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Abstract

Background: Regulation of vascular permeability (\/P) is critical to maintaining tissue
metabolic homeostasis. Vascular endothelial growth factor (VEGF) is a key stimulus of VP in
acute and chronic diseases including ischemia reperfusion injury, sepsis and cancer. Identification
of novel regulators of VP would allow for the development of effective targeted therapeutics for
patients with unmet medical need.

Methods: In vitro and in vivo models of VEGFA-induced vascular permeability, pathological
permeability, quantitation of intracellular calcium release and cell entry, and PIP2 levels were
evaluated with and without modulation of PLCB2.

Results: Global knock-out of PLCB2 in mice resulted in blockade of VEGFA-induced vascular
permeability in vivo and trans-endothelial permeability in primary lung endothelial cells. Further
work in an immortalized human microvascular cell line modulated with stable knock-down of
PLCP2 recapitulated the observations in the mouse model and primary cell assays. Additionally,
loss of PLCP2 limited both intracellular release and extracellular entry of calcium following
VEGF stimulation as well as reduced basal and VEGFA-stimulated levels of PIP2 compared to
control cells. Finally, loss of PLCB2 in both a hyperoxia induced lung permeability model and a
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cardiac ischemia:reperfusion model resulted in improved animal outcomes when compared to WT

controls.

Conclusions: The results implicate PLCB2 as a key positive regulator of VEGF-induced VP
through regulation of both calcium flux and PIP2 levels at the cellular level. Targeting of PLCB2
in a therapeutic setting may provide a novel approach to regulating vascular permeability in

patients.
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Introduction

Vascular permeability (VP) is essential for the maintenance of normal tissue and organ
function. Tight regulation of VP allows nutrient transport and immune surveillance without
excessive leakage of plasma into the tissues under normal physiological conditions.1:2

This regulation maintains a low level of VP during homeostasis but can be significantly
impacted by pathological disease conditions including wound healing, cancer, myocardial
infarction, and stroke. Dysregulation of VP results in hyper-vascular permeability which
can significantly contribute to morbidity and mortality associated with these conditions.3

In myocardial infarction and stroke, vascular permeability induced by factors secreted
from ischemic tissue expands the area of tissue damage by several fold.2# In the case of
lung injury caused by infection or ventilator-induced over inflation, accumulation of fluid
within the alveolae reduces oxygen transport and is a major contributor to mortality.5-6
Identification of novel regulators of VP may allow for the development of effective targeted
therapeutics for a number of diseases and patients with unmet medical need.
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Vascular endothelial growth factor (VEGF) was initially discovered in the 1980s as a
tumor secreted factor that strongly promoted microvascular permeability and was named
vascular permeability factor (VPF) before its subsequent identification as VEGF, an
endothelial mitogen essential for the development of blood vessels.”~® VEGF, specifically
VEGFA, belongs to a family of proteins including VEGFB, VEGFC, VEGFD, VEGFE
and placental growth factor. VEGFC and VEGFD are key regulators of lymphangiogenesis,
while VEGFA is known to be the is dominant regulator of angiogenesis and vascular
permeability.3:810-13 \VEGFA is involved in the stimulation of acute vascular permeability
under conditions of tissue hypoxia caused by inadequate vascular flow as observed in
conditions such as myocardial infarction and cerebral stroke. In addition, where tissue
demand outpaces vascular supply such as in rapidly growing solid tumors or high skeletal
muscle demand, VEGFA is potently expressed, and pathological permeability and vascular
barrier dysfunction can occur. 12.14.15

VEGFA has been shown to promote endothelial cell proliferation, migration, and vessel
formation in both in in vitro and in vivo model systems.1:3:12 \VEGFA expression is
stimulated by low oxygen conditions, during hypoxia and ischemia, in a hypoxia-inducible
factor (HIF) dependent manner. Alternatively, VEGFA can be stimulated by other factors
including FGF-2, TNF-alpha, and shear stress.12:16-19 \VEGFA induces microvascular
permeability by multiple mechanisms including junctional remodeling between cells, the
formation of fenestrae and induction of vesiculo-vacuolar organelles (VV0).20 VEGFA
primarily mediates its function through 2 receptor tyrosine kinase receptors, VEGFR1 and
VEGFR?2, along with neuropilin as a coreceptor. VEGFA promotes vascular permeability
by binding to VEGF receptor 2 (VEGFR?2) to stimulate receptor clustering and activation
of downstream signaling.12:21 Several pathways have been implicated in regulating VP
mechanisms. These include phospholipase C (PLC) dependent intracellular calcium release,
src kinase-mediated phosphorylation and internalization of junctional proteins, Rho GTPase
activation, cytoskeletal rearrangement, and eNOS signaling.12:13.21-23

PLC is a crucial enzyme in phosphoinositide metabolism as it hydrolyses
phosphatidylinositol 4,5-bis-phosphate (PIP2) to generate two second messengers, inositol
1,4,5-trisphosphate (1P3) and diacylglycerol (DAG), that drive a variety of different cellular
responses.24 There are 13 mammalian PLC isozymes, including PLCB (B1, B2, B3, and p4)
and PLCy (1 and -y2), that are regulated by distinct mechanisms. Known activators of
PLC include Ca?*, heterotrimeric G proteins, small G proteins, and receptor/non-receptor
tyrosine kinases.2>26 PLC isozymes are responsible for a wide array of physiological
functions. Regarding the role of PLC isozymes in the regulation of vascular function,
PLC+y1 regulates VEGFA-mediated endothelial cell migration, positively controls vascular
permeability induced by VEGFA, and plays a key role in arterial development.2” It has
been demonstrated that in endothelial cells both PLCy and PLCB3 can increase PIP2
hydrolysis significantly in response to VEGFA stimulation.128:2% PLLCB3 opposes the
function of PLCy1 by negatively regulating VEGFA-mediated vascular permeability.3
However, PLCB3 and PLCy1 rely on a similar intracellular Ca2*-dependent mechanism

