue leakage in the back skin, in response to intrader-
mal injection of PBS or VEGFA, cotreated with DMSO or SNAP, in Nos3*/* (WT) and Nos3°"764/5767A (51176 A) mice; n = 5/genotype. 1-way ANOVA. Data

represent mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001.

A major downstream effect of PLCy in development is the acti-
vation of PKCs in response to DAG accumulation and further PKC-
mediated activation of the ERK 1/2 pathway (17). Although we do not
formally rule out a contribution of ERK1/2 in regulation of vascular
permeability in the mature vasculature, we note that vascular den-
sity and endothelial survival remained unaffected in the dermis of
Vegfr2"177+ and Vegfr2¥1737- mice. However, as shown by Karaman
etal. (53), the reliance on VEGFR2 signalling in the adult vasculature
is highly organ-specific and it is possible that VEGFR2-dependent
PLCy-PKC-ERK1/2 activation is critical for vessel maintenance in
certain organs not examined here. We also do not rule out that other
signal transducers, including the adaptor Shb, may have contributed
to the Y1173F mouse phenotype. Shb binds to pY1173 and relays sig-
nals to FAK, thereby contributing to barrier stability (54, 55).

In mice expressing a mutant Vegfr2 allele (Vegfr2V173/)
reducing the level of endothelial PLCy activation by half, the
growth rate of melanoma and fibrosarcoma were unaffected,
while vascular leakage was markedly reduced, accompanied by
better efficiency of low-dose chemotherapy in restricting tumor
growth. Moreover, the immune profile of tumors in Vegfir2"173t/+
mice was polarized toward antitumor immunity as judged from
the reduced infiltration of Foxp3* Tregs, while CD8 cytotoxic
T cell infiltration was unaffected compared with tumors in WT
mice. The change in immunosuppressive cytokine expression
in the Vegfr2"73%* tumor microenvironment, which exhibits
reduced production of Tgfbl, Tgfb2, Il10, Il12a, and Ebi3, sup-
ports the notion that suppressed PLCy signaling in the endotheli-
um stabilizes the vascular barrier, boosting antitumor immunity.
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In agreement, treatment with agonistic CD40 antibodies damp-
ened tumor growth more efficiently in Vegfr2"3%+ mice com-
pared with WT mice. Whether the diminished B cell population
in Vegfr2Y1735+ tumors represents immunosuppressive regulatory
B cell needs further analysis.

The relevance of the PLCy-correlated mouse tumor vessel
phenotype described here for human cancer is implied by the
strikingly specific expression of PLCy in the tumor vasculature
in certain cancer forms, in particular in ccRCC. ccRCC is char-
acterized by an inactivating mutation in the tumor suppressor
gene VHL, excessive HIFlo/HIF2a signaling, and cytokine pro-
duction, including VEGFA (56). Accordingly, ccRCC is one of the
most vascularized and immunogenic cancers, and the combined
use of vascular normalization therapies and immune checkpoint
inhibition has shown clinical benefit. However, not all patients
respond, and some even progress on treatment (56-58). The clin-
ical relevance of immune cell subsets and how their infiltration
is regulated is incompletely understood, and, surprisingly, high
immune cell infiltration in kidney cancer, including T cells and B
cells, has been correlated to worsened survival (59-61). Further
studies using fresh tumor samples from large cohorts of patients
with RCC are clearly necessary to correlate PLCy signaling in the
ccRCC endothelium with vascular leakage and immune cell infil-
tration. However, the mutual relationship between tumor-me-
diated vascular permeability and an immunosuppressed tumor
microenvironment is established for a number of human cancer
forms (1, 6). Thus, increased hypoxia promotes the expansion
of Tregs and drives T cell exhaustion, promotes polarization of
tumor promoting macrophages (TAMs), and accumulation of
myeloid-derived suppressor cells (6, 62, 63). In the KIRC cohort
of 510 patients with ccRCC studied here, high PLCy expression
correlated with angiogenic activity programs, poor prognosis, and
mRNA transcripts defining immunosuppressive Tregs and cyto-
kines. In agreement, Braun et al. showed enrichment of terminal-
ly exhausted CD8* T cells and protumoral TAMs in patients with
ccRCC with advanced, metastatic disease (64). To steer tumor
immunity by supporting influx of antitumor reactive immune cell
populations, which, in turn, may further support barrier stability
(65), is an emerging concept. Data presented here suggest that
PLCy acts as a surrogate marker for a hyperpermeable vascula-
ture and an immune-suppressed microenvironment, which can be
exploited further for personalized treatment of RCC.

