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Abstract

Diabetic retinopathy is the most common microvascular complication of diabetes, 

characterized by the formation of fibrovascular membranes that consist of a variety of cells 

including vascular endothelial cells (ECs). New therapeutic approaches for this diabetic 

complication are urgently needed. Here, we report that in cultured human retinal 

microvascular (HRECs) high glucose induced expression of p110, which was also 

expressed in ECs of fibrovascular membranes from diabetic patients. This catalytic subunit 

of a receptor regulated PI3K isoform  is known to be highly-enriched in leukocytes. Using 

genetic and pharmacological approaches, we show that p110 activity in cultured ECs 

controls Akt activation, cell proliferation, migration, and tube formation induced by 

vascular endothelial growth factor, basic fibroblast growth factor, and epidermal growth 

factor. Using a mouse model of oxygen-induced retinopathy, p110 inactivation was found 

to attenuate pathological retinal angiogenesis. p110 inhibitors have been approved for use 

in human B-cell malignancies. Our data suggest that antagonizing p110 constitutes a 

previously-unappreciated therapeutic opportunity for diabetic retinopathy.

Introduction

Diabetic retinopathy is the most common of microvascular complication of diabetes and a 

leading cause of blindness (1). Pathologic angiogenesis is associated with proliferative 

diabetic retinopathy (PDR), an advanced stage of diabetic retinopathy (2). Pro-angiogenic 

molecules including basic fibroblast growth factor (bFGF) (3), epidermal growth factor 

(EGF) (4), and vascular endothelial growth factor (VEGF) (5) promote proliferation and 

migration of vascular endothelial cells (ECs), initiating pathologic angiogenesis. Currently 

available treatments of diabetic retinopathy include neutralizing VEGF in the vitreous 

either using antibodies against VEGF (ranibizumab, bevacizumab) or a recombinant fusion 

protein consisting of an antibody Fc fragment fused to the extracellular domains of VEGF 

receptor (VEGFR) 1 and -2 (aflibercept) (6-8). These anti-VEGF agents reduce neo-

vascular growth and lessen vascular leakage; however, resistance to these drugs or 

recurrence of disease is observed in a significant number of patients with PDR (1,9), and 
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new therapeutic approaches are urgently needed. 

During the process of angiogenesis, a series of pro-angiogenic intracellular 

signaling cascades are rapidly activated including the phosphoinositide 3-kinase 

(PI3K)/Akt pathway (10,11). PI3Ks have been divided into three classes (I, II and III) based 

on their structural features and lipid substrate preference (10). Class IA PI3Ks are 

composed of a p110 catalytic subunit (p110, p110 or p110) bound to one of five p85 

regulatory subunits (12). Whereas p110 and p110 are ubiquitously expressed, p110 is 

mainly expressed in white blood cells (13) and controls immune functions (14-16). p110 

has been reported to be the main regulator of angiogenesis (17) with a modest role of p110 

(18). A role for p110 in angiogenesis has not been reported. Small molecule inhibitors of 

p110 are being explored clinically as pharmacologic treatments for inflammatory disease 

and cancer (19), and three compounds that share the ability to target p110 have recently 

been approved for use in human B-cell malignancies (12,20).

However, while expression of p110 is known to be expressed at low levels in other 

cells than leukocytes including fibroblast-like cells (21) and ECs (22), and become further 

induced by tumor necrosis factor (TNF) in ECs (22), its role in these tissue contexts is 

unknown. In the current study we uncover functional roles of p110 activity in cultured 

ECs and in pathological angiogenesis in a mouse model of oxygen-induced retinopathy 

(OIR).

Methods

Major reagents

VEGF-A (further referred to as VEGF) (Catalog number (Cat): 293-VE-010), bFGF (Cat : 

233-FB), EGF(Cat: 236-EG) and PDGF-A (Cat: 221-AA) were purchased from R&D 

systems (Minneapolis, MN). Antibodies against p110 (Cat: 4249), p110 (Cat: 3011), 

p110 (Cat: 34050), Akt (Cat: 9272), phospho-Akt (S473) (Cat: 4058), CD31 (Cat: 3528), 

and VE-Cadherin (Cat:2500) were purchased from Cell Signaling Technology (Danvers, 

MA). L-glucose (Cat: G5500) and D-glucose (Cat: G7021) were purchased from Sigma 

(St. Louis, MO); idelalisib was purchased from APExBIO (Cat: CAL101, Houston, TX). 

The primary antibody against -Actin (Cat: sc-47778) and secondary antibodies of 
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horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (Cat: sc-2004) and anti-

mouse IgG (Cat: sc-2005) were purchased from Santa Cruz Biotechnology (Santa Cruz, 

CA). Enhanced chemiluminescence substrate for detection of HRP was obtained from 

Thermo Fisher Scientific (Cat: 34580, Waltham, MA). Alexa fluorescence-594-conjugated 

mouse endothelial specific isolectin B4 (IB4) was purchased from Life Technology (Cat: 

112413, Grand Island, NY). High-fidelity Herculase II DNA polymerases were from 

Agilent Technologies (Cat: 600677, Santa Clara, CA).

DNA constructs

The three 20nt target DNA sequences preceding a 5′-NGG protospacer-adjacent motif 

(PAM) sequence at exon 4 in the human genomic PIK3CD locus (NG_023434) (23) were 

selected for generating single-guide RNA (sgRNA) for SpCas9 targets. The control sgRNA 

sequence (5’-TGCGAATACGCCCACGCGATGGG-3’) was designed to target the lacZ 

gene from Escherichia coli (24). The lenti-CRISPR v2 vector (25) was purchased from 

Addgene (23) (Cat. 52961, Cambridge, MA).

