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Abstract

To investigate the role of placental growth factor/vascular endothelial growth factor (PIGF-VEGF)
heterodimers are involved in the blood-retinal barrier (BRB) breakdown and the associated
mechanism, human retinal endothelial cells (HRECs) were treated with recombinant human
(rh)PIGF-VEGF heterodimers and rhPIGF and studied in normal and high-glucose conditions.
HREC barrier function was evaluated by the measurement of trans-endothelial electrical resistance
(TEER). Adeno-Associated Virus Type 5 (AAV5) vectors overexpressed PIGF in the retina by
intravitreal injection into the C57BL6 mouse eye. AAV5-GFP vector and naive animals were used
as controls. Immunofluorescence (IF) and western blots examined the protein expression of PIGF-
VEGF heterodimers, VEGF, PIGF, NFxB, p-IxBa, ZO-1, and VE-cadherin in HREC and mouse
retina. PIGF-VEGF heterodimers were detected predominantly in the HREC cell nuclei based on
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IF and cytoplasmic and nuclear fractionation experiments. High glucose treatment increased PIGF-
VEGF nuclear abundance. Dot immunoblotting demonstrated a strong affinity of the 5D11D4
antibody to PIGF-VEGF heterodimers. rhPIGF-VEGF disrupted the barrier function of HREC,
which was prevented by the neutralization of PIGF-VEGF by the 5D11D4 antibody. Stimulation
of HRECs with rhPIGF also led to an increase in the nuclear signals for PIGF-VEGF, p-1xBa, and
colocalization of NFxB p65 and PIGF-VEGF in the nuclei. The selective IKK2 inhibitor IMD0354
disrupted the nuclear colocalization. Treatment with IMDO0354 restored the barrier function of
HREC, as indicated by the ZO-1 and VE-cadherin expression. In the mouse retinas, PIGF
overexpression by AAV5 vector reduced ZO-1 expression and increased abundance of plxBa.
PIGF/VEGF heterodimers mediate BRB breakdown potentially through the canonical NFxB
activation.
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Introduction

Placental growth factor (PIGF, also known as PGF), a member of the vascular endothelial
growth factor (VEGF) family and a homolog of VEGF-A, is a multifunctional peptide
associated with angiogenesis and implicated in pathological angiogenesis in the eye and
non-ocular conditions 12 In the pathophysiology of diabetic retinopathy (DR), one of the
leading causes of vision loss is characterized by the breakdown of the blood-retinal barrier
(BRB), and PIGF was shown to be expressed in the vitreous of these patients 3 In
proliferative DR, PIGF colocalizes with endothelial cells (ECs) 7 and has been shown to
mediate proangiogenic properties in this cell type by stimulating endothelial cell migration
and recruitment of pericytes and other inflammatory cells, such as microglia and
macrophages 810 PIGF is also a critical promoter of vascular leakage under ischemic
conditions 11-13, and its overexpression can lead to an early onset of DR > Previous reports
have indicated heterodimerization between PIGF and VEGF can induce VEGFR1
homodimerization or VEGFR1/VEGFR2 heterodimerization to modulate angiogenesis 14-16,
but cannot directly bind with VEGFR2. Synergistic interactions of PIGF and VEGF have
been observed in ischemia 817, PIGF has been shown to promote tumor angiogenesis and
metastasis, positioning it as a potential target for anticancer-directed therapy 8. Although
VEGF and PIGF are upregulated and critical for angiogenesis in part through
heterodimerization, little is known how these proteins mediate their function in DR's
pathophysiology.

In our previous work, we have demonstrated that the ablation of PIGF in mice suppresses
diabetes-induced degradation of the junctional proteins ZO-1 and VE-cadherin, whose
degradation is an early sign of the pathophysiology of diabetic retinopathies 1. Furthermore,
a deficiency of PIGF in Akita diabetic mice results in the inhibition of hypoxia-inducible
factor (HIF)1a—VEGF signaling, as indicated by the downregulation of HIF1a, VEGF, and
VEGFR1-3 and by the reduction of phosphor-(p)-VEGFR1, p-VEGFR2, and p-endothelial
nitric oxide synthase. Whole proteome analysis revealed that increased neuron survival and
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antioxidant defense, along with reduced insulin resistance, may contribute to the retinal
protection against diabetes-induced retinal damage in the diabetic Akita mice with PIGF
ablation 19,

Recently, we demonstrated that not only does high glucose increase the level of PIGF-VEGF
heterodimers, it also increases their binding capacity to ECs with the decreased levels of
secreted PIGF-VEGF heterodimers and increases in cell lysates. In addition, recombinant
human (rh)PIGF-VEGF heterodimers have been shown to decrease the barrier function of
human retinal microvascular endothelial cells (HREC) /in vitro by disrupting ZO-1 and VE-
cadherin protein expression and diminishing their cell-to-cell distribution. 20However, the
exact mechanism mediating these effects is not entirely understood. Here, we demonstrate a
nuclear translocation of PIGF-VEGF heterodimers and its potential role in modulating the
pathophysiology of early DR.

Materials and methods

Primary human retinal endothelial cells (HREC) culture

Primary HRECs were procured from Cell Systems (ACBR1 181, Kirkland, WA, USA).
HRECSs were seeded on fibronectin-coated (10 pg/ml, overnight, 33016015, Gibco) plastic
culture vessels and grown with the EBM2-MV medium (cc-4176, Lonza, Walkersville, MD,
USA), supplemented with 10% fetal bovine serum (FBS), 1% of penicillin/streptomycin
(P/S), and EGM MV SingleQuots growth supplement kit (cc-4147, Lonza, Walkersville,
MD, USA).

Cell treatments

Primary HRECs were cultured, as described above. After reaching confluence, culture media
were replaced with a fresh media containing either of the following treatments: Mouse
Isotype Control (Clone B-Z1; Cell Sciences); 5D11D4 antibody 25 pg/ml; D-glucose (25
mM), recombinant human (rh) PIGF protein (264-PGB-010/CF, R&D Systems,
Minneapolis, MN, USA), IKK2 activation inhibitor IMD-0354 (13159-5MG, solid, Sigma-
Aldrich, St Louis, MO, USA) 10 ng/ml Dimethyl Sulfoxide (DMSQ). HRECs were
evaluated 48 h after the start of the incubation.