Methods
Additional methods are provided in the Supplemental Methods.

Cell culture. HUVECs and human dermal microvascular ECs
(HDMECs) (PromoCell) were cultured in endothelial cell growth
medium MV2 (PromoCell) with supplements. Primary cells were
used at low passages only. MAEs expressing mouse VEGFR2 (FLK1)
or VEGF-R2 Y1173F (FLK1 Y1173F) were generated by lentiviral trans-
duction of pFUGIE-FLK1 and pFUGIE-FLK1 Y1173F plasmids, as
described previously (66, 67). MAE cells were cultured in DMEM Glu-
taMAX (Gibco), supplemented with 10% FBS. Cells were maintained
at 37°C with 5% CO,. Cells were seeded in 6-well plates at 3.5 x 10°
cells/well, 8-well glass slide chambers at 7.5 x 10* cells/well, or 96-well
plates at 2 x 10* cells/well (Sarstedt). Stimulation was performed sub-
sequent to 3 hours of starvation in MV2 without supplements. VEG-
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FA165 at a final concentration of 100 ng/mL (Peprotech), TG at a final
concentration of 1 uM (Thermo Fisher Scientific) and SNAP at a final
concentration of 100 uM (Merck) were added to cells at 37°C for 5
minutes, unless otherwise indicated (see figures and figure legends).
To terminate treatments, cells were placed on ice and washed in PBS
(Gibco). For treatments before stimulation, cells were incubated at
37°Cin 5% CO, for 15 minutes with 2.5 uM or 5 uM U73122 (Merck), 5
uM MAPTAM (Merk), or 30 minutes with 20 uM U0126 (Merck), 2 uM
Wortmannin (Merck), 10 uM Go6983 (Abcam), or DMSO as a control.

RNAi. HUVECs were transfected with 10 nM siPLCGI (Merk),
siSRC (Merk), siNOS3 (Thermo Fisher Scientific), or control siRNA (Merk)
using Lipofectamine (Thermo Fisher Scientific) and Opti-MEM(Gibco).
Experiments were performed 48-72 hours after siRNA transfection.

Ca* measurements. Ca*>* measurements was performed according
to manufacturer’s instructions using the Fluo-4 Direct Ca* assay kit
(Thermo Fisher Scientific). In brief, HUVECs were seeded in 96-well
plates and Fluo-4 direct Ca* reagent containing 1X Fluo-4 direct Ca*
assay buffer and 1 mM probenecid was added for 1 hour at 37°C in 5%
CO,. When using U73122 or MAPTAM, drugs were added after 30
minutes at a concentration of 2.5 uM and 5 uM, respectively, and incu-
bation proceeded for another 30 minutes. Fluorescence was measured
at 494 nm (excitation) and 516 nm (emission), following stimulation
with 100 ng/mL VEGFA or 1um TG.