To express SpGuides in the targeted cells, the top oligos 5’-CACCG-20nt (target 

PI3KCD DNA sequences PK2 (AGAGCGGCTCATACTGGGCG), PK3 

(TGTGGAAGAGCGGCTCATAC), PK4 (TCTTCACGCGGTCGCCCTCA), or the lacZ 

sgRNA sequence)-3’ and bottom oligos: 5’-AAAC-20nt (20nt: complimentary target 

PI3KCD DNA sequences or lacZ sgRNA sequence)-C-3’ were annealed and cloned into 

the lentiCRISPR v2 vector, respectively. All clones were confirmed by Sanger DNA 

sequencing using a primer 5’-GGACTATCATATGCTTACCG-3’ from a sequence of U6 

promoter, which drives expression of sgRNAs.

DNA synthesis and sequencing were performed by Massachusetts General Hospital 

DNA Core Facility (Cambridge, MA).

Cell culture

Three vials of human primary retinal microvascular endothelial cells (HRECs) isolated 

from three different donors were purchased from Cell Systems (Cat: ACBRI181, Kirkland, 

WA) and cultured in Endothelial Growth Medium (EGM)-2 (5 mM D-glucose) (Cat: 

213KS-500, Cell Applications, San Diego, CA) or EGM in addition to L-glucose (25 mM) 
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or D-glucose (25 mM) for a week (26). HRECs were used from passages 6 to 10 for 

following experiments, and their tissue culture dishes were pre-coated with gelatin-based 

coating solution (Cat: 6950, Cell Biologics, Chicago, IL). The media were changed every 

other day. All cells were cultured at 37°C in a humidified 5% CO2 atmosphere (23,27).

Porcine aortic endothelial cells (PAECs) (26) overexpressing platelet-derived 

growth factor receptor (PDGFR) were cultured in DMEM/F12 medium supplemented 

with 10% fetal bovine serum (FBS, Cat: S11150, Bio-Techne, Minneapolis, MN). Human 

primary lymphatic endothelial cells (HLECs) were purchased from Cellbiologics (Cat: 

H6092), and human umbilical vein endothelial cells (HUVECs) were purchased from Cell 

Applications (Cat: 200-05f). These primary ECs were cultured in EGM-2.  Mouse cone 

photoreceptor cells (661W) were obtained by material transfer agreement from University 

of Houston (Houston, Texas), RAW264.7 mouse macrophages were purchased from 

American Type Culture Collection (Cat: TIB-71, Manassas, VA) (28), rabbit conjuctival 

fibroblasts (RCFs) were a gift of Dr. Andrius Kazlauskas (29), and human embryonic 

kidney (HEK) 293T cells (HEK 293 containing SV40 T-antigen) from The Dana-Farber 

Cancer Institute/Harvard Medical School (Boston, MA). Cells of 661W, RAW264.7, RCFs 

and HEK293T were cultured in high-glucose (4.5 g/l) DMEM supplemented with 10% 

FBS. The medium used to harvest the lentiviral supernatant from 293T cells was high-

glucose DMEM supplemented with 20% FBS. All cells were cultured at 37°C in a 

humidified 5% CO2 atmosphere(23,27).

Quantitative PCR

HRECs were plated into six-well plates at a density of 1  105 cells per well and treated 

with EGM in addition of L-glucose (25 mM) or D-glucose (25 mM) for one week. Total 

RNAs were extracted using the RNeasy Plus Mini Kit (Cat: 74104, Qiagen, 

Germantown, MD). The levels of PIK3CD mRNA were normalized to the levels of 

hHPRT1 mRNA. Primers of quantitative PCR synthesized by Integrated DNA 

Technology (Coralville, IA) were (forward:5’-GAATCAGAGCGTTGTGGTTG-3’, 

reverse: 5’–CAGAATTGGCACATCTTGGC- 3’) for PIK3CD and (forward: 50-

CCTGGCGTCGTGATTAGTGAT-30, reverse: 50-AGACGTTCAGTCCTGTCCATAA-30) for 
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a housekeeping gene hHPRT1 (human hypoxanthine phosphoribosyltransferase 1) 

(30).

Western blotting analysis

HRECs at 90% confluence in a 24-well plate were deprived of serum and growth factors 

for continuous incubation for 8 h, and then some of these cells were treated as desired. 

After washing twice with phosphate-buffered saline (PBS), cells were lysed. The clarified 

lysates were subjected to western blot analysis using the appropriate antibodies. 

Experiments were repeated at least 3 times. Signal intensity was determined by 

densitometry using ImageJ software (http://imagej.nih.gov/ij/; provided in the public 

domain by the National Institutes of Health, Bethesda, MD) (23). 

MTT assay

The toxicity of idelalisib on cell viability was assessed using the 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT, Cat: M2128, Sigma) assay as described 

previously(31). Briefly, HRECs were seeded into 96-well plates and incubated for 24 h 

before exposed to a range of concentrations (0, 5, 10, 15, 20, 25, 30, 35, and 40 μM) of test 

articles dissolved in DMSO in 5% FBS-supplemented medium for 24-72 h. Each condition 

was tested with 6 replicates and all assays were performed in triplicate (31).

Cell proliferation assay

HRECs were seeded into 24-well plates at a density of 30,000 cells/well in an endothelial 

growth medium kit. After attaching the plates, the cells were starved of growth factors for 

8 h, and then treated with idelalisib (10 M) with or without VEGF, bFGF and EGF (20 

ng/ml each). The treatment was repeated daily. After 48 h, the cells were trypsin detached 

and then counted in a hemocytometer under a light microscope(23). 

Wound healing assay

The wound healing assay was performed as previously described (23) with minor 

modifications. Once HRECs reached confluence in 48-well plates, they were starved for 

growth factors for 8 h. After the cell monolayer was scraped with a 200-l-sterile pipette 
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tip, the cells were washed twice with PBS to remove detached cells. The cells were treated 

with idelalisib (10 M) with or without supplement with VEGF, bFGF and EGF (20 

ng/ml). The wound was photographed at 0 and 18 h post wounding under a microscope 

(23).

