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Abstract 

 Leakage of retinal blood vessels, which is an essential element of diabetic retinopathy 

(DR), is driven by chronic elevation of vascular endothelial growth factor (VEGF).  VEGF 

quickly relaxes the endothelial cell barrier by triggering signaling events that post-translationally 

modify preexisting components of intercellular junctions.  VEGF also changes expression of 

genes, which are known to regulate barrier function.  This project’s goal was to identify effectors 

by which VEGF and anti-VEGF control the endothelial cell barrier in cells that were chronically 

exposed to VEGF (hours instead of minutes).   

 We discovered that the duration of  VEGF exposure influenced both barrier relaxation, 

and anti-VEGF-mediated closure.  Most VEGF-induced changes in gene expression were not 

reversed by anti-VEGF.  Those that were constitute VEGF effectors that are targets of anti-

VEGF.  Pursuit of such candidates revealed that VEGF used multiple, non-redundant effectors to 

relax the barrier in cells that were chronically exposed to VEGF.  One such effectors was ACE 

(angiotensin converting enzyme), which is a member of the renin-angiotensin aldosterone system 

(RAAS). Pharmacologically antagonizing either ACE, or the receptor for angiotensin II, 

attenuated VEGF-mediated relaxation of the barrier.  Finally, activating the RAAS reduced the 

efficacy of anti-VEGF.  These discoveries provide a plausible mechanistic explanation for the 

long-standing appreciation that RAAS inhibitors are beneficial for patients with DR and suggest 

that antagonizing the RAAS improves patients’ responsiveness to anti-VEGF.   
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Introduction 

 In 2013 approximately 1 out of 19 people had diabetes mellitus (DM).  The incidence of 

this life-long affliction is increasing: 1 of every 14 people are predicted to have DM in 2030 1. 

This metabolic disease causes both macrovascular and microvascular dysfunction, which 

manifests in multiple organs (eyes, kidneys, skin, et al.) and systems (e.g. cardiovascular, neural, 

et al.) 2. Thus, a substantial percentage of our world’s population has diabetes, and their quality 

of life is compromised by the complications that they develop.   

 Approximately 1/3 of patients with diabetes have diabetic retinopathy (DR) 3, 4, which is 

diagnosed and staged based on the anatomy of the retinal vasculature, the thickness of both 

individual layers within the retina, and the total retina. High blood pressure is one of the risk 

factors for developing DR 5, and medications that control blood pressure reduce the risk of 

developing DR, and increase the likelihood of regression 6, 7.  These benefits have been reported 

for patients taking antagonists of the renin angiotensin aldosterone system (RAAS), which 

include inhibitors of ACE (angiotensin converting enzyme) (such as ramipril and trandolapril), 

and angiotensin II (AII) receptor antagonists (such as valsartan and telmisartan).  The key 

elements of the RAAS include renin-mediated cleavage of angiotensin I, which ACE proteolyzes 

to generate the 8 amino acid AII that binds to G protein-coupled receptors such as AGTR1 

(angiotensin II receptor 1) 8, 9.  Thus, RAAS antagonists, which reduce the activity of ACE or 

AII-dependent activation of AGTR1, are beneficial for patients with DR.    

 Animal models of DR can reproduce this clinical phenomenon. Antagonizing the RAAS 

prevents diabetic rodents from developing DR 10-13. Systemic administration of RAAS inhibitors 

have no effect on DM, yet they prevent leakage of retinal blood vessels, a hallmark of DR.  

Animals treated in this way also have lower levels of retinal VEGF (vascular endothelial growth 
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factor A), which could result from not developing DR.  Alternatively, antagonizing the RAAS 

may prevent the DM-driven rise in VEGF, which promotes DR.  The underlying mechanism by 

which RAAS inhibitors protect experimental animals from DR and are beneficial in patients has 

not been addressed.   

 Neutralizing retinal VEGF is one of the ways that patients with DR are treated.  While 

many patients with DR benefit from anti-VEGF, the response is not uniform 14-17.  A recent 

report, which indicates that genetic variants in the RAAS predict response to anti-VEGF in 

cancer patients 18, raises the intriguing question of whether consumption of RAAS antagonists 

affects the efficacy of anti-VEGF administered to patients with DR.   

 In this study we investigated how VEGF/anti-VEGF controlled permeability of primary 

human retinal endothelial cells that were enduringly exposed to VEGF.  We discovered that 

VEGF increased, and anti-VEGF decreased expression of ACE, a driver of the RAAS. 

Antagonists of the RAAS partially suppressed VEGF-mediated relaxation of the barrier 

indicating that VEGF uses multiple effectors to relax the barrier, and that the RAAS is one of 

them.  Finally, enforced activation of RAAS attenuated anti-VEGF’s ability to reclose the barrier.  