Antibodies used for immunoblotting. Commercial antibodies used
at 1:1,000 dilution, unless otherwise indicated, includes: mouse anti
phospho-eNOS (S1177) (BD Biosciences, 612393; 1:500), mouse
anti-eNOS (Abcam, Ab76198), mouse anti-GAPDH (Merk, MAB374;
1:2,000), rabbit anti-Grb2 (Santa Cruz, sc-255), rabbit anti-PI3Kp85
(Millipore, 06-195), and mouse anti-VE-cadherin (Santa Cruz,
$¢-9989; 1:500). Rabbit anti-phospho-Akt (4858), rabbit anti-Akt
(9272), rabbit anti-phospho-FAK (Tyr576/577) (3281s; 1:500), rab-
bit anti-FAK (3285s), rabbit anti-Phospho-p44/42 MAPK (Erk1/2)
(Thr202/Tyr204) (9101s), mouse anti-p44/42 MAPK (Erkl/2)
(4696s), rabbit anti-phospho-PLCyl (Tyr783) (2821s), rabbit anti-
PLCyl (2822s), rabbit anti-PLCy2 (3872), rabbit anti-phospho-SFK
(Tyr416) (2101s; 1:500), rabbit anti-Src (2123s), rabbit anti-phospho-
VEGFR2 (Tyr951) (2471s; 1:500), rabbit anti-phospho-VEGFR2
(Tyrl175) (2478s; 1:500), rabbit anti-phospho-VEGFR2 (Tyr1212)
(2477s; 1:500), and rabbit anti-VEGFR2 (2479s) were all purchased
from Cell signaling technology. Secondary antibodies used were
HRP-conjugated anti-rabbit (Cytiva, NA934; 1:10,000) and anti-
mouse IgG (Cytiva, NA931;1:10,000).

Antibodies used for immunofluorescent staining. Commercial anti-
bodies used at a 1:100 dilution included: goat anti-CD31 (R&D sys-
tems, AF3628), mouse anti-CD34 (Agilent Technologies, IR63261-
2), mouse anti-phospho-eNOS (S1177) (BD Biosciences, 612393),
rabbit anti-eNOS (Ab5589, Abcam), rabbit anti-phospho-PLCyl
(Tyr783) (Cell signaling technology, 2821s), rabbit anti-PLCy1 (Cell
signaling technology, 2822s), and goat anti-VE-cadherin (R&D sys-
tems, AF1002). pVEC Y685 antibody used for in vivo and in vitro
experiments was prepared by immunizing rabbits with phospho-pep-
tides of the corresponding region in mouse VE-cadherin (New
England Peptide). The specificity of the VE-cadherin pY685 anti-
body was verified by immunostaining of tissue from Cdh5Y685/Y685F
mice (51). Secondary antibodies conjugated with Alexa Fluor dyes
were obtained from Thermo Fisher Scientific and Jackson Immuno
Research Laboratories and used at 1:400.
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In situ PLA. A PLA was performed following directions for the
Duolink PLA fluorescence kit. HUVECs were grown in 8-well glass
slides at 7.5 x 10* cells/well. After treatment and stimulation, 2% PFA
was added for 15 minutes at room temperature(rt). After fixation,
cells were permeabilized for 20 minutes in TBS, 0.1% Triton X-100
followed by Duolink blocking solution for 1 hour at 37°C. Primary anti-
bodies, rabbit anti-phospho-SFK (Tyr416) (Cell Signaling technolo-
gy, 2101s), mouse anti-Src (Millipore, Clone GD11), mouse anti-Yes
(BD Biosciences, 610376), and mouse anti-3-Nitrotyrosine (Abcam,
ADb61392) were diluted 1:100 in Duolink antibody diluent and added
at 4°C overnight. PLUS and MINUS PLA probes against mouse and
rabbit primary antibodies were applied, and ligation, rolling circle
amplification, and detection with fluorescent probes were performed.
Slides were counterstained with goat anti-VE-cadherin antibody
(R&D systems, AF1002;1:100).