Dot immunoblotting assay

Previously we reported that the 5D11D4 antibody interacts with human and bovine PIGF. 20
However, it was unknown if 5D11D4 has an affinity to PIGF as part of PIGF-VEGF
heterodimers. Dot immunoblotting assay was performed as described previously. 20 Briefly
PIGF-VEGF heterodimers protein (200 ng; Cat# 297-VP/CF, R&D Systems), rhPIGF
protein (200 ng; 264-PGB-010/CF, R&D Systems); VEGF165 (200 ng, 293-VE-010/CF,
R&D Systems) and 500 ng of Bovine serum albumin Pierce™ Bovine Serum Albumin
Standard (23209; Thermo Fisher Scientific, Waltham, MA, USA) was deposited in the
volume of 2 pl to the dry nitrocellulose membrane (Bio-Rad) and immobilized by 15
minutes incubation at the RT. The total protein deposition was visualized by incubation with
Pierce™ Reversible Protein Stain Kit (24580; Thermo Fisher Scientific, Waltham, MA,
USA). The membranes were then washed with PBS Then, after phosphate-buffered saline
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(1x, Fisher Bioreagents, Fair Lawn, NJ, US, 187672, BP399-1L). Blocked with 2.5% bovine
serum albumin (BSA; A7096, Sigma-Aldrich, St Louis, MO, USA) in PBS at room
temperature (RT) for 1 h and then incubated overnight at 4°C with mouse 5D11D4 antibody
0.5 pg/ml. The membrane was washed 3 times for 5 minutes with PBS-Tween 20 (0.02%,
Amresco Tween-20, Lot:1392C184, Cat:0777-1L) (PBS-T) and incubated with horseradish
peroxidase (HRP)-conjugated secondary antibody Goat anti-Mouse 1gG 172-1011 (1:1000;
Bio-Rad) for 1 h at room temperature. Following additional washing, signals were developed
with enhanced chemiluminescence (ECL) using a Super Signal West Pico kit (Thermo
Fisher Scientific, Waltham, MA, USA) and detected with ImageQuant LAS500 (GE
HealthCare Life Science, Pittsburgh, PA, USA).

Cytoplasmic and nuclear protein isolation

Nuclear proteins were isolated using NE-PER™ nuclear and cytoplasmic extraction reagents
according to the kit's instructions (Thermo Fisher Scientific, Waltham, MA, USA). Briefly,
cell pellets of ~1x108 were treated with ice-cold cytoplasmic extraction reagent (CER) (100
ul) and supplemented with 1:100 Halt™ Protease Inhibitor Cocktail (78425). Following
pellet resuspension, 10 min of incubation CER 11 5.5 ul was added. After another 1 min of
incubation, the lysates were centrifuged at 17,000 g for 5 min. The resulting soluble
cytoplasmic fraction was transferred to precooled sample tubes and stored at —80 C. An
insoluble nuclear pellet was washed with PBS and resuspended in ice-cold nuclear
extraction reagent (NER, 50 ul). Nuclear lysis was performed over 40 min of incubation on
ice and with vigorous agitation every 10 min. Finally, the nuclear lysates were centrifuged at
17000 g for 10 min, and the supernatants transferred to precooled sample tubes and stored at
-80 C until use.

Western blotting (WB) analysis

WB was performed as previously noted 921, HRECs were grown in six-well plates, washed
with Dulbecco's-PBS (DPBS; Gibco, Paisley, UK, Lot:2085148, Cat:14190-144) three
times, detached with a cell scraper, and collected by centrifugation. Mouse retinas were
carefully isolated on ice immediately after euthanasia. Cell pellets or mouse retinas were
sonicated in a cold RIPA buffer supplemented with a 1:100 FAST protease inhibitor (S8830,
Sigma-Aldrich, St Louis, MO, USA). Disruption of the material was performed by a Q55
Sonicator (Qsonica, NY, USA) with four pulses for 22 kHz, 5 s each at 30% power output,
and on ice. The lysates were centrifuged at 17,000 for 10 min. The total Protein
concentration of resulting supernatants was determined using the Qubit 4 Fluorometer
(Thermo Fisher Scientific, Waltham, MA, USA). The 30 g total protein loaded per lane
were separated by SDS-PAGE (4-20% polyacrylamide gel; Biorad) before electrophoretic
transfer to 0.45-um pore nitrocellulose membranes. The membranes were blocked with 2.5%
BSA (A7096, Sigma-Aldrich, St Louis, MO, USA) at RT for 1 h and then incubated
overnight at 4 °C with the primary antibodies (Table 1). After washing with PBS-T buffer,
the blots were incubated with horseradish peroxidase (HRP)-conjugated 1:1000 secondary
antibody in 1% BSA in PBS-T (Goat anti-Rabbit 1gG, 170-6515; Goat anti-Mouse IgG
172-1011; Goat anti-Rat 1gG 5204-2504 Bio-Rad) for 1 h at RT. Signals were developed
with ECL using a Super Signal West Pico kit (Thermo Fisher Scientific, Waltham, MA,
USA) and detected with ImageQuant LAS500 (GE HealthCare Life Science, Pittsburgh, PA,
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USA). The densitometric analysis of WBs was performed with ImageJ software (National
Institute of Health, Bethesda, MD, USA) using 8-bit grayscale positive chemiluminescent
membrane images. All the quantification results were averaged from three protein blots and
expressed as the mean ratio of the values (target protein/housekeeping protein) * standard
deviation (SD).

Trans-endothelial electrical resistance measurement by an electrical cell-impedance
sensing system

The primary HRECs were seeded on two 8-well electrical cell-impedance sensing (ECIS)
arrays (8W10E; (Applied BioPhysics) and cultured as described above. Trans-endothelial
electrical resistance (TEER) was monitored with the ECIS system (Applied BioPhysics) in
real-time. The changes in TEER have been monitored automatically every 300 s at 4 kHz
AC frequency and recorded with ECIS software.?2 After achieving stable readings of
approximately 1300 Ohm, signifying the formation of the HREC monolayer, that was also
confirmed by microscopy, cultures were treated with: control PBS, PIGF-VEGF
heterodimers (200 ng/ml; Cat# 297-VP/CF, R&D Systems) or PIGF-VEGF heterodimers
(200 ng/ml), preincubated with 5D11D4 antibody (25 pg/ml) for 30 min at RT. The
unreacted 5D11D4 antibody was further neutralized by 30 minutes incubation with 25 pg/ml
of Goat-anti-mouse 1gG (AF007, Novusbio; Centennial, CO, USA) at RT. 5D11D4 antibody
(25 pg/ml) without neutralization was used as control. Mouse Isotype Control (25 pg/ml;
Clone B-Z1; Cell Sciences; Newburyport, MA, USA) was added to PBS, 5D11D4, PIGF-
VEGF treated groups.