to differentially control endothelial barrier integrity. Little is known about whether other
PLC isozymes beyond PLCB3 and PLC+y1 regulate vascular permeability.
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This study presents a novel regulator of VP in the PLC family that may be an interesting
new target to consider for anti-VP therapeutic strategies. In this work, the role of an
additional PLC beta-isoform, PLCP2, was investigated in VEGFA-induced permeability.
Results from experiments using PLCB2 knock-down cell lines and PLCB2 null-mice
demonstrate that PLCB2 acts as a positive regulator of VP. Specifically, PLCP2 acts as a
positive regulator of specific endothelial cell and vascular responses to VEGFA and loss of
PLCP2 leads to prevention of VEGFA-induced vascular permeability through a reduction of
PIP2 levels and calcium flux in vascular endothelial cells.

Materials and Methods

The authors declare that all supporting data are available within the article [and its online
supplementary files]. Please see the Major Resources Table in the Supplemental Materials.

Cell Lines and Reagents

Animals

TIME-MV cells (CRL-4025) were purchased from American Type Culture Collection
(Manassas, VA). Cells were maintained at 37°C in 5% CO, in either EGM-2 MV complete
media (CC-3125, Lonza, Walkersville, MD) or in M199 supplemented with 20% FBS
(Atlanta Biologicals, Flowery Branch, GA), 1% Pen/Strep (Life Technologies, Carlsbhad,
CA) and 1% endothelial cell growth supplement (ECGS) (YYale University, Vascular Biology
& Therapeutics Program Core Facility, New Haven, CT).

C57BI/6 mice with genetic alteration in the PLC-B2 and PLC-B3 isoforms were previously
described31:32 and obtained from Dr. Dianging Wu, Yale University, New Haven, CT.20-22
Wild Type C57BI/6J mice were obtained from The Jackson Laboratory (Stock No: 000664).
Male and female mice, 8-12 weeks of age were used for all studies. All animal experiments
were approved by the University of Connecticut Health Center’s Institutional Animal Care
and Use Committee.

VEGFA-induced Microvascular Permeability

In vivo peripheral permeability assays were completed as described previously.3%:33 Briefly,
wild-type, PLCB2-null and PLCB3-null mice were anesthetized with 2% Avertin (0.5 mL/20
g) via intraperitoneal injection and 100 pL of FITC-dextran (5 mg/mL, 2000 kDa, 52471,
Sigma, St. Louis, MO) injected intravenously via retro-orbital injection. Animals were
placed on a Kodak Multi-modal Imager (2000MM) with warm water bottles to maintain
body temperature and the central vessels in the ears were imaged. Saline as vehicle control
or mouse VEGFA, 10 ng/mL, (H7125/CF, Sigma, St. Louis, MO) was injected intradermally
into the middle of the ear using a 30-gauge needle (30 pL). Ear vasculature was then imaged
with fixed exposure times (30 seconds) in a stationary position for 45 minutes after injection
(465nm ex/535nm em). Fluorescence images were then quantified using Kodak M1 software.

Basal Permeability

Basal permeability of WT and PLC knock-out mice was assessed as previously described.33
Briefly, 100ul Evans Blue Dye (EBD) (E2129, Sigma, St. Louis, MO) was injected
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intravenously via retro-orbital injection (0.5% EBD in PBS) into mice and allowed to
circulate for four hours. Vascular permeability was determined by quantitative measurement
of the dye incorporated per milligram of tissue (dry weight) as describe previously.34
Briefly, EBD was extracted from dried tissues by incubating tissues in formamide at

65°C overnight. Optical density of extracted dye was measured at 620nm absorbance

on a Synergy Mx spectrophotometer (BioTek Instruments, Inc., Winooski, VT), and
concentration calculated by comparison to EBD standard curve and values normalized to
tissue dry weight.

Primary Murine Lung Endothelial Cell Isolation

Primary murine lung endothelial cells (MLECs) were isolated using the Lung Dissociation
Kit (130-095-927) and Endothelial Cell isolation protocol using CD31 MicroBeads (130-
097-418) according to manufacturer’s protocol (Miltenyi Biotec, Inc. Auburn, CA). After
isolation cells were plated onto fibronectin coated dishes and used in assays between day
4 and day 6 post-isolation as detailed below. MLECs were cultured in EGM-2 MV media
(Lonza, Walkersville, MD).

Transwell Endothelial Permeability Assay

Primary MLECs were plated and grown for up to 2 days until they formed a confluent
monolayer on 0.4 uM transwell inserts (3413, Costar, Cambridge, MA, USA). Medium
containing 0.5 mg/ml FITC-dextran (2000 kDa) was loaded in the upper compartment

of the transwell and cells stimulated with control (PBS), VEGFA (R&D Systems) or
Histamine (H7125, Sigma, St. Louis, MO). The amount of FITC-dextran diffused through
the endothelial monolayer into the lower compartment was measured by a microplate reader
(495nM ex/519nm em) (Syngery Mx, BioTek Instruments, Inc., Winooski, VT) and values
determined via comparison with a standard curve.

shRNA Transduction and Cell Selection

TIME cells were transduced using Mission shRNA lentiviral particles targeting GFP
(SHCO002V), PLCB2 (TRCNO0000002136) and PLCB3 (TRCNO000000433) (Sigma, St.
Louis, MO) with 8 ug/ml hexadimethrine bromide (H9268, Sigma) overnight. Cells were
washed with PBS and allowed to recover for 24 hours prior to selection with 2 ug/ml
puromycin. Stable ShRNA knock-down cell lines were established. Transduction and
selection were repeated at least three times for each gene target.