Animals. The generation of Vegfr2"F mice has been described
previously (15). Vegfr2"17*%+ mice were back-crossed more than 10
generations to C57Bl/6] and further crossed with Vegfr2"/; Cdh5-
CreERT2. Vegfr2/" mice were from Jackson Laboratory (018977), and
Cdh5(PAC)-CreERT2 mice were a gift from Ralf Adams (Department
of Tissue Morphogenesis, Max Planck Institute for Molecular Biomed-
icine, Miinster, Germany). The Plcgl"? mice were a gift from Renren
Wen (Versiti Blood Research Institute, Milwaukee, Wisconsin, USA),
and the Nos351764/511764 were a gift from William Sessa (Vascular Biol-
ogy and Therapeutics Program, Department of Pharmacology, Yale
University School of Medicine, New Haven, Connecticut, USA). PlcglV/
/"' mice were crossed with Cdh5-CreERT2 mice to generate the Plegl"?;
Cdh5-CreERT?2 strain (Plcgl™cx°).

Mice were maintained in heterozygous crossings in ventilated cages
with 2-5 mice per cage. Each experiment was conducted with at least 3
animals per genotype representing individual biological repeats. Both
males and females, typically 8 weeks old, were included. Sample size
was chosen to ensure reproducibility and allow stringent statistical anal-
ysis. Tamoxifen (Merck) was injected i.p. at 80 mg/kg for 5 consecutive
days to induce Cre recombinase-mediated gene recombination and
mice were allowed to rest for 5 days before conducting experiments.

Intravital vascular leakage assay. Intravital imaging of the mouse
ear with intradermal injection was performed as described previously
(28). Briefly, subsequent to i.v. administration of 2,000 kDa FITC-dex-
tran (Merck), mice, aged 8-12 weeks, were anesthetized by i.p. injection
of Ketamine/Xylazine and the ear was secured to a solid support. Mice
were maintained at a 37°C body temperature during the experiment for
a maximum of 90 minutes. Time-lapse imaging was performed using
single-photon microscopy (Zeiss LSM 710) and a high N.A. water-im-
mersion lens (CF175 apochromat 25xW N.Al.1, Nikon). A volume of
approximately 0.1 ul VEGFA165 (100 ng/pl, Peprotech) was injected
intradermally using a submicrometer capillary needle together with
a 10 kDa TRITC-dextran tracer (Thermo Fisher Scientific). Leakage
sites were identified as defined sites of concentrated 2,000 kDa. To
assess VE-cadherin junction structure during VEGFA-induced vascu-
lar leakage, freeze substitution was conducted immediately following
the onset of leakage and before immunofluorescent staining. The onset
of leakage was determined by intravital microscopy by the appearance
of extravascular fluorescent dextran. Mice were promptly sacrificed
by cervical dislocation and the ear tissue removed and snap frozen in
isopentane cooled in a liquid nitrogen bath. Ear tissue was then sub-
merged in methanol cooled to -80°C and incubated at -80°C for 24
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hours. Tubes containing ear tissue and methanol were then placed in
a metal block cooled to -80°C and allowed to slowly warm to 4°C, fol-
lowed by processing for immunostaining.

Subcutaneous mouse tumor models. BL6F10 melanoma and T241
fibrosarcoma tumors were established as previously described (12).
Briefly, 5 x 10° cells mixed 1:1 with Matrigel (Corning) (100 pl) were
injected s.c. in the flank of WT and Vegfi2¥'73%+ mice. Tumor size was
measured with a caliper every second day from D7 and collected before
reaching the humane endpoint. To assess tumor leakage, mice were
injected systemically with FITC-2000 kDa lysine fixable dextran (Tdb
labs) and TRITC-70 kDa (Tdb labs) 4 hours before tumor collection.
Following anaesthesia using Ketamine/Xylazine, intracardiac perfusion
was performed with DPBS. Tumors were divided in half for immunos-
taining or extraction in formamide. Extraction of the 70 kDa dextran
was performed as described above. For microscopic evaluation of the
fixable dextran, tumors were immersed in 1% PFA overnight followed
by 30% sucrose overnight before proceeding with OCT embedding
and freeze sectioning of 8 um sections. For chemotherapy treatment
of tumor-bearing mice, a subtherapeutic dose of TMZ, with no effect
on WT mice, was used. From D4 to D8, after tumor inoculation, TMZ
(2% DMSO) was administered i.p. every day at a concentration of 5
mg/kg. For immunotherapy, mice were treated i.v. on D4, D7, and D10
with 100pg anti-CD40 antibody (Clone FGK4.5, BE016-2, BioXcell) or
IgG2a isotype control (clone 2A3, BEO089, BioXcell). Tumor size was
measured with a caliper every second day from D6 until the humane
endpoints were reached and all tumors were collected.