Tube formation

5 x 10° HREC were seeded onto a Matrigel (Geltrex; Thermo Fisher Scientific, Waltham,
MA, USA) pre-coated 24-well-plate and incubated in (EBM-2 with 10% FCS, 1% Pen/
Strep) with 5D11D4 antibody (25 pg/ml) or Mouse Isotype Control (25 pg/ml; Clone B-Z1;
Cell Sciences; Newburyport, MA, USA). Cells were incubated for 12 hours and visualized
by Calcein-AM (Thermo Fisher; C1430; 1 pg/ml) in culture for 30 min before imaging.
Digital images were acquired using the EVOS FI fluorescent microscope. Quantification of
the number of junctions, nodes, and segments was performed by Angiogenesis Analyzer for
ImageJ (http://image.bio.methods.free.fr/ImageJ/?Angiogenesis-Analyzer-for-lmageJ).

Immunocytofluorescence analysis

HRECSs were seeded into Millicell EZ slides (Millipore, Billerica, MA, USA). At the
experimental endpoint, the samples were fixed mildly in HistoChoice Molecular Biology
fixative (H120-1L 1x; VWR Life Science, Radnor, PA, US) for 10 min, permeabilized with
0.05% Triton-X100, and then blocked with 5% BSA (A7096, Sigma-Aldrich, St Louis, MO,
USA) for 1 h at room temperature (RT). The samples were then incubated with primary
antibodies (Table 1). Then, after phosphate-buffered saline (1x, Fisher Bioreagents, Fair
Lawn, NJ, US, 187672, BP399-1L)-Tween 20 (0.02%, Amresco Tween-20, Lot:1392C184,
Cat:0777-1L) (PBS-T) washing, the samples were incubated with Goat anti-Rabbit 1gG (H
+L), Cyanine5 (A10523, 1:1000; Thermo Fisher Scientific, Waltham, MA, USA), Goat anti-
Rabbit IgG (H+L), Alexa Fluor 488 (A-11034, 1:1000, Thermo Fisher Scientific, Waltham,
MA, USA), Goat anti-Mouse 1gG (H+L), Cyanine 5 (A10524, 1:1000, Thermo Fisher
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Scientific, Waltham, MA, USA). The cell nuclei were stained by incubation with 4',6-
diamidino-2-phenylindole (DAPI) 1:5000 (Sigma-Aldrich, St Louis, MO, USA). The slides
were mounted with the ProLong Diamond antifade reagent (Thermo Fisher Scientific,
Waltham, MA, USA) and imaged with a Leica TCS SP8 inverted laser confocal microscope
(Leica Camera AG, Wetzlar, Germany). Samples incubated with the blocking buffer
(primary antibody was omitted), followed by secondary antibody incubation, were used as
the background control. The colocalization analysis between PIGF-VEGF and NFxB signals
was performed using EzColocalization plug-in for ImageJ. 23 Individual fluorescent channel
images were converted to 8-bit grayscale and analyzed using default parameters.

Evaluation of 5D11D4 fluorescence after incubation with live HREC

To evaluate the fluorescence component of 5D11D4 incubation with live HREC cells and the
immunostainings' specificity, HRECs were seeded into Millicell EZ slides (Millipore,
Billerica, MA, USA). Live HREC cultures were incubated with 5D11D4 antibody 25 pg/ml
for 24 hours then mildly fixed with HistoChoice Molecular Biology fixative (H120-1L 1x;
VWR Life Science, Radnor, PA, US) for 10 min, permeabilized with 0.05% Triton-X100 for
10 min. Samples were blocked with 5% BSA (A7096, Sigma-Aldrich, St Louis, MO, USA)
for 1 h at room temperature (RT) and then incubated with Cyanine 5 (A10524, 1:1000,
Thermo Fisher Scientific, Waltham, MA, USA) for 1 h at room temperature (RT). The cell
nuclei were stained by incubation with 4',6-diamidino-2-phenylindole (DAPI) 1:5000
(Sigma-Aldrich, St Louis, MO, USA). The slides were mounted with the ProLong Diamond
antifade reagent (Thermo Fisher Scientific, Waltham, MA, USA) and imaged with a Leica
TCS SP8 inverted laser confocal microscope (Leica Camera AG, Wetzlar, Germany).

Experimental animals and housing

Eight-week-old C57BL/6 male mice were purchased from Jackson Laboratory and housed in
a specific pathogen-free facility at the University of Missouri Department of Biomedical
Sciences. All mice were fed with normal chow diets and provided with water ad /ibitum.
During experimentation, the mice were anesthetized with ketamine hydrochloride (100
mg/kg body weight) and xylazine (4 mg/kg body weight). All experiments were approved by
the Institutional Animal Care and Use Committee of the University of Missouri School of
Medicine (protocol number: 9520) and were in accordance with the guidelines of the
Association for Research in Vision and Ophthalmology Statement for the use of animals in
ophthalmic and vision research.

Viral vectors and intravitreal injections and experimental endpoint

Viral vectors AAV5-PIGF or AAV5-GFP were designed by Dr. Sandro De Falco
(Angiogenesis Lab, Institute of Genetics and Biophysics, CNR, Naples, Italy). The vectors
were stored at —80°C until use. Intravitreal injections of adenovirus constructs were
performed under the Olympus SZSTB1 (Olympus) dissection microscope. The mice were
anesthetized, and an incision was made through the conjunctiva with micro scissors to
expose approximately 0.2—-0.3 mm of the sclera. The sclera was then punctured with a 28-G
needle, and successful access to the vitreous cavity was verified by the presence of
intravitreal fluid in the puncture. Using the volume displacement Pico-Injector (PLI-100;
Harvard Apparatus, Holliston, MA, USA), 1 pul of AAV5-GFP or AAV5-PIGF vector

Exp Cell Res. Author manuscript; available in PMC 2021 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lennikov et al.