RNA Isolation and quantitative RT-PCR

Total cell RNA was isolated using the RNeasy Kit (Qiagen) according to the
manufacturer’s protocol. One microgram of RNA was used to produce cDNA using

the iScript cDNA Synthesis Kit (1708890, BioRad). Quantitative PCR primers were
designed using ABI Primer Express software for use with the iQ Syber Green

Supermix (1708880, BioRad) and the MyIQ gPCR system (BioRad). Primers used

for gPCR: human PLCB2 — Forward Sequence: GGCCGAGCAAATCTCCAAAA,
Reverse Sequence: TCTTTGGTGTCGTTCTCCGA; human PLCB3 - Forward Sequence:
TCAACCGGAGTGAGTCCATC; Reverse Sequence: GGATCTTGTCAATGTCCGGC;
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human RPLPO — Forward Sequence: TCCTCGTGGAAGTGACATCGT,; Reverse
Sequence: CTGTCTTCCCTGGGCATC; mouse PLCB2 — Forward Sequence:
AAGCCATTGCAGAAAGTGCC; Reverse Sequence: GATGCCAGGTTTCAGAGGGAA,;
mouse PLCB3 — Forward Sequence: AACACCTATCTCACTGCGGG; Reverse

Sequence: CCGTCCCTTCCATACATCCA; mouse RPLP2 Forward Sequence:
ACAGCGTGGGCATCGAA; Reverse Sequence: CATCCTCAATGTTCTTTCCATTCA,;
mouse VEGF — Forward Sequence: GGAAAGGGTCAAAAACGAAAGC; Reverse
Sequence: CTCTGAACAAGGCTCACA.

Multi-well Calcium Assays

Multi-well calcium flux assays were performed with the Fura-2 QBT Calcium Kit (R8197,
Molecular Devices, Inc., Sunnyvale, CA). 10,000 — 20,000 cells/well were plated into a
96-well plate to achieve confluence when analyzed. Prior to the assay, cells were loaded for
1 hour with Fura-2 QBT loading dye according to the manufacturer’s protocol. Baseline
signals were obtained on a Synergy Mx spectrophotometer (BioTek Instruments, Inc.,
Winooski, VT) at 340 ex/510 em (calcium bound) and 380 ex/510 em (calcium unbound) for
one minute prior to exogenous stimulation with control (PBS), VEGFA (R&D Systems) or
histamine (H7125, Sigma, St. Louis, MO). Kinetic reads were completed every 23 seconds
for up to 10 minutes post-stimulation. Data was normalized to baseline values for each well.

Calcium Release/Entry Imaging Assay

PIP2 ELISA

Calcium release imaging assays were performed as previously reported.3° Briefly, cells
plated on glass bottom cell culture dish were loaded with 10 umol/L Fura-2 acetoxymethyl
ester (Molecular Probes) and 0.1% pluronic F-127 (Sigma, St. Louis, MO) in Tyrode
solution for 45 minutes in a humidified 5% CO2 incubator at 37°C. Non-incorporated

dye was washed away with Tyrode solution containing NaCl 148mmol/L, KCI 5mmol/L,
CaCly 2mmol/L, MgCl, 1mmol/L glucose 10 mmol/L, HEPES 10 mmol/L, pH 7.4. After
30 seconds perfusion with calcium free solution (NaCl 148mmol/L, KCI 5mmol/L, MgCl,
1mmol/L glucose 10 mmol/L, HEPES 10 mmol/L, pH 7.4), Ca%* transients were evoked by
the treatment with agonist (VEGFA) in calcium free solution or Tyrode solution for up to 10
minutes. lonomycin (lono) at 1pmol/L was used as an internal positive control. Fluorescence
intensities at 510 nm with 340 nm and 380 nm excitation were collected at a rate of 1 Hz
using Cool SNAP HQ2 (Photometrics) and data were analyzed using NIS-Elements (Nikon).
Cytosolic Ca* was measured by the comparing the ratio of fluorescence intensity at 340

nm and 380 nm (F340/F380) from at least 10 dividual cells in primary cell assays and

24 individual cells in stable cell assays per condition. Normalized average cell response is
reported.

PIP2 extraction and quantification via ELISA was performed according to the
manufacturer’s directions (K-4500, Echelon Biosciences, Inc., Salt Lake City, UT).
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Hyperoxia Induced Lung Injury Model

Animals were exposed for hyperoxic conditions for 72 hours (70% medical grade oxygen,
30% medical grade air, ~76% O,/24% N5). After treatment, animals were moved to

room air for 4 hours prior to harvest. Thirty minutes prior to sacrifice animals were
anesthetized via intraperitoneal injection with 2% Avertin (0.5 mL/20 g) and 100 pL of
FITC-dextran (5 mg/mL, 2000 kDa) was injected intravenously via retro-orbital injection.
After mice were euthanized, lungs were lavaged with 1 ml of sterile PBS to evaluate

lung vasculature permeability via microplate reader (495nM ex/519nm em) (Syngery Mx,
BioTek Instruments, Inc., Winooski, VT) and tissues taken for histological analysis. Tissues
were fixed in 10% formalin, processed and paraffin embedded via standard histology
protocols. FFPE sections were cut (4 pm) and H&E stained for imaging and quantification
with ImageProPlus software (Media Cybernetics, Inc. Rockville, MD). Sections were also
analyzed by immunohistochemistry using an anti-mouse VEGF antibody as previously
published.36 ImageJ Software was used to quantify IHC samples via Color Deconvolution
and Intensity and Area measurements.