These results provide mechanistic insights regarding the relationship between RAAS and 

VEGF/anti-VEGF-dependent control of endothelial cell barrier, which are relevant to current 

management of patients with DR.   

   

Materials and Methods 

Materials 

Human retinal endothelial cells (HRECs) were purchased from Cell Systems (ACBRI 181) 

(Kirkland, WA). They were derived from donor A, a 26-year old Caucasian male.  Lonza 
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endothelial cell basal medium-2 (EBM-2, CC3156) and Lonza SingleQuots endothelial cell 

growth medium-2MV (EGM-2MV, CC4147) for tissue culture was procured from Lonza 

Bioscience (Verviers, Belgium). D-(+)-Glucose (G7021), recombinant human angiotensin 

converting enzyme (ACE, SAE0075), recombinant human angiotensin II (AII, A9525), ramipril 

(ACE inhibitor, R0404), trandolapril (ACE inhibitor, T4827), valsartan (AGTR1 inhibitor, 

SML0142), telmisartan (AGTR1 inhibitor, T8949), FITC-Dextran (70 KDa) and Celite 545 

(22140) were purchased from Sigma. Recombinant human IL-1β (200-01B) was purchased from 

PeproTech, Inc. (NJ, USA). Recombinant human VEGF-A (VEGF 165; 293-VE) and human 

TNF-alpha Protein (210-TA) were purchased from R&D systems (MN, USA). Aflibercept 

(EYLEA) and bevacizumab (Avastin) were from Regeneron Pharmaceuticals, Inc. and 

Genentech, Inc, respectively.  RNeasy Plus mini kit used for RNA isolation was obtained from 

QIAGEN (Hilden, Germany). High Capacity cDNA Reverse Transcription Kit used for cDNA 

synthesis and Fast SYBR Green Master Mix used for real-time PCR were purchased from 

Applied Biosystems (Thermo Fisher Scientific). Transwell 24-Well Permeable Support System 

used for FITC-Dextran permeability assay was purchased from Corning, Inc. (3391, ME, USA). 

Disposable Electrode Arrays (8W10E+ PC) used in transendothelial electrical resistance (TEER) 

assay for measuring cellular permeability were purchased from ECIS Cultureware (Applied 

BioPhysics, Inc, Troy, NY).  Palmitic acid (N-16-A) was from NU-CHEK-PREP, INC., Elysian, 

MN.   

  

Culture of human retinal endothelial cells 

Primary human retinal microvascular endothelial cells (HRECs, Cell System, Kirkland, WA, 

USA) were used to establish an in vitro model of DR. HRECs were cultured in complete Lonza 
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medium (EBM-2 supplemented with the EGM-2MV SingleQuots kit).  High glucose treated-

cells HRECs were generated by culturing cells in complete Lonza medium containing 30 mM D-

glucose for at least 10 days; medium was changed every 24 hrs. The second model of DM was 

generated by exposing high glucose-treated cells to palmitate (50 uM) and TNF� (0.1 ng/ml) for 

24 hrs prior to the start of the experiment.   

Palmitate was added to complete Lonza medium by first loading it with BSA as described by 

Spector and Hoak 19.  Briefly, palmitic acid dissolved in hexanes was coated onto Celite, the 

hexanes were evaporated under nitrogen, complete Lonza medium containing sufficient BSA to 

achieve a 5:1 molar ratio was then added (palmitic acid:BSA) and incubated for 30 min at room 

temperature.  The Celite was removed by centrifugation, the pH of the supernatant was adjusted 

to 7.4, filtered through a 0.22 u filter and frozen until use.   

 

Library preparation and RNA-seq 

RNA-seq libraries of poly (A) RNA from 500 ng total RNA obtained from HRECs treated with 

vehicle, VEGF and VEGF + anti-VEGF were generated using the Clontech SMARTer Stranded 

RNA-Seq Kit (634838) for Illumina HiSEQ4000 (single end 50p). Fastq were generated using 

Illumina provide demultiplexing software.  

 

RNAseq QC and quantification 

RNAseq analysis was performed by the UIC or University of Chicago Core Facilities.  Raw 

reads were aligned to reference genome hg38 using BWA MEM 20.  Genes was quantified using 

FeatureCounts 21 as raw read counts. Differential expression statistics (fold-change and p-value) 

were computed using edgeR 22, 23. Multi-group statistics were computed using edgeR’s 
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generalized linear modeling (GLM) framework, and pair-wise comparisons were computed using 

exactTest. In all cases we adjusted p-values for multiple testing using the false discovery rate 

(FDR) correction of Benjamini and Hochberg 24. Differences in expression were considered 

statistically significant based on an FDR threshold of 5% (0.05). Bioinformatics analysis in the 

project described was performed by the UIC Research Informatics Core. 