Tube formation assay

This assay was performed as previously described (23) with minor modifications. Briefly, 

The collagen gel mixture was added to a 96-well plate (70 l/well), which was then 

incubated for about 60 min at 37°C to let the collagen gel polymerize. After 

polymerization, HRECs (4.5×104) were seeded in each well with their cultured medium 

maintained at a 37°C incubator. This day was considered day 1. On day 2, the medium was 

removed and 30 μl of the gel mixture was added to each well. After incubation for about 

60 min at 37°C, the collagen gel was polymerized, and the medium (100 l) [EBM 

supplemented with 0.5% horse serum, 0.1% bovine brain extract supplemented with 

VEGF, bFGF and EGF (20 ng/ml)] with or without idelalisib (10 M). On day 3, the gel 

was photographed using the EVOS FL Auto microscope (23).

Breeding and Genotyping

6 weeks old heterozygous p110D910A/D910A C57BL/6J (B6) mice were purchased from 

Charles River Laboratories (Boston, MA) and were used for breeding to generate wild-type 

(WT), heterozygous (Het) and mutant p110D910A/D910A (Mut) pups. Genomic DNA was 

isolated from P12 mice by boiling tail tips in 100 l lysis buffer (0.125 M NaOH, 2 mM 

EDTA) for 25 min, followed by addition of 100 l neutralizing buffer (40 mM Tris HCl, 

pH 8.0). The supernatant after spin was used for PCR using the following primers (forward, 

P28F: CCTGCACAGAAATGCACTTCC; Reverse, P28R, 

AACGAAGCTCTCAGAGAAAGCTG). The expected PCR fragments from mutant and 

WT mice are 500 bp and 332 bp, respectively (32).

A mouse model of oxygen-induced ischemic retinopathy (OIR)

This experiment was performed as described previously (33,34). Briefly, B6 litters on 

postnatal day (P) 7 were exposed to 75% oxygen until P12 in an oxygen chamber 
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(Biospherix, Parish, NY). At P12, intravitreous injections were performed under a 

microsurgical microscope. One μl of idelalisib (final vitreal concentration 10 M) or its 

vehicle (0.1% DMSO) based on 5-l-vitreous volume was injected. After the intravitreal 

injection, the eyes were treated with a triple antibiotic (Neo/Poly/Bac) ointment and kept 

in room air (21% oxygen). At P17, the mice were euthanized and retinas were carefully 

removed for western blot analysis or fixed in 3.7% paraformaldehyde (PFA). Mice under 

6 g of total body weight were excluded from the experiments. Retinal whole mounts were 

stained overnight at 4°C with the murine-specific EC marker IB4-Alexa 594 (red) (33). 

The images were taken with an EVOS FL Auto microscope.

Enzyme-linked immunosorbent Assay (ELISA) 

This experiment was performed by following the instruction of a mouse VEGF quantikine 

ELISA kit (Cat: MMV00, R & D System). Briefly, clarified vitreous (5 l) from each eye 

from P17 mice with or without experiencing OIR was diluted with PBS into 50 l, which 

was added into each well. In addition, 50 l standard was also added to each well, and 

incubated at room temperature for 2 h. Then, after the wells were washed with wash buffer 

for 5 times, 100 l conjugate from the kit was added to each well, and incubated at room 

temperature for 2 h. After wash for 5 times, 100 l substrate solution was added to each 

well and incubated for 30 min. Then, 100 l of stop solution was added into each well. 

Finally, the plate was read at 450 nm within 30 min (35).  

Examination of idelalisib toxicity in mouse eyes

At P12, five pups were anesthetized and underwent intravitreal injections as described 

above. A single dose of 1 μl of 50 M idelalisib stock (dissolved in 0.1% DMSO) was 

injected. Control injections were performed with 1 l of the 0.1% DMSO vehicle. Based 

on the notion that the mouse vitreous volume is 5 l, this is expected to give rise to an 

initial final vitreal concentration of 9-10 M, which is expeced to be further diluted over 

time. 

Four weeks later, electroretinography (ERG) (by light/dark adaptation, using a 

DIAGNOSYS ColorDome containing an interior stimulator), optical coherence 
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tomography (OCT), and fluorescein fundus angiography (FFA) were performed as 

described previously (34). 

After the mice were euthanized, representative eyeballs were carefully removed, 

fixed in 3.7% paraformaldehyde (PFA) and embedded in paraffin for histopathological 

analysis. 

All animal experiments followed the guidelines of the Association for Research in 

Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision 

Research. Investigators who conducted analysis were masked as to the treatment groups. 

All the mice were cared for by following the protocol approved by the Institutional Animal 

Care and Use Committee at Schepens Eye Research Institute.

Immunofluorescence 

Embedded frozen fibrovascular membranes (FVMs) from patients with PDR were 

prepared as described previously (36). An ethical approval was obtained before the 

initiation of this project from the Vancouver Hospital and University of British Columbia 

Clinical Research Ethics Board. The University of British Columbia Clinical Research 

Ethics Board policies comply with the Tri Council Policy and the Good Clinical Practice 

Guidelines, which have their origins in the ethical principles in the Declaration of Helsinki. 

Written informed consent was obtained from patients.

FVMs on slides or cultured HRECs were fixed in 3.7% formaldehyde/PBS for 10 

min. Subsequently, the sections or cells were preincubated with 5% normal goat serum in 

0.3% Triton X-100/PBS for 20 min, incubated with primary antibodies against p110 

(1:100 dilution) (Cat: ab2003372, Abcam, Cambridge, MA) for 1 h or a normal rabbit IgG. 