Cardiac Ischemia:Reperfusion Model

Cardiac ischemia was induced by temporary LAD ligation according to the established
procedure.3” Anesthesia was induced by intraperitoneal injection of ketamine (100 mg/kg)
and xylazine (10 mg/kg). Following 30 mins of ischemia, sutures were removed to
reperfuse tissues. A portion of animals in this study (total n=4—6 per strain per independent
study) were injected intravenously with FITC-dextran (2000 kDa) during the 30-minute
reperfusion. The remaining animals (total n=4—6 per strain per independent study) were
allowed to recover for 10 weeks prior to euthanasia and tissue harvest and processing.
Infarct size was quantified as previously described.37-39 Following tissue fixation in 10%
formalin, the left ventricle was cut into five 1.0 mm-thick transverse sections with a sterile
scalpel from the apex toward the base. Sections were embedded in paraffin, cut into 4

pm sections, and stained with Masson’s trichrome to measure area of fibrosis (infarcted
myocardium). The lengths of the infarcted and non-infarcted endocardial and epicardial
surfaces were traced with a planimeter image analyzer (ImageProPlus). Infarct size was
calculated as the ratio of infarct length to the circumference of both the endocardium and the
epicardium.

Statistical Analysis

Data from individual experiments were represented as mean = standard error unless
otherwise stated. Sample number (n) per experimental group is noted in the figure legend
as well as experiment specific notes. Experiments were repeated at least three times unless
otherwise stated. Statistical analyses were performed using GraphPad Prism version 9.3.1.
Statistical comparison of groups was performed using 2-tailed student t-test or ANOVA test
with appropriate tests for normality and equal variances. After confirming homogeneous
variances and normality, two-group comparisons for means were performed by two-sided
Student’s t-test, and multi-group comparisons for means were performed by two-way
analysis of variance (ANOVA) with Holm-Sidak multiple comparison tests. For data that
did not pass either normality or equal variance test, two-group comparisons were performed
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by Mann-Whitney Rank sum test, and multi-group comparisons were performed by Kruskal-
Wallis one-way ANOVA on ranks test with Dunn’s post hoc test, respectively. For sample
size < 6/group, two-group comparisons were performed by Mann-Whitney Rank sum test,
and multi-group comparisons were performed by Kruskal-Wallis one-way ANOVA test with
Dunn’s post hoc test, respectively. No statistical method was used to calculate sample size,
and no sample values were excluded during analysis. P<0.05 was considered statistically
significant.

Results

PLCB2-null animals are resistant to VEGFA-induced microvascular permeability.

VEGFA-induced microvascular permeability can be significantly modulated by the PLCB3
isoform. Global deletion of the PLCB3 from mice results in a significant increase of

dermal vascular permeability in vivo after exposure to VEGFA, suggesting that PLCB3
negatively regulates VEGFA-induced vascular permeability.3? In order to determine whether
there was any role for the PLCB2 isoform in this model of VEGFA-induced microvascular
permeability, PLCB2-null mice were evaluated in an in vivo peripheral model of VEGFA-
induced microvascular permeability, Figure 1. Wild type (WT), PLCB2-null mice and
PLCB3-null mice were injected intravenously with a large molecular weight FITC-dextran
and then intradermal injections were performed with VEGFA or PBS control into the ears.
Consistent with our previously published results3933, WT mice displayed a significant, 1.5-
fold, increase in microvascular permeability when injected with VEGFA compared to PBS
control injections, Figure 1A. Additionally, PLCB3 null animals displayed an average 4-fold
increase in microvascular permeability when treated with VEGFA that was significantly
higher than the WT mice, Figure 1C, as previously shown.30 Finally, when PLCP2 null mice
were injected with VEGFA there was no significant change in permeability compared to

the PBS control, Figure 1B. Maximum induced signal from each condition was averaged
and compared between groups. WT and PLCB3-null mice displayed significant increase

in the maximum signal when treated with VEGFA (1.12+0.07 vs 1.77+0.18, £=0.011 and
1.67+0.18 vs. 3.78+0.70, P=0.012, respectively), while PLCB2-null animals showed no
detectable change in signal intensity compared to PBS control (1.08+0.02 vs. 1.14+0.03,
P=0.15). Interestingly, in PLCB3-null mice the permeability in PBS control samples was
significantly higher than both the WT and the PLCB2-null PBS signals (1.12+0.07 vs.
1.67+0.18, P=0.043) suggesting a possibility that there could be a difference in basal
vascular permeability in these animals.

To evaluate the basal vascular permeability levels of these animals, Evans blue dye was
injected intravenously into WT, PLCB2-null and PLCB3-null animals and allowed to
circulate for four hours. At harvest, various organs were removed, weighed, and dried
overnight. Dried tissues were weighed, dye extracted with formamide and evaluated at
740 nm. In the eight different tissues that were evaluated (lung, bladder, heart, kidney,

ear, spleen, adipose and liver), there were differences in basal permeability between tissue
type. However, no significant differences were observed between WT and PLCB2-null or
PLCB3-null animals in any tissue, Supplemental Figure 1A. These data suggest that while
there are significant differences in VEGFA-induced peripheral microvascular permeability
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in animals with different PLC beta isoforms, there were no detectable differences in basal
organ permeability in the same mice.