 

Clustering and visualization 

We identified distinct and robustly separable genomic patterns using a discovery clustering 

analysis that pairs k-means clustering with reproducibility clustering statistics. We overcame 

inherent limitations in k-means clustering – that requires a priori selection of the number of 

clusters k and gives variable results with different initializations – by assessing cluster 

reproducibility. In particular, we performed k-means clustering with ten random initializations 

on a range of cluster numbers k (2 to 20). For each k, we evaluated the reproducibility of the 

repeated clustering runs using the Rand Index, similar to the approach outlined by Senbabaoglu 

and co-workers 25. We then chose the largest k that yields highly reproducible clusters. Patterns 

from clusters were visualized using heatmaps and boxplots to aid in interpretation. 

 

Pathway analysis 

Gene sets obtained from the hierarchical clustering were analyzed in MetaCore using the 

Pathway Maps tool. 

 

PCR analyses 
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HRECs were seeded at full confluency. VEGF was added to a final concentration of 2 nM and 

then cultured for an additional 0.5, 1.5 or 8 h. For the anti-VEGF group, after 8 h of VEGF 

incubation, aflibercept (1 uM) was added for an additional 8 h. The cells were the lysed, mRNA 

was isolated and used to synthesize cDNA.  Quantitative PCR was performed using the real-time 

PCR HT7900 system (Applied Biosystems, Thermo Fisher Scientific, USA). The threshold cycle 

(Ct) of each transcript was normalized to the average Ct of the housekeeping genes (β-actin and 

GAPDH). Fold differences were determined by the 2-∆∆Ct method. 

 

Western Blot 

HRECs that were pre-incubated with vehicle or VEGF (1 nM) for 24 h were treated with anti-

VEGF (Aflibercept) for indicated time periods. The cells were then rinsed with ice-cold PBS 

(phosphate buffered saline; 137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, and 2 mM KH2PO4) 

and lysed in electrophoresis sample buffer (10 mmol/L EDTA; 4% sodium dodecyl sulfate; 5.6 

mol/L 2-mercaptoethanol; 20% glycerol; 200 mmol/L Tris-HCl, pH 6.8; and 0.2% bromophenol 

blue). Proteins were resolved on a 10% sodium dodecyl sulfate–polyacrylamide gel and 

subjected to Western blot analysis.  

 

FITC-Dextran assay measuring cellular permeability 

Cellular permeability in HRECs was measured according to the manufacturer’s instruction. 

Specifically, HRECs were seeded at full confluency onto gelatin-coated 24-transwell inserts (0.4 

µm polyester membrane, Corning). The cells were then pre-incubated with ACE inhibitors 

(ramipril, trandolapril) or AGTR1 inhibitor (valsartan) for 2 hours. After pre-treatment, HRECs 

were stimulated with VEGF (2 nM) overnight and monolayer solute permeability was 
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determined by addition of a 70-KDa molecular weight FITC-Dextran (Merck Millipore) and 

subsequent measurement of fluorescence intensity using a Synergy HTX microplate reader 

(BioTek). Fluorescence intensity was measured in duplicate per condition and normalized to 

untreated control cells. 

 

Transendothelial electrical resistance (TEER) measuring cellular permeability 

Cell permeability was assessed by measuring changes in TEER using ECIS (electrical cell-

substrate impedance sensing, Applied Biophysics, Troy, NY). HRECs were seeded at full 

confluency in 8-well chamber slides equipped with gold-coated micro-electrodes. The electric 

current passing through the endothelial monolayers was measured independently in each 

chamber. TEER was measured continuously and in real time before, during and after the 

treatment of the cells. When RAAS inhibitors (ramipril, trandolapril, valsartan and telmisartan) 

were used, they were added 2 h before addition of VEGF. 

 

Statistical Analysis 

The results are expressed as mean ± SD. Differences among groups were evaluated by ANOVA; 

statistical significance of differences between groups was assessed using the student’s t-test 

when indicated. Correlations between indicated variables were assessed using Pearson moment 

product correlation coefficients. Significance was defined as P < 0.05. Graphs were created using 

Microsoft Excel 2019, R (R Core Team 2019). 

  

Results  

VEGF/anti-VEGF control barrier function of HRECs  
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 To investigate how VEGF/anti-VEGF control barrier function we monitored electrical 

resistance across a monolayer of primary human retinal endothelial cells (HRECs).  Confluent, 

quiescent HRECs form a stable barrier (black tracing in Fig 1A).  Adding a saturating dose of 

VEGF (1-2 nM) quickly (within minutes) relaxed the barrier (Fig 1A; red and green tracing).  

