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retinal endothelial cells

Heidrun L. Deissler a,*, Matus Rehak a,b,1, Lyubomyr Lytvynchuk a,1

a Department of Ophthalmology, Justus Liebig University Giessen, Giessen, Germany
b Department of Ophthalmology, Medical University of Innsbruck, Innsbruck, Austria

A R T I C L E  I N F O

Keywords:
Retinal endothelial cells
VEGF-A
Angiopoietin-2
Bevacizumab
Faricimab
Tivozanib
Barrier stability
Tight junction
Adherens junction
Internalization

A B S T R A C T

Exposure to VEGF-A165a over several days leads to a persistent dysfunction of the very tight barrier formed by 
immortalized endothelial cells of the bovine retina (iBREC). Elevated permeability of the barrier is indicated by 
low cell index values determined by electric cell-substrate impedance measurements, by lower amounts of 
claudin-1, and by disruption of the homogenous and continuous staining of vascular endothelial cadherin at the 
plasma membrane. Because of findings that suggest modulation of VEGF-A’s detrimental effects on the inner 
blood-retina barrier by the angiogenic growth factor angiopoietin-2, we investigated in more detail in vitro 
whether this growth factor indeed changes the stability of the barrier formed by retinal endothelial cells or 
modulates effects of VEGF-A. In view of the clinical relevance of anti-VEGF therapy, we also studied whether 
blocking VEGF-A-driven signaling is sufficient to prevent barrier dysfunction induced by a combination of both 
growth factors. Although angiopoietin-2 stimulated proliferation of iBREC, the formed barrier was not weakened 
at a concentration of 3 nM: Cell index values remained high and expression or subcellular localization of claudin- 
1 and vascular endothelial cadherin, respectively, were not affected. Angiopoietin-2 enhanced the changes 
induced by VEGF-A165a and this was more pronounced at lower concentrations of VEGF-A165a. Specific inhi
bition of the VEGF receptors with tivozanib as well as interfering with binding of VEGF-A to its receptors with 
bevacizumab prevented the detrimental effects of the growth factors; dual binding of angiopoietin-2 and VEGF-A 
by faricimab was marginally more efficient. Uptake of extracellular angiopoietin-2 by iBREC can be efficiently 
prevented by addition of faricimab which is also internalized by the cells. Exposure of the cells to faricimab over 
several days stabilized their barrier, confirming that inhibition of VEGF-A signaling is not harmful to this cell 
type. Taken together, our results confirm the dominant role of VEGF-A165a in processes resulting in increased 
permeability of retinal endothelial cells in which angiopoietin-2 might play a minor modulating role.

1. Introduction

Macular edema secondary to diabetic retinopathy (DR) and retinal 
vein occlusion are diseases of high clinical and socio-economic rele
vance (Campochiaro, 2000, 2013). Their pathogeneses are closely 
associated with the deregulated expression of growth factors and cyto
kines, reflected by their elevated concentrations in the vitreous of 
affected patients (Aiello et al., 1994; Boulton et al., 1997; Watanabe 
et al., 2005; Kinnunen et al., 2009; Klaassen et al., 2017, 2022). The 
dominant role of vascular endothelial growth factor-A (VEGF-A) in the 
development of macular edema is due to the ability of its splice variant 