After 3 washes with PBS, the tissues and sections were incubated with fluorescently-

labeled secondary antibodies Dylight 549 (Cat: DI-1549, Vector laboratories, Inc. 

Burlingame, CA) (1:300 dilution in blocking buffer) for 30 min. Following 3 washes with 

PBS, the slides were mounted with a mount medium containing 4',6-diamidino-2-

phenylindole (DAPI) (Cat: H-1200, Vector Laboratories) and photographed under a 

fluorescence microscope (26,37,38).

Flow cytometry 
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Cultured HRECs were harvested and incubated with antibodies against VE-Cadherin, 

CD31 or non-immune IgG for 2 h at room temperature. After washing twice with 0.3% 

Triton X-100/PBS, the cells were incubated with fluorescence-labeled secondary 

antibodies for 1 h at room temperature. After additional triple washes with 0.3% Triton X-

100/PBS, the cells were subjected to fluorescence-activated cell sorter (FACS) analysis as 

described previously (23).

Statistics

The data from 3 independent experiments were analyzed using an unpaired t-test between 

two groups, and one-way ANOVA followed by the Tukey post test among more than two 

groups. For animal experiments the data from at least 6 mice were used for the statistical 

analysis. All data were analyzed using a masked procedure. p  0.05 was considered 

statistically significant. 

Data and Resource Availability

The datasets generated during and/or analyzed during the current study are available from 

the corresponding author upon reasonable request. The [RESOURCE] generated during 

and/or analyzed during the current study is available from the corresponding author upon 

reasonable request.

RESULTS

p110δ is expressed in vascular endothelial cells

The tissue distribution of p110 is more restricted than that of the ubiquitously-expressed 

other PI3K isoforms p110 and p110 (13). Previous studies showed that p110 is 

primarily expressed in leukocytes, but it is also found at lower levels in some non-leukocyte 

cell types such as ECs (22,39). As TNF induces p110 expression in ECs (22) and 

inflammation plays an important role in diabetic retinopathy (40,41), we examined if p110 

was expressed in ECs in FVMs from patients with PDR. Immunofluorescence revealed 

that p110 was indeed expressed in ECs of FVMs (Figure 1A-H); in addition, we found 

that p110 was also expressed in cultured human retinal microvascular endothelial cells 
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(HRECs) (Figure 1I-L and supplemental figure 1) and that its expressional level was lower 

than that in mouse macrophages but much higher than that in cultured mouse cone cells 

(661 W) (Figure 1M-N). Specifically, p110 was expressed at 6.1  0.7 and 22.4  1.1 fold 

more in cultured HRECs and RAW264.7 mouse macrophages, respectively, than that in 

cultured 661 W cells (Figure 1N). Importantly, we discovered that high glucose (5 + 25 

mM) for one week enhanced approximately 2-fold expression of p110 in HRECs in 

mRNA (Figure 1O) and protein (Figure 1P-Q). Additionally, expression of p110 was also 

detected in other vascular ECs including human umbilical vein ECs (HUVECs), porcine 

aortic ECs (PAECs), and human lymphatic ECs (HLECs) (Supplementary figure 2). In 

contrast, the expression level of p110 was very low in rabbit conjuctival fibroblasts (RCF) 

(42) and mouse 661W cone photoreceptor cells (28) (Figure 1M-N and supplementary 

figure 2). These results demonstrate that p110 is expressed in eye-related pathological and 

cultured ECs and high glucose promotes its expression in cultured ECs, suggesting that it 

plays a biological role in ECs.

p110 inhibition prevents Akt activation and biological responses induced by VEGF, 

bFGF and EGF

PI3K activation is necessary for VEGF-induced proliferation, migration and survival of 

cultured ECs (43). ECs express multiple PI3K isoforms, and work from other groups 

indicates that not all isoforms are required for the VEGF-driven responses (17). For 

instance, inactivation of p110 does not block VEGF-induced proliferation and survival 

of vascular ECs (17). In contrast, we found that the p110-selective inhibitor idelalisib at 

1 M for 15 min completely prevented VEGF-induced Akt activation (as measured by its 

phosphorylation on Serine 473 (Figure 2A and D). This was also observed for Akt 

activation induced by bFGF (Figure 2B and D) or EGF (Figure 2C-D). In contrast, growth 

factor-stimulated phosphorylation of Erk (p-E202/p-Y204) was not affected (Figure 2A-

C); in addition, idelalisib at 10 M only modestly inhibited PDGF-A-induced activation of 

Akt in PAECs that overexpress PDGFR (Figure 2E), suggesting that different RTKs 

preferentially select different PI3K isoforms for transducing signaling to Akt and that the 

10 M concentration of idelalisib is selective.  This assumption was also supported by a 
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cell viability assay, which indicated that idelalisib even at higher doses was within the non-

toxic range (Figure 2F). These data demonstrate that p110 regulates a subset of RTKs-

triggered signaling pathways in HRECs, including Akt, known to play a central role in 

angiogenesis (44,45). In line with these observations, idelalisib was also found to blunt 

VEGF, bEGF or EGF promoted EC cell proliferation (Figure 3A), migration (Figure 3B-

C) and tube formation (Figure 3D-E).

p110 depletion attenuates Akt activation, proliferation, migration and tube 

formation of HRECs

To complement and substantiate our data from the pharmacological approach using 

idelalisib, we next depleted p110 in HRECs using CRISPR/Cas9 technology (23,24). As 

shown in Figure 4A-E and supplemental figure 3, the CRISPR/Cas9 system guided by 

PK2-based sgRNA targeting PIK3CD resulted in DNA insertion and deletion in the 

expected genomic site, leading to depletion of p110 expression, without affecting 

expression of p110 and p110 (Figure 4A-C). Importantly, this p110 depletion 

attenuated Akt activation induced by VEGF (Figure 4D-F), bFGF and EGF (Figure 4G-H) 

and diminished cell proliferation (Figure 5A-B), migration (Figure 5C) and tube formation 

(Figure 5D) in these cells. Notably, idelalisib at 10 M did not further inhibit cell 

proliferation in p110-depleted cells (Figure 5B), indicating that both idelalisib and PK2-

sgRNA are specific for p110. These results demonstrate that p110 plays an essential role 

in Akt activation and cellular responses induced by these growth factors in HRECs.