Page 7

material (approximately 2.8 x 108 vgc/ul) was then delivered to the mouse vitreous through
the microinjection needle via scleral puncture. The animals were then evaluated for one
week for posttraumatic cataract and injection site recovery, and animals with signs of
cataract or unresolved inflammation at the injection site were excluded from the study.
Successful infection of retinal cells by the AAV vectors was confirmed by AAVS5 and PIGF
proteins in the retinal samples and the presence of GFP signal in the control eyes. Retinal
lysates from naive C57BL/6 mice were used as a negative control for AAV5 and ZO-1
protein detection. Animals were sacrificed by i.p. injection of ketamine hydrochloride (300
mg/kg body weight) 4 weeks after intravitreal injection of the AAVS5 vectors.

Histological analysis

The eyeballs were fixed with HistoChoice Molecular Biology fixative (VWR Life Science)
for 12 hours at 4C and stored in PBS until being processed for paraffin embedding and
sectioning (5 um thick). As the GFP fluorescence was reduced significantly by tissue
fixation and processing, sections were rehydrated, and the GFP signal was enhanced by
incubation overnight at 4 °C with GFP antibody (Table 1), following by incubation with
Goat anti-Rabbit IgG (H+L), Cyanine5 (A10523, 1:1000; Thermo Fisher Scientific,
Waltham, MA, USA), secondary antibody for 1 h at RT, and counterstained with DAPI
1:5000 (Sigma-Aldrich, St Louis, MO, USA) and mounted with the ProLong Diamond
antifade reagent (Thermo Fisher Scientific, Waltham, MA, USA). Sections were imaged
using the EVOS FL fluorescent microscope (Thermo Fisher Scientific, Waltham, MA,
USA).

Retinal flat mounts

The retinal flatmounts were prepared, as described previously 24. Briefly under an SZ-STB1
(Olympus) dissection microscope, fixed (HistoChoice Molecular Biology fixative, 12 hours
at 4C) anterior segment tissues and vitreous were removed the retinas were carefully
separated from retinal pigment epithelial/choroidal complexes. The retinas was
permeabilized within a blocking solution composed of 5% Normal Goat Serum (NGS;
Thermo Fisher Scientific, Waltham, MA, USA) in PBS overnight with 0.01% Triton-X; the
samples were removed from a blocking solution and washed with PBS and then incubated
with primary antibody (Table 1) for 24 h, followed by washing with PBS-T three times for
10 min and then incubation for 24 h with Goat anti-Mouse 1gG H&L (Cy5 ®) preadsorbed
(ab6563) 1:1000; Goat anti-Rabbit 1gG H&L (Cy5 ®) preadsorbed (ab97077) 1:1000 and
Pacific Blue Goat-anti Rabbit IgG H&L (P10994, Thermo Fisher Scientific, Waltham, MA,
USA) secondary antibody in 2.5% NGS and DAPI 1:5000 (Sigma-Aldrich, St Louis, MO,
USA). After another PBS-T washing, the samples were mounted on slides, photoreceptor
side down, with ProLong Diamond antifade reagent (Thermo Fisher Scientific, Waltham,
MA, USA) and imaged with a Leica TCS SP8 inverted laser confocal microscope (Leica
Camera AG, Wetzlar, Germany). Samples incubated with the blocking buffer (primary
antibody was omitted), followed by secondary antibody incubation, were used as the
background control.
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Statistical analysis

Results

All experiments were performed in triplicates. Experimental values were expressed as the
mean + standard deviation (SD) for the respective groups. Statistical analyses were
performed with GraphPad Prism software (https://www.graphpad.com/scientific-software/
prism/). A one-way ANOVA with Tukey multiple comparisons was used whenever
comparing multiple groups. A p-value of less than 0.05 was considered significant. The
following designations for the p-value were used in the manuscript figures: n.s. p>0.05; *
p<0.05; ** p<0.01; *** p<0.001.

Nuclear PIGF-VEGF heterodimerization is enhanced by high glucose

We first examined the cellular localization of PIGF-VEGF heterodimers in HREC using
immunostaining; we unexpectedly found that PIGF-VEGF heterodimers were detected
primarily in HREC nuclei (Fig. 1A). It is worth noting that the primary antibody (MAB297,
R&D Systems) binds only to the PIGF-VEGF heterodimer isoform and has no cross-
reactivity with either subunit alone. Incubation of HREC cultures with 5D11D4 mouse PIGF
antibody (25 pg/ml) for 24 hours decreased the heterodimer's presence, which suggests that
the 5D11D4 antibody can bind with and neutralize not only PIGF protein but also the PIGF-
VEGF heterodimers. (Fig. 1B). The likelihood of the 5D11D4 antibody affinity with PIGF-
VEGF heterodimers and PIGF was investigated by dot immunoblot assay. As shown in Fig.
1C, the results showed that this antibody had a strong affinity with PIGF-VEGF heterodimer,
less degree with PIGF, but lack of affinity with VEGF. The fluorescent component of
incubation HREC with 5D11D4 (25 ug/ml) antibody for 24 hours was evaluated by
immunofluorescence (Fig S1). The faint fluorescent signals were detected in the cell
membrane surface, but not in the cell nuclei, further confirming the specificity of the PIGF-
VEGF heterodimers staining.

Next, we investigated the influence of high glucose on PIGF-VEGF's nuclear localization.
Western blots (WB) analysis was performed for the cytoplasmic and nuclear extracts from
HRECs incubated in normal and high glucose conditions (Fig. 2A). The quantitative results
indicated decreased cytoplasmic (Fig 2B; p<0.05) and increased nuclear presence (Fig 2C;
p<0.05) of PIGF/VEGF heterodimers in high glucose condition. The purity of nuclear
extracts was confirmed by the absence of the p-Tubulin protein, which was abundant in
cytoplasmic extracts. Total protein loading was confirmed by B-actin protein. Consistent
with the WB results, immunofluorescent staining further confirmed that stimulation with
high glucose promoted the nuclear presence of PIGF-VEGF heterodimers (Fig. 2). As
expected, the expression of VEGF-A (Fig. S2) and PIGF (Fig. 2D-E) was also promoted by
high glucose stimulation. However, neither VEGF-A nor PIGF colocalized within the cell
nuclei in normal or high glucose conditions. Loss of barrier function proteins VE-cadherin
and ZO-1 in high glucose conditions was confirmed by immunofluorescence (Fig. S3).