VEGF-A165a to persistently enhance the permeability of retinal endo
thelial cells (REC) (Antonetti et al., 1999; Deissler et al., 2011; Qaum 
et al., 2001). VEGF-A165a, but not its splice variant VEGF-A165b differing 
in six C-terminal amino acids, induces dysfunction of the barrier formed 
by REC by binding to and thereby activating the VEGF receptor 2 
(VEGFR2) (Eichmann and Simons, 2012; Smith et al., 2015; Bates et al., 
2018; Deissler et al., 2017, 2020a). Acknowledging the dominant role of 
VEGF-A165a, it still is a plausible assumption that its action of is 
modulated by other growth factors or cytokines present in the vitreous 
of DR patients. Among these, the angiogenic growth factor 
angiopoietin-2 (ANG2) has been identified as a particularly interesting 
secondary target that is found strongly upregulated in vitreous samples 
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of many DR patients (Watanabe et al., 2005; Kinnunen et al., 2009; 
Klaassen et al., 2022; Regula et al., 2016; Khan et al., 2020; Nguyen 
et al., 2020). ANG2 is predominantly produced by endothelial cells (EC) 
of macro- and microvascular beds including REC and stored in 
EC-specific Weibel-Palade bodies from which it can be released shortly 
after stimulation (Fiedler et al., 2004; Pergolizzi et al., 2018). If VEGF-A 
can indeed induce expression or secretion of ANG2 by (retinal) EC is still 
under debate, higher expression of the corresponding mRNA after 
extended treatment of human REC (HuREC) with VEGF-A165 has been 
shown (Fiedler et al., 2004; Regula et al., 2016; Pergolizzi et al., 2018; 
McCann et al., 2023). In the regulation of angiogenesis and pathological 
processes affecting stability of the vasculature VEGF-A and ANG2 can 
act in concert, but through activation of independent signaling path
ways. ANG2 exerts its effects by binding to the receptor tyrosine kinase 
Tie2, at which it is a competing antagonist of angiopoietin-1 (ANG1), the 
ligand that can induce Tie2 phosphorylation (Maisonpierre et al., 1997; 
Saharinen et al., 2010; Nguyen et al., 2020).

Because previous investigations addressing the question whether 
ANG2 by itself might impair the barrier formed by REC or modulate the 
barrier-disturbing effect of VEGF-A165a resulted in conflicting data, we 
investigated if ANG2 or this factor in combination with VEGF-A165a 
affects the barrier formed by iBREC, the well-established model system 
of immortalized microvascular EC of the bovine retina (Peters et al., 
2007; Rangasamy et al., 2011; McCann et al., 2023; Deissler et al., 
2005). We have previously shown by continuous electric cell-substrate 
impedance measurements with a microelectronic biosensor system, i.e. 
determination of the so-called cell index (CI), that – similar to the 

behavior of HuREC – 2.5 nM VEGF-A165a induce a severe impairment of 
the barrier formed by iBREC, an effect evident after a few hours and 
lasting for days (Sun et al., 2012; Deissler et al., 2017, 2020a, 2022; 
McCann et al., 2023). Elevated permeability is accompanied by lower 
expression of the tight-junction (TJ) protein claudin-1, and by subcel
lular re-localization of TJ-protein claudin-5 and adherens junction (AJ) 
protein vascular endothelial cadherin (VEcadherin) (Deissler et al., 
2011, 2020a, 2022; Wisniewska-Kruk et al., 2012; Dejana et al., 2009; 
Suarez et al., 2014). By monitoring the cell index as a measure of 
permeability, we now investigated the potential of ANG2 to directly 
impair the iBREC barrier or to modulate the VEGF-A165a-induced 
disturbance. We also studied potential effects on expression and/or 
subcellular localization of proteins involved in regulation of paracellular 
flow, i.e. TJ-proteins claudin-1 and claudin-5, and AJ-protein VEcad
herin. Because ANG2 interacts with subunit integrin α5 of the fibro
nectin receptor integrin α5β1 that is crucially involved in the interaction 
of iBREC with the extracellular matrix, this protein was also included in 
our analyses (Kanchanawong and Calderwood, 2023; Deissler et al., 
2022).

In view of potential implications on therapy with VEGF-binding 
proteins we further investigated whether inhibition of only VEGF-A- 
driven signaling is sufficient to prevent barrier disturbance induced in 
concert by both growth factors. In these experiments either interaction 
between VEGF-A165a and its receptor(s) was blocked with the VEGF-A- 
binding humanized antibody bevacizumab, or the tyrosine kinase ac
tivity of VEGFR1/2 was inhibited with tivozanib (Presta et al., 1997; 
Nakamura et al., 2006; Deissler et al., 2012, 2017). The bi-specific 

Abbreviations

AJ adherens junction
ANG1/2 angiopoietin-1/2
CI cell index
DR diabetic retinopathy
EC endothelial cells
ECGM endothelial cell growth medium
FBS fetal bovine serum
FcRn neonatal Fc receptor/transporter
hEGF human epidermal growth factor
HRP horseradish peroxidase
HuREC human retinal endothelial cells

iBREC immortalized bovine retinal endothelial cells
IF immunofluorescence
PBS phosphate-buffered saline
PBSd PBS without Ca2+ and without Mg2+ ions
REC retinal endothelial cells
RP retinal pericytes
TEER transendothelial electrical resistance
TJ tight junction
SD standard deviation
VEcadherin vascular endothelial cadherin
VEGF-A vascular endothelial growth factor-A
VEGFR vascular endothelial growth factor receptor
WB Western blot analyses

Table 1 
Primary and secondary antibodies.