PLCB2-null primary endothelial cells are resistant to VEGFA-induced permeability.

To further evaluate endothelial cell permeability response to VEGFA, primary endothelial
cells were isolated from the lungs of WT, PLCB2-null and PLCB3-null mice. Primary
murine lung endothelial cells (MLECs) were evaluated for their response to VEGFA in a
transwell permeability assay in vitro. Monolayers of MLECs were grown to confluence
on transwell inserts and the top compartment loaded with large molecular weight FITC-
dextran (2000 kDa). WT and PLCB3-null cells both demonstrated significant increases in
the amount of FITC-dextran that was detected in the bottom chamber after treatment with
VEGFA, Figure 2A. In contrast, the PLCB2-null MLECs did not respond significantly

to VEGFA treatment. The relative mRNA expression level of PLCB2 and PLCB3 was
determined via qRT-PCR in WT, PLCB2-null, and PLCB3-null MLECs, Supplemental
Figure 2A-B. PLCB3 was observed to be the dominate isoform by approximately 2-fold
in WT MLEC:s. Little to no message of PLCB2 and PLCB3 was detected in the PLCB2-null
and PLCB3-null MLECs, respectively, and no evidence of effect or compensation on the
opposite gene were detected.

An alternative stimulus that promotes vascular permeability was also evaluated in the
transwell assay. Histamine functions through the histamine H1 receptor. The histamine H1
receptor is a Gag/11 -dependent GPCR in endothelial cells that results in PLC activation,
calcium release and endothelial permeability.#0-42 Interestingly, all three MLEC cell types
responded equally to a different permeability agonist, histamine. These data are consistent
with the in vivo observations and further suggests that PLCB2 may be a positive regulator of
VEGFA-induced microvascular permeability however this function appears to be specific to
VEGFA, at least in lung endothelial cells, and is not likely to pertain to other permeability
inducing factors.

PLCpB2 regulates endothelial cytosolic calcium flux in response to VEGFA.

VEGFA binding to its receptor VEGFR2/KDR activates PLC+y and results in increased Ca2*
release from internal calcium stores as well as significant cytoplasmic calcium influx.1:28.29
Additionally, it has previously been shown that PLCB3 is a negative regulator of VEGFA-
induced calcium release in HUVECS and that loss of the PLCB3 enzyme results in increased
cytosolic calcium after treatment with VEGFA.20 In order to establish whether PLCB2

can directly affect cytosolic calcium levels in endothelial cells downstream of VEGFA,
murine lung endothelial cells (MLECSs) were evaluated for intracellular calcium release
following treatment with VEGFA. The isolated MLECs were imaged using Fura-2 labeling
and treated with VEGFA in calcium free solution and multiple individual cells analyzed per
sample (n=10-15 cells/condition). Intracellular calcium levels were rapidly increased in WT
MLECs upon VEGFA treatment, Figure 2B. However, VEGFA treatment of PLCB2-null
MLECSs resulted in a blunted intracellular calcium release that was reduced in amplitude by
50% when compared to WT MLECs. This result suggests that a suppressed calcium release
after VEGFA binding to PLCB2-null endothelial cells likely contributes to the reduced
VEGFA-induced microvascular permeability observed in vivo.
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In an attempt to establish a robust human cell model of the mouse primary cell system,
human telomerase immortalized dermal microvascular endothelial (TIME) cells were used
to evaluate VEGFA-induced total calcium flux. These cells were used to test whether
calcium fluxes in human endothelial cells were similar to the observed responses in MLECs.
VEGFA dose-response experiments recapitulated the expected increase in calcium levels
in the TIME cells in a concentration and time dependent manner, Supplemental Figure
3A. To test the contribution of total PLC to the VEGFA-induced calcium flux, the global
PLC inhibitor U73122 and an inactive analogue U73343 were used in a multi-well system
to measure total calcium flux over time. As expected, U73122 completely blocks calcium
increases after VEGFA treatment while the inactive analogue, U73343, had no significant
effect when compared to DMSO control treatment, Supplemental Figure 3B.

In order to model the loss of either PLCB2 or PLCB3 in the transgenic murine models

and specifically address the contribution of the PLCP isoforms, the human TIME cells

were stably transduced with lentiviral expressing ShRNA constructs targeting PLCB2 or
PLCP3 or GFP as a control. Effective suppression was observed by gRT-PCR (PLCB2 -
77%, PLCP3 — 87%) showing selective PLCP isoform mRNA depletion with no evidence
of compensation between PLCB2 and PLCPB3, Figure 3A. The shTIME cells were then
evaluated using real-time calcium imaging with Fura-2 dye loading followed by VEGFA
stimulation in the presence of extracellular calcium. Figure 3B shows that PLCB2 shTIME
cells have a significantly reduced cytosolic calcium increase in response to VEGFA when
compared to the shGFP control cells, which recapitulated the observations in the primary
PLCB2-null MLECs. PLCB3 shTIME cells display a significantly increased flux in cytosolic
calcium consistent with previous observations in mouse primary cells.39 Importantly, sShGFP
TIME cells displayed no change in VEGFA response profile when compared to parental
TIME cells, Supplemental Figure 2A & Figure 3B. To define whether the regulation of
cytosolic calcium flux by PLCp isoforms observed was specific to VEGFA, histamine

was employed as an alternative endothelial permeability activator. Contrary to VEGFA,
histamine treatment resulted in a rapid increase in endothelial cell intracellular calcium
release in the TIME cells. There was no difference in the calcium flux between the shGFP,
shPLCP2 and the shPLCP3 cell lines, Figure 3C.