Genetic inactivation of p110 in mice reduces Akt activation and abnormal 

angiogenesis in a mouse model of oxygen-induced ischemic retinopathy

To investigate the impact of p110 on pathologic angiogenesis, mice with genetic 

inactivation of p110 (32) were subjected to a model of OIR (34). In the p110-inactive 

mice, their endogenous p110 was replaced through germline knock-in mutation with a 

catalytically-inactive form of p110, called p110D910A (Supplemental Figure 4) (32), and 

their p110 lipid kinase activity is fully ablated, with no changes in the kinase activities of 

p110 and p110 (32). 
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In this mouse model of OIR, postnatal day (P) 7 mouse pups with nursing mothers 

are subjected to hyperoxia (75% oxygen) for 5 days, which prevents retinal vessel growth 

and leads to significant vessel loss in the central retina. At P12, mice were returned to room 

air. The switch from high oxygen to room air creates a relatively hypoxic condition which 

triggers both normal vessel regrowth in the avascular area of central retina and abnormal 

retinal angiogenesis towards to the normally avascular vitreous cavity to form unorganized, 

small-caliber vessels, termed preretinal tufts, which reaches a maximum at P17 (33,34). ).  

These preretinal tufts resemble the pathologic neovascularization (NV) seen in human 

PDR. This OIR model has helped to lay the foundation for present clinical application of 

anti-VEGF therapies in patients with PDR (46-48). 

Thus, OIR was induced in homozygous p110D910A mice (further referred to as 

p110D910A/D910A) and their WT littermates by the techniques described above. At P17 the 

whole-mount retinas from the euthanized pups were stained with isolectin B4 (IB4), a 

mouse endothelial marker. The IB4 staining revealed a significant reduction in the area of 

pre-retinal tufts (pathological angiogenesis) in the eyes of p110D910A/D910A mice compared 

with those of littermate WT mice, with no significant difference in the areas of vaso-

obliteration between the two mouse lines (Figure 6A-C). Western blot analysis showed that 

there was significantly less activated Akt in the retinas from P17 p110D910A/D910A mice as 

compared to those from the P17 WT mice (Figure 6D). Furthermore, ELISA analysis 

indicated that there was less VEGF in the vitreous from the P17 p110D910A/D910A mice than 

that from the P17 WT mice experiencing OIR (Supplemental figure 5). These data 

demonstrate that genetic inactivation of p110 decreases hypoxia-induced Akt activation 

and inhibits pathological angiogenesis but not central retinal avascular area to form 

neovascularization in this OIR mouse model.

Idelalisib prevents hypoxia-induced Akt activation and abnormal retinal 

angiogenesis in a mouse model of oxygen-induced ischemic retinopathy

To explore the impact of idelalisib on angiogenesis in vivo, we used a mouse model of OIR 

in the eye because the preretinal tufts formed in this model resemble the pathologic NV 

seen in human PDR (34). 
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We first tested the effects of an intravitreal injection of a single dose of idelalisib 

into P12 mice at a vitreal concentration of 8-10 M (a dose which did not cause obvious 

damage to cultured HRECs (Figure 2F), followed by examination of the mouse eyes 30 

days later. This was done by electroretinogram (ERG) and fundus fluorescent angiography 

to evaluate retinal function, and by optical coherence tomography (OCT) and histological 

analysis to evaluate retinal structure (Figure 7). These four assays revealed no functional 

or structural damage to the retina 30 days after a single injection of idelalisib. 

We next examined the impact of idelalisib on pathologic angiogenesis in the mouse 

model of OIR (33,34). In this model as described above, at P12, when mice were returned 

to room air, on this day idelalisib (initial vitreal concentration of a single dose of 8-10 M) 

or its vehicle (DMSO, 0.1% initial concentration) was injected into the vitreous. At P17, 

the whole-mount retinas from the euthanized pups were stained with IB4. Results showed 

a dramatic decrease in the number of preretinal tufts after treatment with idelalisib 

compared to vehicle (Figure 8A-C). However, idelalisib did not arrest angiogenesis from 

the avascular area of retinas (Figure 8A-C). In addition, idelalisib also suppressed hypoxia-

induced Akt activation in the P17 retinas (Figure 8D-E). Taken together, these data show 

that inhibition of p110 prevents hypoxia-induced Akt activation and pathological 

angiogenesis while sparing central-avascular area’s re-vascularization in this mouse model 

of OIR.

In summary, genetic (p110D910A/D910A) or pharmacological (idelalisib) inactivation 

of p110 in vivo demonstrate that p110 plays an essential role in retinal pathological 

angiogenesis in oxygen-induced retinopathy. 

Discussion

p110 belongs to the receptor-regulated class IA PI3K lipid kinases, which also include 

the p110 and p110 isoforms. Whereas all class I PI3Ks couple to tyrosine kinase-linked 

receptors, p110 is also stimulated by G-protein-coupled receptors (12).

While TNF induces NFkB/p65-dependent expression of p110 in HUVECs, our 

experimental data revealed that high glucose enhances expression of p110 in HRECs. We 

hypothesize that high glucose induces NFB/p65 activation (49), which promotes p110 
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expression. This hypothesis is actively being tested at present in my lab.