Following this acute barrier breakdown, barrier function was erratic for approximately 4 hr 

whereupon it stabilized for at least 60 hrs (Fig 1A and data not shown).  Neutralizing VEGF with 

anti-VEGF (either aflibercept, or bevacizumab) completely restored barrier function (Fig 1A; 

green tracing and data not shown).  We conclude that this experimental system is conducive to 

investigating the underlying mechanism by which VEGF relaxes the endothelial cell barrier and 

how anti-VEGF restores it.  Furthermore, VEGF-mediated opening of the barrier proceeds 

through a process that takes hours to stabilize and is fully reversed by anti-VEGF.  

 We were surprised to observe that anti-VEGF further relaxed the barrier before closing it 

(Fig 1A).  This phenomenon was observed routinely, although its magnitude was variable. Buffer 

alone, denatured anti-VEGF or an equivalent amount of an unrelated protein (bovine serum 

albumin) did not cause it to occur (data not shown).  These results indicate that it is dependent on 

anti-VEGF, and suggests the barrier is not fully relaxed by prolonged exposure to a saturating 

dose of VEGF.   

 Varying the duration of exposure to VEGF, influenced how long it took anti-VEGF to re-

close the barrier.  In the experiment show in Fig 1A, it took 7 hrs for the barrier to reform after 

adding anti-VEGF to cells that had been exposed to VEGF for 8 hrs.  Shortening or extending 

the duration of exposure to VEGF resulted in a corresponding change in how long it took to 

close the barrier after the addition of anti-VEGF (Fig 1B). 
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 A simple explanation for the kinetics of anti-VEGF-mediated barrier closure is that it 

reflects the kinetics of VEGFR2 inactivation.  However, we found that this was not the case. 

Addition of anti-VEGF to cells that had been exposed to VEGF for 24 hrs inactivated VEGFR2 

much faster than it took to close the barrier (Fig 1B-D), and thereby suggested the anti-VEGF-

mediated barrier closure required more than simply inactivating VEGFR2.  

 Together these observations support the concept that VEGF-mediated opening of the 

barrier is both progressive, and fully reversibly by anti-VEGF.  Furthermore, while inactivating 

VEGFR2 is likely to initiate the process of barrier closure, these data suggest that anti-VEGF 

reverses additional VEGF-driven events.   

 

VEGF/anti-VEGF regulated expression of genes that govern vascular homeostasis 

 Because prolonged exposure to VEGF alters expression of genes, including those that 

govern vascular homeostasis, we considered if changes in gene expression contributed to 

VEGF/anti-VEGF control of barrier function.  To this end, we profiled the VEGF- and anti-

VEGF-dependent changes in gene expression according to the experimental strategy shown in 

Fig 2A.  The pie chart in Fig 2B illustrates the key findings of this RNAseq-based effort: VEGF 

altered expression of 4372 genes, and anti-VEGF overcame the effect of VEGF for 279 of these 

genes (complete and partial reversal for 162 and 117 genes, respectively). Fig 2C shows the 

magnitude of the VEGF- or anti-VEGF-driven change in expression for the top 32 genes.    

 The 279 anti-VEGF DEGs (differentially expressed genes) were subjected to MetaCore-

based pathway analysis (Fig 2D).  Anti-VEGF DEGs were most strongly and commonly found 

to belong to the cell cycle pathway, especially as it related to the G2/M phase.  Furthermore, both 

the identity of the genes, and direction of the changes suggested that acute neutralization of 
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VEGF promotes transition of cells into G2/M.  However, while VEGF modestly increased the 

percentage of the cells in S phase, anti-VEGF had no impact on G2/M (data not shown).  This 

feeble effect of VEGF/anti-VEGF on the stage of cell cycle was expected for cells grown to 

confluence, which results in contact-dependent inhibition of cell cycle progression.   

 As a complementary approach to identify anti-VEGF DEGs that are necessary for anti-

VEGF-mediated re-closure of the endothelial cell barrier we considered those anti-VEGF DEGs 

that are known to govern vascular homeostasis.  To this end we assembled a list of genes that are 

included in twelve Qiagen RT2 Profiler PCR Arrays: Human WNT Signaling Pathway, Human 

WNT Signaling Pathway Plus, Cell Junctions, Human TGFb / BMP Signaling Pathway Plus, 

Human TGFb / BMP Signaling Pathway, Human Notch Signaling Pathway Plus, Human Notch 

Signaling Pathway, Human Hippo Signaling Pathway, Human Endothelial Cell Biology, Human 

Cellular Senescence, Human Angiogenesis, and Human Adherens Junctions. The following 

genes were added to this list because recent publications demonstrate that they contribute to 

vascular homeostasis:  PTPRB, FGD5, RHOB, PIK3CD, AKT1, AKT2, AKT3, PLCG1, 

MAPK3, MAPK1, SRC, FYN, YES1, UNC5B, ETV2 26-34.  After eliminating the duplicates, 

660 entries remained, which we designated as vascular homeostasis (VH) genes (Supplemental 

Table S1).   