PIGF-VEGF heterodimers decrease the barrier function of the HREC monolayer

The effect of PIGF-VEGF heterodimers on the barrier function of HREC monolayer was
first assessed by the transendothelial electrical resistance (TER) measured with the electrical
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cell-impedance system (ECIS) in a real-time manner. Previously we have reported that the
addition of rhPIGF or rhVEGF165 reduces the resistance of monolayer.2% The addition of
PIGF-VEGF heterodimers (200 ng/ml; Fig. 3A; black chart) rapidly decreased the TER of
HREC monolayer. Neutralization of the PIGF-VEGF heterodimers by preincubation with
mouse PIGF antibody (5D11D4; Fig. 3A; cyan chart) resulted in a resistance curve similar to
control (Fig. 3A; magenta chart) in which HREC cultures were incubated with isotype
control. Addition of 5D11D4 that inhibited both PIGF and PIGF-VEGF heterodimers
determined an increase of the HREC monolayer barrier function (Fig. 3A; red chart), which
is consistent with our previous observations of PIGF blockade contributing to increase if
Z0-1 and VE-cadherin along with pentose phosphate pathways proteins in HREC20

Consistently, PIGF-VEGF protein decreased the abundance level of two barrier-forming
proteins VE-cadherin and ZO-1 in the cell-cell interaction sites, which were recovered by
the preincubation of PIGF-VEGF and 5D11D4 antibody (Fig. 3B-D). Consistent with our
previous observation, the addition of the 5D11D4 antibody increased both ZO-1 and VE-
cadherin abundance at cell-to-cell interaction sites (Fig. 3E).

5D11D4 antibody disrupts the tube formation of HREC.

We next investigated whether the 5D11D4 antibody, which neutralizes PIGF-VEGF and
PIGF based on our immunofluorescent and dot immunoassay findings above, inhibits tube
formation /n vitro. HREC grown on Geltrex were treated with either with 5D11D4 antibody
(25 pg/ml) or isotype control for 24 hours. Tube formation was visualized Calcein AM
staining (Fig 4A, B). As expected, isotype control-treated HREC formed a prominent tubule
network when cultured on Geltrex support. However, 5D11D4 antibody-treated HREC
demonstrated partially disintegrated tubule structures. Quantitative analysis of the images
indicated a significant reduction in junction formation (Fig. 4C; p < 0.05), the numbers of
nodes (Fig. 4D), and the numbers of segments (Fig. 4E; p < 0.01), relative to controls.

Recombinant human PIGF promotes PIGF-VEGF heterodimerization and NFxB activation,
with a blockade of IKK2 dissociating this interaction and suppression of NFxB activation

The question of whether PIGF and PIGF-VEGF regulate NFxB canonical activation was
further addressed in HREC by rhPIGF stimulation. Double labeling of PIGF-VEGF
heterodimers and NFxB in control HREC culture showed that NFxB p65 was detected
primarily in the cytoplasm, with minimal nuclear presence, which was in contrast to the
nuclear localization of PIGF-VEGF (Fig. 5A). However, stimulation of HREC with 100
ng/ml of recombinant human PIGF resulted in increased nuclear translocation of NFxB p65
(Fig. 5B) and increased cytoplasmic detection p-1xBa (Fig 5E). PBS (Fig. 5F) and LPS 1
ug/ml treated HREC (Fig. 5G) were negative and positive controls for p-1xBa staining.
PIGF-VEGF heterodimers were colocalized with NFxB p65 upon rhPIGF stimulation (Fig
5B). The pretreatment of HREC with the selective IKK2 inhibitor: IMD-0354 (10 ng/ml)
disrupted this colocalization (Fig. 5C). These results were further confirmed by quantifying
cell numbers with the colocalization of PIGF-VEGF heterodimers and NFxB p65 (Fig 5D),
and consistent with a recent study demonstrating anti-PIGF treatment prevents HREC
damages caused by high glucose through the inhibition of PIGF/VEGFR1/ERK/NFxB/
TNFa inflammatory signaling pathways2°
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IKK2 inhibition prevents rhPIGF-induced loss of barrier function proteins ZO-1, VE-

cadherin

In agreement with our previous experiments 20, treatment of HREC with rhPIGF (100
ng/ml) resulted in a decrease of the barrier function, as indicated by the suppression of ZO-1
and VE-cadherin (Fig. 6A). However, pretreatment with IMD-0354 10 ng/ml prevented
PIGF-induced loss of barrier function proteins. The quantification of protein bands in
western blots indicated a significant decrease of ZO-1 (p<0.01) and VVE-cadherin (p<0.01) in
rhPIGF treated HREC lysates when compared to the control. Pretreatment with IMD0354
has restored barrier function proteins' expression to normal (p >0.05). Interestingly
IMDO0354 treatment by itself did not affect the expression of barrier function proteins
(p>0.05) when compared to the control group (Fig. 6B, C). These results support that PIGF
and PIGF-VEGF negatively regulate HREC barrier function through activation of canonic
NF«xB signaling.

Overexpression of PIGF in the retina by adeno-associated virus type 5 (AAV5) vector
resulted in NFxB activation and decreased ZO-1

To investigate the role of PIGF-VEGF heterodimers /n vivo, adult C57BL/6 mice retinas
were transduced with PIGF-AAVS5 vectors by intravitreal injection, and the GFP-AAV5
vector was used as control. Effective transduction of the retina by AAV5-GFP vector as
indicated by the presence of the strong GFP signals in all retinal layers (Fig. 7A), but no
GFP signals were detected in AAV5-PIGF transduced retinas (Fig. 7B). Transduction of the
AAV5-PIGF vectors without the GFP-tag was confirmed by western blot analysis, which
showed the presence of AAVS5 capsid proteins in all AAV5 injected eyes by the absence of
this protein in naive control retina (Fig. 7C). Immunostaining to PIGF indicated massive
PIGF signals from the AAV5-PIGF transduced eyes, but not the AAV5-GFP treated eyes
(Fig. 7D, E).