We herein present our findings that VEGF, bFGF and EGF are dependent on p110 

for activating Akt in HRECs. These findings demonstrate that p110 can also transmit the 

signals from RTKs (e.g. VEGFR2, EGFR, FGFR) to activate Akt in vascular ECs. This 

contrasts with a previous report showing that in mouse cardiac ECs, p110 is a 

predominant isoform for activating of Akt (17). This difference might be due to a different 

cell type using a different PI3K isoform downstream of these RTKs. In addition, by using 

a mouse model of OIR we found that p110 is required for pathological angiogenesis but 

not central retinal re-vascularization, while p110 plays an essential role in developmental 

and tumor angiogenesis (50). The mechanism by which p110 is required for pathological 

angiogenesis but not central retinal revascularization in the OIR mouse model and why the 

other PI3K isoforms fail to compensate when p110 is antagonized, warrant further 

investigation. 

Notably, this OIR model is not actually a model of diabetic retinopathy because 

diabetic retinopathy is a complex disease that involves multiple genetic and environmental 

inputs (e.g., high glucose) (51). However, hypoxia in this OIR model induces pathological 

angiogenesis (preretinal tufts), which resemble the pathologic NV seen in human PDR. 

Therefore, this OIR model partially mimics the pathological angiogenesis in the patients 

with PDR (46-48).

Idelalisib (also known as GS-1101, CAL-101 or Zydelig) is a selective inhibitor of 

p110, approved by the United States Food and Drug Administration for the treatment of 

hematological malignancies (52). Our data provide a potentially alternative approach to 

treating the patients with neovascular eye diseases who are not completely responsive to 

the current anti-VEGF treatment. Mainly due to its immunomodulatory effects, systemic 

exposure to idelalisib comes with warnings of possible toxicities that are serious and even 

fatal, the use of idelalisib to treat eyes might result in potential harmful side effects (53). 

However, this toxicity might not be observed upon intravitreal administration to treat 

angiogenesis-related eye diseases. With regards to the possible risk to the retina and visual 

function, our results showed that a single intravitreal injection of idelalisib did not cause 

deleterious effects on retinal structure and function within one month (Figure 7). However, 

if multiple intraviteal injections need to achieve suppression of pathological retinal 
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neovascularization in clinical settings, retinal structure and function will have to be closely 

evaluated and monitored further.

In contrast to mice lacking p110 or  which show full or partial embryonic death 

(54,55), our experiments confirmed that mice with inactive p110 are fertile, born at 

normal Mendelian ratios without gross anatomical or behavioral abnormalities (32), 

indicating that p110 is not critical for development and physiological angiogenesis. 

However, our data clearly show that these mice display reduced pathological retinal 

angiogenesis in an OIR model (Figure 6), demonstrating that p110 activity contributes to 

pathological retinal angiogenesis. This is consistent with another report that p110 

inactivation does not affect normal vascular development (17). Because mice with inactive 

p110 mice are viable, the other PI3K isoforms may replace p110 activity during 

development and physiological angiogenesis, indicating that p110 contributes exclusively 

to pathological retinal angiogenesis. 

Notably, leukocytes (e.g. macrophages), in which p110 is highly expressed,  also 

play an important role in angiogenesis (56), so whether p110 plays an essential role in 

pathogenesis via ECs in vivo needs further investigation.

In conclusion, our findings establish a conceptual foundation for developing a 

p110-targeted approach to prevent and treat retinal angiogenesis such as those seen in 

PDR. Especially, the pharmacological (idelalisib) has great potential for development as 

alternatives for those patients who sub-optimally respond to current anti-VEGF drugs. 
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Figure legends

Figure 1. High glucose induced p110 expression in vascular ECs

A-H. FVMs from PDR patients on slides were subjected to immunofluorescence analysis 

using antibodies against p110 and CD31 (A-D) or control antibodies (rabbit and mouse) 

IgG (E-H). Red and green signals indicate expression of p110 and CD31, respectively, in 

comparison to the negative non-immune IgG stained control. Blue signals are from nucleus 

staining with DAPI. This is a representative of 3 independent experiments using different 

sample sources (FVMs from 3 PDR patients. The images were taken under 

immunofluorescence microscope. Scale bar: 200 m.

I-L. HRECs at passage 6 in a slide chamber were subjected to immunofluorescence 

analysis using antibodies against p110 and CD31 as performed in A-H. Scale bar: 20 m.

M-N. Lysates of RAW264.7 (RAW), HRECs and 661W cells were subjected to western 

blot analysis using indicated antibodies. The intensity of the p110 bands was firstly 

normalized to that of the corresponding -Actin bands. Each plot in N indicates mean  

standard deviation (SD) of 3 independent experiments (folds). **** indicates significant 

difference (p  0.001) between two compared groups using one-way ANOVA followed by 

a Tukey post test.

O-Q. HRECs exposed to normal D-glucose (N, 5 mM), L-glucose (L, 5 mM D-glucose  + 

25 mM L-glucose) and high D-glucose (D, 5 mM original D-glucose + 25 mM additional 

D-glucose) for one week were subjected to quantitative PCR and western blot for analysis 

of mRNA and protein expression. The intensity quantitation of protein expression was 

performed in P-Q. Each plot in O and Q indicates mean  SD of 3 independent experiments 

(folds). *** and **** indicate significant difference (p  0.001, and p  0.0001, 

respectively) using one-way ANOVA followed by the Tukey post test; ns: not significant.

Figure 2. Inhibition of PI3K prevents Akt activation induced by VEGF, bFGF or 

EGF

A-D. When HRECs reached about 90% confluence, the cultured medium was replaced 

with the endothelial basal medium without growth factors and continuously cultured for 8 
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h. Then, these cells were treated with idelalisib at the indicated concentrations or its vehicle 

in addition to VEGF-A (A), bFGF (B) or EGF (C) (10 ng/ml). V: vehicle (0.1% DMSO). 