 Fig 2E lists the 21 anti-VEGF DEGs that are also VH genes. We chose to pursue ACE 

(angiotensin converting enzyme) because the renin-angiotensin aldosterone system (RAAS) 

governs angiogenesis and/or endothelial cell barrier function in both experimental animals, and 

patients.  RAAS antagonists protect diabetic animals from retinal vessel leakage 10-13. Patients 

taking RAAS antagonists are less likely to develop diabetic retinopathy, and more prone to 

improve once they develop it 6, 7.  While animal studies demonstrated a correlation between 
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RAAS antagonism, prevention of diabetic retinopathy and lower levels of retinal VEGF, the 

underlying mechanism has not been elucidated.  Furthermore, the role of RAAS in anti-VEGF-

mediated barrier closure has not been addressed.  As outlined below, we proceeded to develop 

and test the hypothesis that VEGF/anti-VEGF-mediated control of the endothelial cell barrier 

involves the RAAS (Fig 3A).   

 In summary, protracted exposure to VEGF increased expression of many genes, 

including those that are involved in barrier function, and anti-VEGF overcame a subset of these 

changes.  These results identified candidate genes by which VEGF and anti-VEGF govern 

barrier function in the context of prolonged exposure to VEGF.   

 

VEGF/anti-VEGF altered expression of members of the RAAS at times corresponding to 

changes in barrier function 

 To begin to test the hypothesis shown in Fig 3A we investigated whether VEGF and anti-

VEGF altered expression of members of the RAAS pathway at times corresponding to changes 

in barrier function.  This was not a given because the duration of VEGF/anti-VEGF exposure in 

the RNAseq experiments (Fig 2A) was not the same as the TEER experiments (Fig 1A).  We 

observed that VEGF increased expression of ACE at times corresponding to barrier relaxation, 

and that anti-VEGF-driven restoration of barrier function was temporally aligned with a decline 

in ACE expression (Fig 1A and 3B).  Furthermore, expression of some of the other genes that 

were both VH genes, and anti-VEGF DEGs did not temporally align with changes in barrier 

function (EFNB2, STIL, CCNA2; data not shown).  In summary, ACE, a member of the RAAS is 

regulated by VEGF/anti-VEGF in a way and at times that support the working hypothesis shown 

in Fig 3A.   
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RAAS was one of the effectors by which VEGF relaxes the barrier 

 To test if the RAAS participated in VEGF-mediated barrier relaxation we antagonized 

members of the RAAS with inhibitors that are commonly used in patients.  Trandolapril, an ACE 

inhibitor, reduced the responsiveness of cells to VEGF (Fig 4A,D).  Similarly, valsartan, an 

antagonist of the angiotensin II (AII) receptor (AGTR1) that is expressed by endothelial cells, 

reduced VEGF-induced permeability (Fig 4 B,E).  Additional ACE (ramipril) or AGTR1 

(telmisartan) antagonists also impaired VEGF-induced barrier relaxation (Supplemental Figure 

S1).  These agents had no effect on basal permeability (data not shown).  Furthermore, a FITC-

dextran-based approach to measure permeability confirmed that inhibiting the RAAS attenuated 

VEGF-induced permeability (Supplemental Figure S2).  Finally, IL-1b-induced permeability was 

unaffected by ramipril or valsartan (Fig 4C,F).   

 This data set shows that antagonizing RAAS has a relatively small effect on VEGF’s 

ability to relax the barrier.  Increasing or decreasing the dose of the inhibitors did not increase the 

magnitude of their effect (Supplemental Figure S3A and B).  Similarly, lowering the dose of 

VEGF, so that the barrier was only partially compromised, did not improve the efficacy of the 

drugs (Supplemental Figure S3C and D).   

 These data demonstrate that VEGF engages the RAAS to relax the barrier.  Furthermore, 

because the effect of inhibiting the RAAS is partial, it appears that VEGF acts via additional 

effectors to relax the barrier in cells that are enduringly exposed to VEGF.   