To further dissect the change in calcium flux in these endothelial cells, individual cells

were evaluated for VEGFA-induced intracellular calcium release (no extracellular calcium
present) followed by VEGFA-induced extracellular calcium entry (extracellular calcium
available) in a calcium release/entry imaging assay. Figure 3D shows the average of

multiple cells from each cell line (n=24 cells/sample) treated with VEGFA and evaluated

for intracellular calcium release followed by extracellular calcium influx. PLCB2 shTIME
cells displayed significantly reduced initial intracellular calcium release as well as reduced
calcium influx in response to VEGFA when compared to the shGFP control cells and PLCB3
shRNA TIME cells display a significantly increased calcium levels both during intracellular
calcium release and calcium entry. Taken together, endothelial cells with limited or no
PLCP2 present are defective at both intracellular calcium release and extracellular calcium
entry into the cell subsequent to VEGFA stimulation and further support that PLC2 may be
functioning as a positive regulator of VEGFA-induced cytosolic calcium flux.
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PLCpB2 regulates PIP2 levels in endothelial cells.

PLC enzymes function in the cell membrane to cleave PIP2 into IP3 and DAG downstream
of various stimuli, including VEGFA. These events result in changes in cytoplasmic

calcium flux through IP3-induced calcium release of intracellular calcium from endoplasmic
reticulum. As well as direct and indirect effects of DAG at the plasma membrane resulting in
extracellular calcium entry into the cell as well as other signaling events.25:26:43-45 | order
to assess events upstream of the observed differences in VEGFA-induced calcium flux, the
cellular levels of PIP2 were evaluated in ShTIME cells under basal and VEGFA-stimulated
conditions.

Basal PIP2 levels were determined via ELISA in control or PLC beta modulated TIME cells,
Figure 4A. shPLCP2 cells were observed to have lower basal levels of PIP2 compared to
shGFP and shPLCP3 cells. No significant difference in PIP2 basal levels were observed

in shPLCPR3 cells when compared to control cells. Importantly, upon stimulation with
VEGFA, a rapid and significant decrease followed by restoration of the PIP2 level was
observed in shGFP control cells, Figure 4B. However, there was no change in the low

level of PIP2 detected in shPLCPR2 cells stimulated with VEGFA while shPLCB3 cells
displayed consistent elevated levels of PIP2 with no change during VEGFA stimulation. This
data suggests that PLCB2 regulates processes upstream of calcium flux and may directly
contribute to the maintenance of cellular PIP2 levels and thus both PLCB2 and PLCPB3
regulating the balance of PIP2.

PLCB2-null mice are protected from injury in lung and heart models of vascular
permeability.

To determine whether these mechanisms of control by PLCB2 in microvascular permeability
would provide any benefit under pathological conditions, two disease models with a vascular
permeability component were evaluated in WT and PLCB2-null mice as a validation of the
observed dermal vascular permeability response.

First, a model of lung oxygen injury was employed. This model aims to replicate conditions
that are associated with acute lung injury (ALI) or acute respiratory distress syndrome
(ARDS), both pathological conditions with minimal treatment options.*6:47 It has been
shown in various preclinical model species that exposure to hyperoxia results in changes

in VEGFA levels in lung tissue. An initial increase in VEGFA in bronchoalveolar lavage
(BAL) fluid followed by decreased VEGFA levels in persistent hyperoxic conditions.#8-50
Upon return to room air, a dramatic increase in VEGFA levels is observed.51:52 |n this
study, animals were exposed to hyperoxia for 72 hours, followed by return to room air for

4 hours. WT mice exposed to these conditions displayed significant weight loss, increased
lung permeability and changes in lung tissue morphology upon return to normal conditions.
VEGF induction in lung tissue was confirmed in this study via VEGF IHC. No difference
was observed between WT and PLCB2-null samples, Supplemental Figure 4. Prior to
harvest, animals were perfused via intravenous injection with FITC-dextran to evaluate

the extent of vascular permeability in the lungs. BAL fluid was collected, and fluorescence
measured. Wild-type animals demonstrated a 2.5-fold greater induction of lung permeability
compared to the PLCB2-null animals as measured by FITC-dextran in BAL fluid, Figure
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5A. Importantly, when PLCB2-null animals were challenged in this model, it was observed
that the PLCB2-null animals displayed a significantly reduced body weight loss when
compared to WT animals after three days of hyperoxia, Figure 5B. PLCB2-null animals
weight loss was approximately one-third of that observed for WT animals. Consistent with
the observed permeability levels, histological analysis demonstrated not only air space or
alveolar disruption (as measured by mean cord length) but peri-arteriolar edema was also
markedly reduced in the PLCB2-null group compared to the WT control group, 36% and
31% reduction respectively. No significant differences were observed between male and
female mice in this model. Taken together these data, suggest that the PLCB2-null animals
may be protected from hyperoxia-induced lung injury and edema, through a direct reduction
in pathological microvascular permeability.