The effects of AAV5-mediated PIGF overexpression on NFxB signaling and ZO-1 protein
expression were further examined. Minimal p-1xBa signals were observed in control retinas
transduced with AAV5-GFP (Fig 7F). However, p-1xBa signals were increased in the retina
of mice transduced with AAV5-PIGF (Fig 7G). Overexpression of PIGF by the AAV5 vector
resulted in a suppression of ZO-1 in the retina (Fig. 7H). Western blot results were further
confirmed by the quantitative analysis of ZO-1 bands (Fig 71) and immunofluorescence in
retinal flat mounts (Fig S4). The ZO-1 was prominently expressed in the vessel wall of
retinal microvasculature in naive and AAV5-GFP-transduced retinas (Fig S4A-B). However,
this expression was reduced in AAV5-PIGF transduced eyes (Fig S4C).

Finally, we examined the potential cell sources of the endogenously and exogenously
expressed PIGF-VEGF in the retina. Double immunostaining PIGF-VEGF heterodimers
staining with Neuron-glial antigen 2 (NG2) indicated the presence of PIGF-VEGF
heterodimers predominantly in NG2 positive cells (Fig. 7J) across the vasculature with the
cell morphology consistent with pericytes in AAV5-GFP control retinas (Fig. 7K). The
overexpression of PIGF demonstrated strong PIGF-VEGF heterodimers signals in the NG2
positive cells (white arrows), ganglion (yellow arrows), consistent with PIGF overexpression
(Fig 7E).
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Discussion

Ocular diseases such as DR are a major clinical challenge because of the lack of efficient
treatments and a limited understanding of these conditions' pathophysiology. The standard
treatment for PDR—photocoagulation—has well-documented limitations, such as requiring
patient cooperation and the possible permanent loss of peripheral vision, nyctalopia, among
other issues 28 On the other hand, the VEGF signaling pathway has been implicated in the
pathological angiogenesis in PDR 27:28: however, antiangiogenic treatments for pathological
angiogenesis in the eye, in general, are of limited efficacy 2°.

PIGF-VEGF heterodimerizes naturally in certain pathophysiological conditions and can also
be reconstituted by recombinant proteins in vitro 3. We recently showed that both PIGF and
VEGF were expressed and secreted by the cultured HREC and formed a heterodimer in
culture supernatants 29, We also demonstrated that high glucose levels could induce an
interaction between PIGF-VEGF heterodimers and membrane receptors; however, the
further fate of these complexes has remained unclear at the time. 20

Similarly, diabetes upregulated the levels of PIGF-VEGF heterodimers in the retina. These
new results from the current study indicate a potential functional role of PIGF-VEGF in high
glucose conditions. Because of the inclusion of both PIGF and VEGF-A components and the
differential affinity capacity of VEGFR1 and VEGFR2, PIGF-VEGF heterodimer has been
proposed as playing regulatory roles in angiogenesis and vascular permeability.

PIGF, a member of the VEGF family of proteins, is involved in angiogenesis and can
heterodimerize with VEGF-A 3031, For example, PIGF-VEGF dimerization has been shown
to modulate choroidal neovascularization 32, PIGF was previously thought to be expressed in
tissues primed for angiogenesis, such as the placenta, but not in normal adult tissue 33:34,
However, the genetic ablation of PIGF in mice does not produce any reproductive
abnormalities, producing healthy animals 3. In a previous study, PIGF was shown to
mediate cutaneous inflammation and vasodilation, it was postulated that VEGF-driven
angiogenesis depends on the local expression of PIGF 38, further supporting the importance
of PIGF-VEGF dimerization under pathological conditions. In one in-vitro study, it was
observed that PIGF-VEGF heterodimers showed less mitogenic and chemotactic properties
compared with VEGF165 homodimers 3°. PIGF-VEGF heterodimers have a strong affinity
with VEGFR1 and can induce VEGFR1/VEGFR2 dimerization, indicating that PIGF-VEGF
heterodimerization may be essential for VEGF-induced angiogenesis 14. So far, the PIGF/
VEGF complex’s exact mode of action has not been sufficiently studied and hence still
poorly understood. In the current study, we demonstrated a potential regulatory mechanism
involving PIGF-VEGF heterodimers colocalize with NFxB p65 in the cell nuclei to suppress
the expression of junctional proteins ZO-1 and VE-cadherin, whose expression was rescued
by IKK2 inhibition, thereby suggesting the involvement in BRB function.

Previously, we reported IMD-0354 non-ATP-binding competitive selective IKK-2 inhibitor
to ameliorate DR in mice 37. NFxB signaling is a well-described pathway essential for cell
survival; however, its activation in certain conditions has been shown to promote

inflammation and angiogenesis, for instance, in corneal neovascularization 3839, DeNiro et
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al. showed a nexus between VEGF and NF«xB signaling under hypoxia in driving
pathological angiogenesis /n vitro*0. Our current findings indicate the increase of PIGF-
VEGF heterodimer's nuclear presence and colocalization with active NFxB in high glucose
conditions and when stimulated by rhPIGF. Furthermore, blockade of NFxB activation has
prevented PIGF induced loss of barrier proteins ZO-1 and VE-cadherin in HREC.

In one of our recently completed studies, we showed that PIGF and PIGF-VEGF
heterodimers negatively regulate the EC barrier function through the activation of VEGFR1
and VEGFR2 and suppression of G6PD activity and pentose phosphate pathway (PPP) flux
in vitro. In the same work, we also demonstrated a negative regulation of barrier function by
PIGF/VEGF heterodimers and increased signals in the endothelial cells in high glucose
conditions. 20 Our current findings, especially the fact that the 5D11D4 antibody has an
affinity with both PIGF and PIGF-VEGF heterodimers, suggest that some of our previous
findings may be attributed to the combined effects of PIGF and PIGF-VEGF heterodimers
being inhibited by 5D11D4 antibody treatment.