 

Activating the RAAS attenuated anti-VEGF-mediated closure of the barrier 
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 While previous reports indicate a relationship between VEGF and RAAS, whether RAAS 

affects the efficacy of anti-VEGF has not been investigated.  To this end, we tested if enforcing 

RAAS activity influenced anti-VEGF-mediated closure of the barrier by first relaxing the barrier 

with VEGF, and then adding anti-VEGF together with purified ACE or AII.  Fig 5A,B shows 

that activating RAAS with purified ACE suppressed anti-VEGF’s ability to re-close the barrier. 

Valsartan eliminated the effect of ACE indicating that activation of AGTR1 was required for this 

phenomenon. Addition of purified AII together with anti-VEGF also attenuated anti-VEGF’s 

ability to close the barrier (Fig 5C,D). These data indicate that the status of the RAAS system 

influences anti-VEGF’s efficacy; an activated RAAS suppresses anti-VEGF’s ability to reclose 

the barrier. 

 We also tested if activating the RAAS was sufficient to relax the barrier. Addition of 

either purified ACE, or AII did not relax the barrier of cells under basal conditions 

(Supplemental Figure S4A and B).  A plausible reason is that AGTR1 expression, which is 

increased by VEGF (data not shown), was not high enough under basal conditions to enable cells 

to respond to the added RAAS activators. 

 We performed the following experiments to determine if ACE or AII enhanced barrier 

relaxation in cells exposed to VEGF.  Neither of the RAAS activators enhanced permeability 

driven by either a submaximal, or maximal concentration of VEGF (Supplemental Figure S4C 

and data not shown).  Dose response experiments indicated that 0.5 nM VEGF opened the barrier 

to 50% of the level observed with a saturating concentration (1 nM) of VEGF (data not shown).  

Cells make ACE in response to VEGF (Fig 3), and hence it is possible that the amount of 

endogenously-produced ACE and AII sufficed to maximally activate the RAAS in VEGF-

stimulated cells.  
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 In conclusion, while exogenous RAAS activators did not influence basal or VEGF-driven 

permeability, they suppressed the ability of anti-VEGF to reclose the barrier that was opened by 

extended exposure to VEGF.   

 

RAAS contributed to VEGF/anti-VEGF control of the barrier in an additional in vitro model.  

 For all of the experiments described thus far, we used high glucose (30 mM for at least 10 

days)-treated HRECs, which is the most commonly used in vitro model of DM 35-38.  We 

repeated key experiments with a second in vitro model, namely one in which we exposed cells to 

fatty acids (50 uM palmitate) and cytokines (0.1 ng/ml TNF�) for 24 hrs prior to the start of the 

experiments.  Similar to high glucose, free fatty acids and cytokines are elevated in patients with 

DM 39-43.  Dose response experiments indicated that the chosen dose of palmitate and TNF� did 

not alter either basal permeability, or VEGF/anti-VEGF-mediated barrier relaxation/closure 

(Supplemental Figure S5 and data not shown).  Furthermore, antagonists of the RAAS reduced 

VEGF-induced permeability and RAAS activators suppressed the ability of anti-VEGF to reclose 

the barrier (Supplemental Figure S5).  Taken together these results demonstrate that in multiple 

in vitro models of DM the RAAS is one of the effectors of VEGF, and that activating the RAAS 

blunts the efficacy of anti-VEGF.   

 

Discussion 

 Using in vitro models of DM-induced endothelial dysfunction we made the following 

discoveries: 

• The duration of exposure to VEGF influences both barrier relaxation, and anti-

VEGF-mediated re-closure 



 18 

• The vast majority of VEGF-induced changes in gene expression are not reversed 

by anti-VEGF  

• VEGF uses multiple effectors to relax the endothelial cell barrier 

• Activating the RAAS reduces the efficacy of anti-VEGF 

 The duration of exposure to VEGF influences both barrier relaxation and anti-VEGF-

mediated closure. These observations suggest that VEGF-driven barrier relaxation is a process, 

which develops/matures as cells continue to be exposed to VEGF.  For instance, activated 

VEGFR2 quickly engages signaling events that post-translationally modify existing components 

of adherens junctions 44-46.  These early events give way to changes in expression of genes that 

code for proteins that can further influence barrier function via a wide spectrum of mechanisms 

(Fig 5C).  Regulators of the extracellular matrix, the cytoskeleton and components of the various 

types of junctions that connect endothelial cells all contribute to control of paracellular 

permeability 47-49.  Thus, the nature of the VEGF-breached endothelial barrier is in part 

dependent on how long cells have been exposed to VEGF.  Consequently, anti-VEGF’s 

mechanism of action will depend on the duration of exposure to VEGF.  In diseases such as DR, 

which involve chronic elevation of VEGF, the anti-VEGF-mediated benefit (reduced 

permeability) is likely to involve not only inactivation of VEGFR2, but also change in gene 

expression.    