A second model was performed to evaluate the effect of PLCP2 suppression in an in vivo
disease model. An acute surgical model of cardiac ischemia:reperfusion (1:R) was performed
on WT and PLCB2-null mice. Previous work has shown that microvascular permeability
and VEGFA are both increased following cardiac I:R injury across species and I:R injury in
various other tissues; in fact, targeting VEGFA post-1:R has been proposed as a treatment
to reduce tissue damage.18:53-56 |n WT animals, a clear increase in vascular permeability

is observed below the ligation site compared to sham treated animals, Figure 6A. Similar

to the acute lung injury model, the hearts of PLCB2-null mice appear to be protected and
display less permeability in the region directly below the site of LAD when compared to
WT controls, Figure 6B. Additional animals in the same model were allowed to recover

for 10 weeks prior to euthanasia and tissue was analyzed in order to assess heart damage.
When the heart tissues were processed and analyzed for infarct size via trichrome staining,
Figure 6C, it was found that the PLCB2-null animals had 37.8% smaller infarct region
compared to the WT control animals, Figure 6D. No significant differences were observed
between male and female mice in this model. This data suggests that the decreased vascular
permeability immediately following cardiac I:R injury in PLCB2-null mice, may lead to
reduced permanent heart damage similar to the protection observed in the hyperoxia lung
model.

Discussion

Here, we identify PLCPB2 as a novel, potent inducer of VEGFA-mediated VP, and we
demonstrate that suppression of PLCB2 can limit maximal VEGFA-induced endothelial

and vessel permeability. As we have previously reported, PLCB3-null animals display
hypersensitivity to VEGFA-induced microvascular permeability when compared to WT
counterparts, supporting the data in this work that PLCB3 is a negative regulator of VEGFA-
induced VP.30 However, when PLCB2-null animals were evaluated, these mice demonstrated
no detectable increase in VP after VEGFA exposure, suggesting that PLCB2 is actually a
positive regulator of VEGFA-induced VP and that these mice could possibly be resistant

to pathologically induced VP triggered by VEGFA. A potential limitation of this work is
that a single concentration of VEGF was employed. It is possible that increasing doses of
VEGF could result in a measurable permeability response in PLCB2-null animals and cells.
Importantly, there was no evidence of differences in baseline homeostatic permeability in
PLCB2-null or PLCB3-null when compared to WT controls. While increased permeability

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2023 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Phoenix et al.

Page 13

by dermal VP assay was initially observed in the vehicle control group of PLCB3-null
mice compared to WT controls, no significant differences were observed between WT and
PLCB2-null or PLCB3-null animals in peripheral basal vascular permeability in any of the
eight organs tested.

Importantly, and consistent with other PLC signaling following VEGFA treatment, the
suppression of VP in PLCB2-null or shRNA models, occurs at the initial amplitude of
calcium release from intracellular stores, and, from pronounced reduction of entry from
extracellular stores. These data indicate that VEGFA activation cascades are likely to
promote cell membrane calcium channels to function for an extended time promoting

the intracellular calcium entry and maintaining the calcium levels necessary for the
observed junctional or transcellular events in VEGFA-induced microvascular permeability.
In addition, the PLC-beta regulation of cytosolic calcium appears to be preferential to
VEGFA stimulation since suppression or elimination of PLCB2 had no effect on histamine-
induced acute calcium release downstream of the H1 GPCR and PLCP activation. These
data clearly imply that the VEGFR2 signaling by VEGFA is likely restricted to its own
membrane clustering domain and does not affect other PLC-signaling receptors such as H1
GPCR.

This is the first report of regulation of VEGF signaling in endothelial cells by PLCB2.
However, this is not the first report of this type of regulation by PLCB2. A similar effect
has been shown in neutrophils lacking the PLCB2 isoform where both IP3 production
and calcium flux were reduced in response to chemoattractant stimulus.32 Additionally it
has been demonstrated that in sites of ischemia, endothelial progenitor cell recruitment
is regulated through PLCP2 downstream of insulin-like growth factor 2 stimulation by
regulation of intracellular calcium flux.57

PIP2 is a critical regulator downstream of PLC activation. The data presented here suggest
that the dynamics of PIP2 levels in endothelial cells changes dramatically based on whether
the PLCP isoform is predominantly B3 or 2. Clearly in the TIME cells lacking PLCP2,

the levels of total cellular PIP2 are suppressed and do not change with VEGFA stimulation.
Conversely, when PLCPB3 is lacking, the PIP2 levels appear to be maintained even during
VEGFA-activation and significant increased calcium flux leading to VVP. The mechanism

of these competitive dynamics is unclear. One possibility is the clustering of selective

PLCP isoforms within membrane compartments, or that the PLCB3 isoform is preferentially
maintained at the cell membrane/GPCR association thus providing baseline PIP2 cleavage.
This complex mechanism may also include the PIP and PIP2 kinases and their regulation
via upstream or downstream components and will require further investigation. It is possible
that changes in PIP2 were not observed in PLCB2 or PLCB3 knockdown TIME cells due

to a limit of resolution in the assay. Additional time points may reveal an alteration in the
timing of the PIP2 dynamics in these cells following treatment with VEGFA. However, it

is clear that PLCPB3 negatively regulates VEGFA-induced vascular permeability 30, whereas
PLCP2 promotes endothelial permeability mediated by VEGFA downstream of both PIP2
and calcium effects.
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Gaining a greater understanding of how concomitant regulation of different PLC isozymes
controls cellular function may have important clinical implications. For example, PLC

is one of the few signaling effectors that is directly regulated by opioids. Chronic
morphine treatment regulates PLC in an isozyme-specific manner by causing increased
phosphorylation of PLCB3 and reduced phosphorylation of PLCB1. This shifts the relative
balance of isoform activity in favor of PLCP1 because both of these PLCs are negatively
modulated by phosphorylation.>8 The effects of morphine and other opioids on the activity
of PLCP2 remain unknown. Like morphine, anticancer drugs designed to inhibit G-protein
signaling also reduce PLCP3 activity.5%60 Given that PLCB3 has been shown to negatively
regulate VEGFA-mediated vascular permeability,3° drugs that inhibit PLCB3 activity have
the potential to increase vascular permeability and elevate the risk of subsequent edema and
tissue damage. Our work presented here suggests inhibition of PLCB2 could be a viable
therapeutic strategy to counteract such increases in vascular permeability.