In the present study, we further demonstrated that NFxB is involved in nuclei's regulatory
networks. Cramer et al. 41 demonstrated NFxB regulatory role on PIGF expression in vitro,
through NFxB interaction with Sp1 binding site, metal responsive element (MRE), hypoxia-
responsive element (HRE) 42, and HNF3b (BF-2) binding sites 43 in the promoter region of
PIGF. Mirjam et al. reported that overexpression of NFxB in HEK293 cells caused increased
numbers of PIGF transcripts. While PIGF and VEGF are not present in the nuclei, several
putative binding sites for NFxB in the PIGF promoter/enhancer region of the DNA were
identified.*! PIGF overexpression can induce the formation of the retina's heterodimer and
disrupt the BRB integrity, as shown by the reduced level of ZO-1 protein in the retina. Both
in vitroand in vivo data support the interactions of PIGF, PIGF-VEGF, and their receptors
with NFxB components. In a healthy retina, PIGF-VEGF heterodimers are predominantly
detected in NG2 positive cells that include pericytes as indicated by double staining with
NG2 pericytes marker with AAVS5 induced PIGF overexpression. It is known that diabetic
conditions can cause pericyte loss in the retina, although the exact mechanism of induction
of pericyte loss remains unclear.#445 Further /n-vitroand in-vivo studies are required to
understand whether the PIGF-VEGF heterodimer formation potentially plays a role in the
acellular-occluded capillaries lacking pericytes.

Although several studies showed that VEGF variants, such as VEGF-165b%6, VEGF-D 47,
and long-VEGF (with a 188aa extra extension compared to normal VEGF)*8, had nuclear
localization via endocytosis under certain developmental, physiological, and pathological
conditions, the classical signaling pathways for VEGF and PIGF are to bind with their
transmembrane tyrosine kinase receptors (VEGFR1 and VEGFR?2) and then activate the
intracellular transduction cascade. We expected that VEGF-PIGF would cause hetero-
dimerization of VEGFR1 and VEGFR2 and amplify the effects on HRECs permeability.
However, we unexpectedly found that VEGF-PIGF heterodimer had a nuclear localization
associated with high glucose and NFxB signaling pathways. We hypothesize that these
dimers in the nucleus, together with NFxB and human antigen R49, act as trans-regulatory
factors and regulate inflammatory genes (e.g., TNFa) concerning diabetic retinopathy.
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The present study's findings are of the potential therapeutic implications in providing new
therapeutic target sites for diabetic retinopathy, such as PIGF and VEGF interaction. Using
anti-PIGF/VVEGF therapy to treat vascular disorders associated with NFKB activation and
inflammation, preventing pericytes loss or dysfunction by the inhibition of VEGF and PIGF
hetero-dimerization.

Statements of limitation

1. The amount of 100 ng/ml of PIGF-VEGF heterodimers to decrease TEER and barrier
function proteins was established /n vitro experimentally. However, the exact amount of the
PIGF-VEGF heterodimers produced /n vivo by the AAV5-PIGF vector transduction remains
undetermined.

2. While the morphology of NG2 positive cells presented in Fig. 7J-K is consistent with
pericytes, NG2 is also expressed in microglia cells.? Thus, we can not entirely exclude
potential double staining of PIGF-VEGF heterodimers and NG2 positive microglia cells.

Conclusion

Our results support that PIGF-VEGF heterodimers negatively regulate EC barrier function in
a high-glucose environment both /n vivo and in vitro, acting as an independent property that
may play an essential role in vasculopathy and can be considered a new therapeutic target.
Further studies focused on PIGF-VEGF formation. Its role in DR and the creation of small
molecules, specifically disrupting heterodimers' formation in the retina, are needed to
elucidate its therapeutic potential.
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Highlights
. Placental growth factor/vascular endothelial growth factor (PIGF-VEGF)
heterodimers were detected predominantly in the HREC cell nuclei
. High glucose and recombinant human PIGF treatment increased PIGF-VEGF

nuclear abundance.

. PIGF-VEGF heterodimers are involved in the blood-retinal barrier (BRB)
breakdown.

. Neutralization of PIGF-VEGF heterodimers or inhibition of NFkB activation
restored the HREC barrier function proteins

. Overexpression of PIGF in mouse retina by AAV5 vector resulted in an
increase of heterodimers formation, NFxB activation, and a decrease of ZO-1
n vivo.
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Figure 1.
Detection of PIGF-VEGF heterodimers in the endothelial cells. PIGF-VEGF heterodimers

are expressed in HREC with predominantly nuclear localization (A), 5D11D4 antibody 25
ug/ml markedly decreases the PIGF-VEGF heterodimers signals (B). Dot immunoassay
demonstrating affinity of 5D11D4 antibody to rhPIGF-VEGF heterodimers and rhPIGF, but
not rhVEGF or BSA control. (C)
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Figure 2.
Western blot analysis PIGF-VEGF heterodimers, in cytoplasmic and nuclear extracts from

HREC in normal and high glucose conditions (A). B-actin is used as loading control; p-
tubulin is used to confirm the purity of the nuclear extracts. Quantitative analysis of PIGF-
VEGEF relative abundance in cytoplasmic (B) and nuclear (C) extracts of HREC in normal
and high glucose conditions. The student's t-test was used to determine statistical
significance. *p < 0.05; n=3. Immunofluorescent analysis of PIGF-VEGF
heterodimerization and PIGF expression in normal (D) high-glucose (E) conditions. Nuclei
counterstained by DAPI.
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PIGF-VEGF heterodimers negatively regulate the barrier function. (A). Trans-endothelial
electrical resistance measurement in HREC treated with 5D11D4 antibody 25 pg/ml (Red);

Igg control (Magenta); PIGF-VEGF heterodimers (200 ng/ml, Black); PIGF-VEGF

heterodimers (200 ng/ml) + 5D11D4 antibody 25 pg/ml (Cyan). A one-way ANOVA test
with Tukey multiple comparisons was used to determine statistical significance between the
experimental groups after 15 hours post treatment and till the experimental endpoint at 48
hours. n.s. p > 0.05; ***p < 0.001; n = 4 Immunofluorescent analysis of VE-cadherin and

Z0O-1 in the Igg control (B), PIGF-VEGF heterodimers 200 ng/ml (C); PIGF-VEGF

heterodimers (200 ng/ml) + 5D11D4 antibody 25 ug/ml (D).
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*%*

Control 5D11D4

Inhibition of PIGF and PIGF-VEGF heterodimers decreases tube formation in HREC. Tube
formation assay in lgg control (A) and 5D11D4 antibody 25 pg/ml treated (B) HREC
cultures 12-hours after seeding to geltrex substrate and visualized by calcein-AM. Quantitive
analysis of the number of junctions (C), nodes (D), and segments (E) in digital images of the
tube formation assay. The student's t-test was used to determine statistical significance. *p <