After this treatment lasted for 15 min, the cells were lysed. Their lysates were subjected to 

a western blot analysis using the indicated antibodies. A representative of 3 independent 

experiments is shown. Each plot in D indicates the mean  SD of 3 independent 

experiments (folds). ** and **** indicate significant difference (p  0.01, 0.0001) using 

one-way ANOVA followed by the Tukey post test.

E. Serum-deprived PAECs, which overexpressed PDGFR, were treated with idelalisib at 

the indicated concentrations or its vehicle in addition to PDGF-A (10 ng/ml) for 15 min. 

Their lysastes were subjected to western blot analysis using indicated antibodies. This is 

representative of three independent experiments.

F. HRECs treated with idelalisib as indicated concentrations and time course were 

subjected to a MTT assay. IC50 of idelalisib to HRECs was 15 M at 72 h.

Figure 3. Inhibition of PI3K inhibits cell proliferation, migration and tube formation 

induced by VEGF, bFGF or EGF

A. HRECs were seeded into 24-well plates at a density of 30,000 cells/well in endothelial 

growth medium. After attaching the plates, the cells were starved of growth factors for 8 h 

and then treated with idelalisib (10 M), vehicle (V) with or without VEGF, bFGF or EGF 

(20 ng/ml). After 24 h, the cells were trypsin detached and then counted in a 

hemocytometer under a light microscope. 

B-C. When HRECs reached confluence in 48-well plates and starved of growth factors for 

8 h, a wound was created by scraping the cell monolayer with a sterile pipette tip. The cells 

were washed twice to remove detached cells and then treated with idelalisib (10 M), its 

vehicle (V), supplemented with or without VEGF, bFGF or EGF (20 ng/ml). At 18 h post 

wounding, the wound was photographed under a microscope. Scale bar: 400 m.

D-E. After polymerization of the collagen gel, HRECs (4.0 × 104) were seeded in each well 

in the culture medium overnight. After addition of second layer of gel, cells were treated 

with idelalisib (10 M), its vehicle (V) supplemented with VEGF, bFGF or EGF (20 

ng/ml). 6 h later, each well was photographed under a microscope. Scale bar: 1000 m.
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Each plot in A, C and E indicates the mean  SD of 3 independent experiments. 

*** and **** denote significant difference (p  0.001 and 0.0001) using one-way ANOVA 

followed by the Tukey post test. 

Figure 4. Depletion of p110 attenuates Akt activation induced by VEGF, bFGF, or 

EGF 

A. Schematic of the human genomic PIK3CD locus. One target for generating its sgRNA 

was selected at the human genomic PIK3CD exon 4 and named as PK2 (green line). The 

protospacer-adjacent motif (PAM) sequences are marked in short thick blue lines.

B. Genomic DNA isolated from HRECs with CRISPR/Cas9 targeting to p110 by sgRNA-

PK2 or control by sgRNA-lacZ were used to PCR amplify the DNA fragments around 

sgRNA-PK2 protospacer with primers (P24F1, 5’-GGGAGGTTTGGACCCCCAG-3’); 

P24R1 (reverse: ACCTTTGCCGATGAGGAGGC for Sanger DNA sequencing. 

C. Lysates of HRECs expressing sgRNA-lacZ or PK2/Cas9 were subjected to western blot 

analysis using indicated antibodies. This is representative of three independent 

experiments.

D-H. The characterized HRECs in B were cultured to 90% confluence and then starved of 

growth factors for 8 h. Subsequently, these cells were treated with VEGF, bFGF and EGF 

(10 ng/ml) for 15 min and their clarified lysates subjected to western blot analysis using 

the indicated antibodies. A representative of 3 independent experiments is shown. The 

intensity of the bands from 3 experiments was quantified as dot plots. Each plot in F, F and 

H indicates the mean  SD of 3 independent experiments.  *,  *** and **** indicate 

significant difference (p  0.05, 0.001 and 0.0001) using one-way ANOVA followed by 

the Tukey post hoc-test. 

Figure 5. Depletion of p110 attenuates cell proliferation, migration and tube 

formation

A-B. HRECs expressing lacZ or PK2-sgRNA/Cas9 were seeded into 24-well plates at a 

density of 30,000 cells/well in an endothelial growth medium kit with or without treatment 

with idelalisib (Idel, 10 M). After 24 h, the cells were trypsin-detached and counted in a 
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hemocytometer under a light microscope. The mean  SD of 3 independent experiments is 

shown.

C. When HRECs reached 90% confluence in 48-well plates, a wound was created by 

scraping the cell monolayer with a 200 l-sterile pipette tip. At 18 h post wounding, the 

wound was photographed under a microscope. Shown is a representative of 3 independent 

experiments. Scale bar: 400 m.

E. A collagen gel mixture was added to a 96-well plate. After polymerization, HRECs (4.0 

× 104) were seeded in each well with their culture medium maintained at a 37°C incubator. 

The next day, the top gel was added. Six hours later, each well was photographed under a 

microscope. Shown is a representative of 3 independent experiments. Scale bar: 400 m.

Each plot in this figure indicates mean  SD of 3 independent experiments. ** and 

*** denote significant difference (p  0.01 and 0.001, respectively) in A, C and D between 

the two compared groups using unpaired t test and in B using one-way ANOVA followed 

by the Tukey post hoc-test. NS: not significant. 

Figure 6. Genetic inactivation of p110 attenuates Akt activation and aberrant 

angiogenesis in a mouse model of OIR 

A-C. Litters of WT and p110D910A/D910A (D910A) mice were exposed to 75% oxygen from 

P7 to P12 for 5 days, and then returned to room air. At P17, whole-mount-retinas were 

stained with IB4 (n = 6) (A). Analysis of pathological angiogenesis (Tufts) (B) and 

avascular (C) areas from the IB4-stained retinas. **** indicates significant difference (p  

0.0001) between the two compared groups (6 retinas per group) using an unpaired t-test. 

NS: not significant.