 By increasing production of ACE, VEGF triggers enduring permeability, which is a 

potential explanation for why anti-VEGF takes so long to re-close the EC barrier.  While 

neutralizing VEGF occurs within minutes, it is likely to take longer for the elevated level of ACE 

mRNA and ACE protein, AII and AII-induced signaling to subside.  
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 The vast majority (94%) of VEGF-induced changes in gene expression are not reversed 

by anti-VEGF.  This observation provides an approach to identify those VEGF-regulated genes 

that govern barrier function, namely, those that are reversed by anti-VEGF.  Furthermore, these 

genes are also candidate effectors of anti-VEGF.  Finally, the realization that cells retain a 

molecular memory of VEGF (durable VEGF-induced changes in gene expression) suggest that 

this phenomenon may contribute to non-responsiveness to anti-VEGF.  The endothelium within 

blood vessels that irreversibly express genes that VEGF engages to relax the barrier would be 

insensitive to anti-VEGF-based therapies to reverse leakage of blood vessels.   

 The finding that antagonizing the RAAS only partially inhibited VEGF-induced 

permeability indicates that VEGF engages multiple, non-redundant effectors to relax the barrier 

in cells that are exposed to VEGF for a prolonged time period.  Identification of the RAAS as 

one of these effectors provides mechanistic insight into the previously reported relationship 

between the RAAS and VEGF 10-13.  

 Activating the RAAS reduces the efficacy of anti-VEGF.  Thus, RAAS is like cytokines 

or the kallikrein system, which can open the barrier independently of VEGF and hence drive 

leakage in the face of anti-VEGF therapy50, 51.  Unlike cytokines or the kallikrein system, patients 

with DR are often treated with inhibitors of the RAAS.  The discovery that activated RAAS 

blunts the efficacy of anti-VEGF predicts that anti-VEGF will provide greater benefit to patients 

who are consuming RAAS antagonists.  This is because such antagonists work together with 

anti-VEGF to re-close the barrier (Fig 5), and hence anti-VEGF constitutes the second arm of 

combo therapy.  In contrast, anti-VEGF is simply monotherapy in patients who are not taking 

inhibitors of the RAAS.  A clinical study comparing responsiveness to anti-VEGF in patients 



 20 

who do and do not consume antagonists of the RAAS is an approach to address this intriguing 

possibility.   

 RAAS antagonists appear to differ in their benefit for patients with DR.  A meta-analysis 

of patients with DR reported that ACE inhibitors reduced the risk of incidence and progression, 

and increased likelihood of regression, whereas AGTR1 blockers only increased the likelihood 

of regression 7.  In our in vitro model, we didn’t observe an obvious difference in the two types 

of RAAS antagonists in preventing VEGF-induced leakage. While the strengths of this 

commonly-used in vitro model is its focus on endothelial cells 52, 53, its weakness is the absence 

of other VEGF-responsive cell types 35-38.  VEGFRs are expressed by multiple retinal cells types 

besides the endothelium, including ganglion cells, muller cells and amacrine cells 54. The 

response of these non-endothelial cell types to neutralization of VEGF may contribute to the 

overall anti-VEGF effect that is observed in patients. 
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Figure Legends 

Figure 1. Signaling events did not appear to fully account for how VEGF/anti-VEGF 

governed the barrier in response to prolonged exposure to VEGF.  

(A) The trans-endothelial electrical resistance (TEER) of confluent monolayers of HRECs was 

measured for 8 hrs following the addition of either VEGF vehicle, or VEGF (1 nM).  At the 8 hr 

time point cells received either anti-VEGF (500 nM aflibercept), or aflibercept buffer, and then 

TEER was monitored for an additional 14 hrs. A high TEER value indicates effective barrier 

function, i.e. low permeability.  The data are expressed as the mean ± SD (n=3-4).   

(B) The type of experiment shown in panel A was repeated varying the duration of exposure to 

VEGF prior to addition of anti-VEGF.  Plotting the resulting data revealed a linear relationship 

between the duration of exposure to VEGF and how long it took the barrier to close after adding 

anti-VEGF; Pearson correlation test: r = 0.92, p = 8.63*10^-08. 

(C/D) Confluent monolayers of cells were exposed to VEGF (1 nM) for 24 h, whereupon anti-

VEGF (500 nM aflibercept) was added for the indicated length of time.  The cells were lysed and 

total cell lysates were subjected to Western blot analysis using the indicated antibodies.  A 

representative experiment is shown in panel C.  The extent of VEGFR2 phosphorylation was 

quantified and normalized to the level of total VEGFR2. Data from 3 independent experiments 

(mean ± SD) are shown in panel D.  