0.05; **p < 0.01; n=8.
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Figure 5.
Immunofluorescence analysis of rhPIGF-induced NFxB activation and PIGF-VEGF

heterodimerization. The PIGF-VEGF heterodimers and NFxB expression in control (A).
Expression of NFxB increased following induction with rhPIGF, with increased activation
shown by a stronger colocalization NFxB signal with PIGF-VEGF heterodimers than the
control (B). Treatment with an IKK2 inhibitor, IMD0354, following stimulation with
rhPIGF, suppressed the activation of NFxB signaling and colocalization of PIGF-VEGF
heterodimers (C). Quantitative analysis of the number of cells with PIGF-VEGF
heterodimers and NFxB colocalization (D). A one-way ANOVA test with Tukey multiple
comparisons was used to determine statistical significance. n.s. p > 0.05; ***p <0.001; n=5
Increased p-1xBa presence in rhPIGF treated (100 ng/ml) HREC (E). Background activity
of p-1xBa in the PBS treated negative control (F). Positive control HREC treated with 1
pg/ml of LPS shows a dramatic increase in p-1xBa signals (G).
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Figure 6.

WB analysis of rhPIGF-induced ZO-1 and VE-cadherin expression in HREC (A).
Expression of ZO-1 and VE-cadherin in control cells. The stimulation of HREC cells with
rhPIGF (200 ng/ml) suppressed the expression of ZO-1 and VE-cadherin when compared
with the control. Suppression of NFxB activation by pretreatment with IMD0354 (10 ng/ml)
followed by rhPIGF (200 ng/ml) preserved the barrier function by maintaining the
expression of the junctional proteins ZO-1 and VE-cadherin. Quantitative analysis of ZO-1
(B) and VE-cadherin (C) relative abundance in HREC lysates treated with PBS, rhPIGF 200
ng/ml; IMDO0354 (10 ng/ml) and rhPIGF (200 ng/ml); IMD0354 (10 ng/ml). A one-way
ANOVA test with Tukey multiple comparisons was used to determine statistical
significance. n.s. p > 0.05; *p < 0.05; **p < 0.01; n=3.
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Figure 7.

Analysis of AAV5-mediated transduction of retinal cells with GFP and PIGF in C57BL/6
mice. AAV5-GFP vector effectively transduced retinal cells, as indicated by the presence of
GFP across the retinal cell layers (A); no GFP signals were observed in AAV5-PIGF
transduced retinas (B). The presence of AAVS5 capsid proteins bands for AAV5-GFP and
AAV5-PIGF vectors by WB analysis; naive retina lysate were used as the negative control

(C). Immunofluorescent analysis of PIGF expression in AAV5-GFP transduced retinas (D)
and AAV5-PIGF (E). Immunofluorescent p-IxBa signals from control animals transduced
with AAV5-GFP vector (F), with an increase of p-IxBa presence in AAV5-PIGF transduced
retinas (G). Western blot analysis of the junctional protein ZO-1 in naive, AAV5-GFP, and
AAV5-PIGF transduced retinal lysates, B-actin used as the loading control. (1) The relative
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abundance of ZO-1 in ZO-1 in naive, AAV5-GFP, and AAV5-PIGF transduced retinal
lysates PIGF overexpression leads to a decrease in the junctional protein ZO-1. A one-way
ANOVA test with Tukey multiple comparisons was used to determine statistical
significance. n.s. p > 0.05; **p < 0.01; n=3. Detection of PLGF-VEGF heterodimers AAV5-
GFP (J) and AAV5-PLGF (K) transduced retinas counterstained with NG2 marker. White
squares indicate the enlarged areas of the image. PLGF-VEGF heterodimers in AAV5-GFP
control retinas are present in NG2 positive cells (magenta, double-positive for NG2 and
PLGF-VEGF; white arrows). Overexpression of PIGF in the retina by AAV5-PLGF
indicates heterodimers' presence in ganglion cells (consistent with PIGF signals in E; yellow
arrows); visualized vasculature and NG2 double-positive signals (magenta, white arrows).
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Table 1:

Primary antibodies and dilutions used in the study

Target protein

PLGF-VEGF Heterodimers‘Z

B-actin

B-tubulin

Z0-1
VE-cadherin
VEGF-a

PIGF

p-1xB-a

NFxB p65

GFP

Adenovirus type 5

Neural/glial antigen 2

Produced by

R&D Systems, Minneapolis, MN, USA

Thermo Fisher Scientific, Waltham, MA, USA
Thermo Fisher Scientific, Waltham, MA, USA
Thermo Fisher Scientific, Waltham, MA, USA
Thermo Fisher Scientific, Waltham, MA, USA
Santa Cruz Biotechnology, Dallas, TX, US
Novus Biologicals, Centennial, CO, US

Santa Cruz Biotechnology, Dallas, TX, US
Thermo Fisher Scientific, Waltham, MA, USA
Abcam, Cambridge, MA, USA

Abcam, Cambridge, MA, USA

Cell Signaling Technology, Danvers, MA, USA

Catalog
number

MAB297-SP

MAS5-15739
MA5-16308
61-7300
50-128-96
A-20, sc-152
NBP2-67067
B-9, sc-8404
SL259361
ab6556
ab6982
4235S

Host

Mouse

Mouse
Mouse
Rabbit
Mouse
Rabbit
Rabbit
Mouse
Rabbit
Rabbit
Rabbit
Rabbit

IHC
dilution

1:100

1:200
1:200
1:100
1:100
1:100
1:100
1:100
1:100
1:100
1:500
1:50

WB
dilution

1:1000

1:2000
1:1000
1:1000
1:1000
1:1000
1:1000
1:500

1:1000
1:1000
1:5000
1:500

Page 26

J'MABZQY-SP antibody does not cross-react with VEGF or PIGF proteins when not as part of heterodimers. The antibody specificity was validated
by enzyme-linked immunosorbent assay by the vendor (R&D Systems; MAB297-SP datasheet), as well in our WB experiments, where MAB297-
SP produces a single specific band at 52 kDa, consistent with the combined molecular weight of the individual heterodimer fragments (PIGF 30

kDa+VEGF 22 kDa).
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