D. The clarified lysates of the retinas (one retina per lane) from P17 pups having 

experienced the OIR model were subjected to western blot using the indicated antibodies. 

Each plot indicates the mean  SD of 3 independent experiments; *** indicates significant 

difference (p  0.001) using an unpaired t-test.

Fig. 7. Evaluation of Idelalisib toxicity to mouse eyes
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Idelalisib was intravitreally injected into the mouse eyes on P12 to achieve a final vitreal 

concentration of approximate 10 M. This day was considered day 0. On day 30, the mouse 

eyes were examined by ERG (dark adaption) (A), OCT (B), fluorescein fundus 

angiography (FFA) (C), and histological analysis (D). Representative data are presented in 

each panel for the indicated analysis. R: right eye, L: left eye, INL: inner nuclear layer, 

ONL: outer nuclear layer, H & E: hematoxylin and eosin stain. Scale bar: 200m.

Figure 8. Inhibition of p110 suppresses Akt activation and pathological angiogenesis 

in a mouse model of OIR 

Litters of P12 mice that had been exposed to 75% oxygen for 5 days were injected 

intravitreally with idelalisib (Idel, final vitreal concentration of approximately 10 M) or 

its vehicle (V: 0.1% DMSO) and then stayed in room air for 5 days. 

A-C. At P17, whole-mount-retinas were stained with IB4 (A). Analysis of 

neovascularization (NV) areas (tufts) from the IB4-stained retinas (n = 6) (B) and avascular 

area (n = 6) (C). 

D-E. Total lysates from retinas (one retina per lane) were subjected to western blot analysis 

using the indicated antibodies. N: retinas from P17 mice without experiencing 75% high 

oxygen.

Each plot in this figure indicates the mean  SD of 3 independent experiments 

(folds). * and **** indicate significant difference (p  0.05, 0.0001) between two compared 

groups using an unpaired t-test. ns: not significant.

Page 27 of 41 Diabetes



 

Page 28 of 41Diabetes



 

Page 29 of 41 Diabetes



 

Page 30 of 41Diabetes



 

Page 31 of 41 Diabetes



 

Page 32 of 41Diabetes



 

Page 33 of 41 Diabetes



 

Page 34 of 41Diabetes



 

Page 35 of 41 Diabetes



Supplementary Information 
 
Supplementary Figure 1. Identification of human retinal microvascular endothelial 
cells 

A. Flow cytometry with an antibody against VE-Cadherin 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

B. Flow cytometry with an antibody against CD31 
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C. Immunofluorescence with antibodies against VE-Cadherin, CD31, p110d or 
non-immune IgG 
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A-B. Human retinal microvascular endothelial cells (HRECs) were cultured to 80% 
confluence and harvested for staining with antibodies against VE-cadherin (A), CD-31 (B) 
or non-immune IgG (IgG) and then fluorescence-labeled secondary antibodies (Dylight 
549). These stained cells were analyzed by fluorescence-activated cell sorting (FACS). 
This is representative of three independent experiments. 
 
C.HRECs were cultured in a 4-well chamber to 80% confluence. After fixature with 3.7% 
formaldehyde, the cells were incubated with primary antibodies against VE-Cadherin, 
CD3, p110d (PI3Kd) or non-immune IgG from rabbits or mouse, and then stained with 
fluorescence-label secondary rabbit or mouse antibodies. This is representative of three 
independent experiments.  Scale bar: 40 µm.  
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Supplementary Figure 2. Expression of PI3Kd in vascular endothelial cells 
 

 
Lysates of rabbit conjunctival fibroblasts (RCFs), mouse cone photoreceptor cells (661W), 
human retinal microvascular endothelial cells (HRECs), human umbilical vein endothelial 
cells (HUVECs), porcine aortic endothelial cells (PAECs), and human lymphatic 
endothelial cells (HLECs) were subjected to western blot analysis using indicated 
antibodies. The intensity of the p110d and p110a, and p85a and -b bands was firstly 
normalized to that of the corresponding b-Actin bands, and then calculated to establish the 
ratio of the control in the first lane shown as “Fold” at the bottom of the panels. This is 
representative of three independent experiments.  
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Supplementary Figure 3. Depletion of p110d in HRECs using CRISPR/Cas9 
 
 
 
 
 
 
 
 
 
 
 
HRECs infected by lentiviruses containing SpCas9 and sgRNA-PK2, PK3 and PK4 
(targeting human PI3KCD) or lacZ (targeting bacterial lacZ) were selected with 
puromycin, and their lysates were subjected to western blot using indicated antibodies. This 
is representative of three independent experiments. 
 
 
 
 
 
Supplementary Figure 4. Genotyping of Mut and WT mice 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Genomic DNA from tails of WT, heterozygous (Het) and Mut (mutant PI3Kp110d 
D910A/D910A) mice1 on P12 was subjected to PCR amplification using primers (forward, 
P28F: CCTGCACAGAAATGCACTTCC; Reverse, P28R, 
AACGAAGCTCTCAGAGAAAGCTG), and separated in 1.5% agarose gel. Images were 
taken under ultraviolet light.  
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Supplementary Figure 5. Measurement of VEGF-A in the mouse vitreous  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Clarified vitreous (5 µl) from each eye of P17 mice in room air or experiencing OIR was 

diluted with PBS into 50 µl, which was added into each well/a 96-well plate and subjected 

to a mouse VEGF 120 and 165 quantikine ELISA assay.  Each group from five eyes of five 

mice.   

WT: wild type PIK3CD, D910A: Mutant PIK3CD D910A. Room air: mice staying 

in room air always, OIR: mice experiencing oxygen induced retinopathy. *** and **** 

indicate significant difference (p <  0.001 and 0.0001, respectively) using one-way 

ANOVA followed by the Tukey post hoc-test. ns: not significant.  
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