Flow cytometry analysis. BI6F10 tumors were collected at D12,
weighed, and placed in ice cold PBS. Dissociation was performed
using the mouse tumor dissociation kit for soft tumors (Miltenyi Bio-
tec). Immune cells were labeled with CD45 MicroBeads (Miltenyi Bio-
tec) and a MACS magnetic separator was used for isolation (Miltenyi
Biotec). Isolated CD45" cells were incubated with live/dead fixable
dye (Invitrogen; 1:1,000) and Fc block rat anti-mouse CD16/32 (BD
biosciences, clone 2.4G2; 1:1,000) for 20 minutes at 4°C. Following
washes with MACS buffer (PBS supplemented with 0.5% BSA, 2 mM
EDTA, 2 mM L-Glutamate, 1 mM sodium pyruvate, 0.45% D-glu-
cose, and nonessential and essential amino acids), cells were stained
in MACS buffer with brilliant staining buffer plus (1:10, 566385, BD
biosciences) and primary antibodies against extracellular markers.
For extracellular staining only, cells were fixed with 2% PFA and then
washed. For intracellular staining, cells were fixed with FOXP3/tran-
scription factor staining buffer set (Invitrogen) and stained with Foxp3
antibody according to the manufacturer’s protocol. All antibodies are
listed in Supplemental Table 4. Cells were assessed on a CytoFLEX LX
flow cytometer (Beckman Coulter) and obtained data were analyzed
with FlowJo software, version 10.8.1 (FlowJo LLC, BD Biosciences)
(see Supplemental Data File 2 for gating strategies).

qPCR. Total mRNA was extracted from B16F10 tumors using
the Rneasy Fibrous Tissue Mini Kit (74704, Qiagen) and cDNA syn-
thesis was performed using the iScript Adv ¢cDNA Kit for RT-qPCR
(Bio-Rad), followed by qPCR using the SsoAdvanced Universal SYBR
Green Supermix (Bio-Rad) according to manufacturer’s protocol.
Gene expression was detected with the following primers: mouse Actb
(housekeeping gene) sense (CACTATTGCCAACGAGCGG) and anti-
sense (TCCATACCCAAGAAGGAAGGC); mouse Ebi3 sense (CACG-
GTGCCCTACATGCTAA) and antisense (AGGGTCCGGCTTGAT-
GATTC); mouse 1110 sense (CTGGACAACATCCTGCTAACCG) and
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antisense (GGGCATCACTTCTACCAGGTAA); mouse [l12a sense
(ATCACAGGGGACCAAACCAG) and antisense (CCAAGGCACAG-
GGTCATCAT); mouse Tgfbl sense (GGTTTGTGGCTCCCGAGGGC)
and antisense (CAGCCCTGCTCACCGTCGTG); mouse Tgfb2 sense
(CACACACACACACACACACACC) and antisense (TCCAAAGCTC-
GCCAACCATCAC); mouse Tgfb3 sense (AAAGGATCACCACAAC-
CCACAC) and antisense (TCTTCTTCCTCTGACTGCCCTG); mouse
Ifng sense (CACGGCACAGTCATTGAAAG) and antisense (TTCCA-
CATCTATGCCACTTGA); and mouse Tnfa sense (CTGTAGCCCAC-
GTCGTAGC) and antisense (TTGAGATCCATGCCGTTG).