The possibility exists that a selective inhibitor to PLCB2 maybe a highly effective strategy
for treating cardiac and stroke reperfusion as well as lung damage associated with chemical
or ventilator-induced suppression of oxygen transfer. While there have been several reports
of various pan PLC inhibitors®1-64, the ability to develop isoform specific inhibitors,
particularly for the closely related beta isoforms is, and will likely continue to be, a
difficult proposition. This challenge stems from the fact that PLC isozymes share a
conserved binding pocket and mechanism of catalysis, and the small molecule inhibitors
that have been developed bind to the active site that is shared among isozymes.5! Given
these challenges with small molecule inhibitors, investigation of alternative molecular
inhibitors will be required. In summary, the dynamic and relative balance of PLC isozymes
regulates endothelial cell function, and in particular, the PLCB2 isoform promotes vascular
permeability, whereas PLCRB3 protects endothelial barrier integrity.
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Highlights:
. PLCPB2 promotes VEGFA induced vascular permeability.
. Loss of PLCR2 prevents VEGFA vascular permeability via repression of
cellular calcium flux and membrane PIP2 levels.
. Loss of PLCPB2 reduces vascular permeability and improves outcomes in a
hyperoxic lung damage model and a cardiac ischemia:reperfusion model in
Vivo.
. Targeting PLCPB2 inhibition may lead to a novel therapeutic for diseases such

as stroke and myocardial infarction.
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Figure 1 - VEGFA-induced dermal vascular permeability is reduced by loss of PLCB2. Wild-
Type, PLCB2-null and PLC@3-null

animals were injected 1V with FITC-dextran then exposed locally to VEGFA (closed circles)
or PBS control (open squares) via intradermal injection into the ears. Animals were imaged
over 45 mins for FITC-dextran extravasation and quantified. A. Wild Type. (n = 7) B.
PLCB2-null. (n =7) C. PLCB3-null. (n=8).
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Figure 2 - PLCB2-null MLEC display a reduced VEGFA-induced permeability and calcium
release in vitro.

Primary lung endothelial cells were isolated from wild type, PLCB2-null and PLCB3-null
animals and evaluated for endothelial permeability in a transwell assay. A. MLECs were
treated with PBS control (NT), VEGFA or histamine and quantified for FITC in the lower
chamber. (n = 3/treatment) Representative of at least three separate cell isolations and
assays. B. Wild type (green) and PLCB2-null (red) MLECs were treated with PBS control
or VEGFA and intracellular calcium release was quantified (n = 10-15 individual cells/
condition). Arrowhead indicates time of VEGFA treatment.
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Figure 3 - TIME shPLCP2 cells display reduced total calcium flux after treatment with VEGFA.
TIME control and PLCPB modified cells were established with shGFP, shPLCB2 and

shPLCP3 lentiviral constructs and antibiotic selection. A. Target specific knock-down

was Vverified via qRT-PCR for PLCB2 and PLCB3 mRNA levels. B-C. shGFP (green),
ShPLCP2 (red) and shPLCB3 (blue) TIME cells were assayed in a 96-well calcium flux
assay following treatment with VEGFA or histamine. D. shGFP (green), shPLCB2 (red)
and shPLCR3 (blue) TIME cells were evaluated in an intracellular calcium release (no
extracellular calcium) and extracellular calcium entry assay (extracellular calcium). (n = 24
individual cells/condition). Arrowhead indicates time of VEGFA/histamine treatment.
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Figure 4 - Basal and VEGFA stimulated PIP2 levels are reduced in TIME cells with modulated

PLCB2 expression.

A. Basal PIP2 levels were quantified in ShGFP, shPLCB2 (shp2) and shPLCB3 (shp3). (n =
3/condition) B. PIP2 levels following treatment with VEGFA were quantified at time 0-, 15-
and 30-mins post treatment in shGFP, shPLCB2 (shp2) and shPLCB3 (shp3) TIME cells. (n

= 3/condition)
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Figure 5 - PLCB2-null animals are resistant to hyperoxia-induced lung damage.
Wild-Type and PLCB2-null animals were exposed to hyperoxic conditions for 72hrs then

moved to normoxic (room air) conditions for 4hrs. A. Average fluorescence detected in
BAL following IV FITC-Dextran dosing and lung lavage. B. Body weight (g) (change from
time 0) and tissue histology end points (mean cord length and peri-arteriole edema) were
quantified. Representative H&E images of WT and PLCB2-null tissues are shown. Bar =
100uM. Dotted lines show areas of edema. (n = 4/group)
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Figure 6 - PLCB2-null animals are protected from cardiac ischemia:reperfusion damage.
Wild-Type and PLCB2-null animals were evaluated in a cardiac ischemia:reperfusion model

of LAD ligation. A. Representative images gross tissue permeability of wild type (WT)
control (Sham) or treated (I:R). Asterix indicates the site of LAD. Carrot highlights areas of
increased permeability. B. Representative images of PLCP2-null control (Sham) or treated
(I:R) following 30mins of I:R. Asterix indicates the site of LAD. Carrot highlights areas

of increased permeability. Bar = 1 mm. C. Representative images from Wild-Type and
PLCB2-null trichrome stained tissue sections from the apex (1) to the base (6) of the heart.
D. Quantification of heathy tissue (red) and infarct region (blue) normalized to percent total
tissue. (n = 4-6/group)
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