 

Figure 2. VEGF changed the expression of vascular homeostasis genes, and such changes 

were overcome by anti-VEGF.  

(A) Outline of the experimental strategy. Triplicate dishes of confluent HRECs were exposed to 

VEGF vehicle, VEGF (1 nM) or VEGF followed by anti-VEGF (500 nM aflibercept) for the 
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indicated duration, whereupon cells were harvested, RNA was isolated and subjected to RNAseq 

analysis. Differentially expressed genes (DEGs) were identified by pair-wise comparison 

between experimental groups as indicated in the diagram.   

(B) The resulting RNAseq data are presented as a pie chart.  VEGF induced a statistically 

significant (p<0.05) change in expression of 4372 genes; these are VEGF DEGs.  Anti-VEGF 

overcame the VEGF-driven change for 279 of these genes; these are the anti-VEGF DEGs.   

(C) A heatmap of the top 32 anti-VEGF DEGs, which are arranged according to the level of fold 

change (FC). The expression level is indicated by color; blue is low and red is high. 

(D) The 279 anti-VEGF DEGs were subjected to MetaCore-based pathway analysis.  The top 20 

pathways, sorted according to statistical significance, are presented.  The colors designate a type 

of pathway, for instance, green is for “cell cycle”.   

(E)  The 21 of the 279 anti-VEGF DEGs that are known to govern vascular homeostasis are 

listed.    

 

Figure 3. Temporal alignment of VEGF/anti-VEGF-induced changes in gene expression and 

barrier function.  

A) Diagram of the working hypothesis. VEGF increases expression of angiotensin converting 

enzyme (ACE) and thereby converts angiotensin I (AI) into angiotensin II (AII), which binds to 

its receptor (encoded by the AGTR1 gene) and relaxes the barrier. By neutralizing VEGF, anti-

VEGF reduces expression of ACE and thereby restores barrier function.   

(B) Triplicate dishes of cells treated as described in the legend of Fig 1A were harvested, RNA 

was extracted and subjected to qRT-PCR using primers specific for ACE.  Data are mean ± SD, 

n=3.  The level of expression in unstimulated cells (black bars) was set to 1.0.  For VEGF-treated 
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cells (red bars) the data are expressed as fold increase over unstimulated cells; **p<0.01, 

***p<0.001, ****p<0.0001. The green bars indicate the expression in cells that were first treated 

with VEGF and then anti-VEGF; ††††p<0.0001, VEGF 8 h-treated group versus anti-VEGF group. 

Similar results we observed in three independent experiments.   

 

Figure 4. Antagonizing RAAS attenuated VEGF-induced relaxation of the endothelial barrier.  

TEER measurements of VEGF-stimulated HRECs pre-treated with (A/D) trandolapril (ACE 

inhibitor) or (B/E) valsartan (AGTR1 inhibitor). Following a 2 h pre-treatment with trandolapril 

(100 nM), valsartan (1uM) or drug vehicle (DMSO), 2 nM of VEGF was added (indicated by the 

black arrow) and TEER recorded for 20 h. Data are expressed as a fraction of basal TEER, which 

was measured at the 0 time point.  In panels D and E the area under the curve for the entire time 

course was quantified, normalized to the VEGF vehicle-treated cells and presented as the mean 

± SD for a single representative experiment. (C/F) Same as panels A/B/D/E, except that the cells 

were exposed to IL-1� (20 ng/ml) instead of VEGF.  Similar results were observed in at least 

three independent experiments.  *p<0.05, **p<0.01. 

 

Figure 5. Activating RAAS diminished anti-VEGF-mediated closure of the barrier. 

(A/C) The TEER was measured as described in the legend of Figure 1A for cells exposed to 

VEGF (2 nM) for about 7 hrs followed by either anti-VEGF vehicle (red line), anti-VEGF (1 uM, 

green line), (A) anti-VEGF together with purified ACE (2 ug/ml, blue line), anti-VEGF together 

with ACE (2 ug/ml) and valsartan (1 uM, purple line), (C) or anti-VEGF together with 

angiotensin II (AII, 100 uM). Data are expressed as fraction of the starting (basal) TEER value (0 

time point).  
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(B/D) The area under the curve in Fig 5A,C was quantified and normalized to the group that 

received VEGF alone (red lines in Fig 5A,C). Error bars indicate ± SD (*p<0.05, **p<0.01, 

****p<0.0001, between indicated groups, n=3). 

(E) VEGF activates its receptor and quickly engages signaling events that act on preexisting 

components of intracellular junctions to relax the barrier.  Continued exposure to VEGF leads to 

changes in expression of genes that code for proteins that are also capable of regulating barrier 

function.   
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