Patient cohorts. TMAs containing 5 different cancer forms, includ-
ing kidney cancer, skin cancer, melanoma, lung carcinoma — both
squamous and adenocarcinoma — and pancreatic ductal adenocar-
cinoma (PDAC) were generated by the Human Protein Atlas (HPA)
consortium. The TMAs contained formalin-fixed, paraffin-embedded
tumor tissue cores and were sectioned to 4 um thickness and mounted
on Superfrost Plus microscope slides (Thermo Fisher Scientific). Each
cancer cohort consisted of 2 cores per patient from 12 patients.

PLCGI transcript level and patient survival correlations were
performed using a cohort of patients with ccRCC with publicly avail-
able transcriptome data (KIRC), generated by the TCGA consortium
(http://cancergenome.nih.gov/). The data set consists of 534 patients
with ccRCC, with publicly available transcriptome data from 510
patients. For survival analysis, the data set was first subdivided using
quartiles in 4 equally large patient groups, and the cutoff for low or
high PLCGI expression was thereafter set to below and above the third
quartile. Spearman correlations were used to explore the relationship
between PLCGI transcript abundance and immune markers. Details
about clinicopathological characteristics of the KIRC cohort is pre-
sented in Supplemental Table 1.

Bulk RNA-Seq STAR-counts data were downloaded from the
TCGA database (https://portal.gdc.cancer.gov/) and used for expres-
sion analyses. The “DESeq2” package (v1.40.1) (68,) based on nega-
tive binomial distribution, was used to normalize raw count data and
assess differential gene expression in PLCGI-high versus PLCGI-low
groups, with age, sex, stage, and tissue source as covariates. Differ-
entially expressed genes were filtered to give lists of genes with an
adjusted P value less than 0.05 and with a log, fold change of more
than 1.0 or less than -1.0. Gene set enrichment analysis (GSEA) and
visualization was performed using the clusterProfiler package (v4.8.1)
(69, 70), using the Wald statistic as the ranking metric. R software
(version 4.3.0) was used for all analyses.

Statistics. Statistical analysis was performed with GraphPad
Prism 9 software or the statistical package SPSS 21.0. For compar-
ison of means, significance was determined using unpaired 2-tailed
Student’s ¢ test, or a 1-way or 2-way ANOVA with Tukey’s multiple
comparisons test. Data are expressed as mean * SD and at least 3
independent biological repeats were performed for each experi-
ment. For animal experiments, no statistical methods were used to
predetermine sample size. The investigators were blinded to alloca-
tion during experiment and outcome assessment. x? test was used to
determine associations of PLCGI expression and clinicopathologi-
cal characteristics. Spearman rank correlation was used to explore
correlation of gene expression. Log rank test and Kaplan-Meier
analysis was used to estimate overall and disease specific survival
in the KIRC data set. Cox proportional hazards model was used to
compare HRs in both uni- and multivariable analyses. Data from
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multivariable analysis are shown as HR including 95% CI. P < 0.05
was considered statistically significant.

Study approval. Animal experiments were carried out in accor-
dance guidelines from the Swedish Board of Agriculture and approved
by the regional ethical committee, Uppsala, Sweden (permit 5.8.18-
06789/2018). Tumor TMAs from HPA was covered by the HPA eth-
ical permit (EPN Uppsala, Sweden, 2002/577, 2011/473). Written
informed consent was received prior to study participation. The stud-
ies were performed in compliance with the 1975 Declaration of Helsin-
ki, as revised in 1983.

Data availability. The data that support the findings of this study
are available within the article and its Supplemental Tables and Fig-
ures. Values for all data points shown in graphs and values behind
means are reported in the Supporting Data Values file. The MS pro-
teomics data have been deposited to the ProteomeXchange Consor-
tium via the PRIDE partner repository (71), and can be retrieved using
the data set identifier PXD041024.
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