Target Host, Type and Conjugate Sourcea) Working Concentrations

actin mouse, monoclonal clone 5J11, Novus Biologicals, #NBP2-25142 WB: 700 ng/ml
ANG2b) goat, polyclonal bio-techne, #AF623 WB: 1:200
integrin α5 rabbit, polyclonal abcam, #ab112183 WB: 0.5–1 μg/ml
claudin-1 rabbit, polyclonal Invitrogen, #51-9000 WB: 0.25 μg/ml
claudin-5 rabbit, polyclonal Invitrogen, #34-1600 WB: 100 ng/ml
VEcadherin rabbit, polyclonal Cell Signaling Technology B.V., #2158S WB: 1:1000

IF: 1:100
VEGF-A goat, polyclonal bio-techne, #AF1603 WB: 1:2000

whole IgG, rabbit goat, polyclonal, coupled to HRP*) Biorad, #170-5046 WB: 1:30000
whole IgG, mouse goat, polyclonal, coupled to HRP*) Biorad, #170-5047 WB: 1:30000
IgG, γ-chain, human goat, polyclonal, coupled to HRP*) Thermo Fisher Scientific, #62-8420 WB: 1:1000
IgG, H + L chains, goat donkey, polyclonal, coupled to HRP*) bio-techne, #HAF109 WB: 1:4000
IgG, H + L chains, rabbit goat, F(ab’)2 fragment, 

coupled to AlexaFluor595
Invitrogen, #A11072 IF: 1:500

a) abcam, Cambridge, UK; Biorad, Munich, Germany; bio-techne, Wiesbaden, Germany; Cell Signaling Technology B.V., Frankfurt, Germany; Invitrogen via Thermo 
Fisher Scientific, Schwerte, Germany; Novus Biologicals via bio-techne.

b) ANG2, angiopoietin-2; VEcadherin, vascular endothelial cadherin, VEGF, vascular endothelial growth factor; HRP, horseradish peroxidase; IF, immunofluores
cence stainings; WB, Western blot analyses.
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antibody faricimab was also included in our studies to figure out if 
targeting both VEGF-A and ANG2 is superior in our experimental setting 
(Regula et al., 2016).

2. Material and Methods

2.1. Antibodies and reagents

Table 1 contains all relevant information on the antibodies used in 
this study. The humanized VEGF-A-binding antibody bevacizumab 
(Avastin, Roche Pharma, Grenzach-Wyhlen, Germany, or VEGzelma, 
Celltrion Healthcare Hungary, Budapest, Hungary; 25 mg/ml in 50 mM 
sodium phosphate, 6% α,α-trehalose dihydrate, 0.04% polysorbate 20, 
pH 6.2) was initially repackaged into syringes at the pharmacy of the 
University Hospital Giessen and Marburg (Presta et al., 1997). After 
transfer to inert plastic vials, it was stored in the laboratory at 4 ◦C for a 
period not exceeding two months. Faricimab, a bi-specific antibody 
efficiently binding to ANG2 and to all splice variants of VEGF-A 
(Vabysmo; 120 mg/ml in 3.1 mg/ml L-histidine, 1.044 mg/ml 
L-methionine, 1.46 mg/ml NaCl, 54.8 mg/ml D-sucrose, 0.04% poly
sorbate 20, pH 5.5) was purchased from Roche Pharma (Regula et al., 
2016). Tivozanib (Selleckchem, Absource Diagnostics, Munich, Ger
many) inhibits the tyrosine kinase activities of VEGFR1, VEGFR2 or 
VEGFR3 at 30 nM, 6.5 nM or 15 nM, respectively, of platelet-derived 
growth factor receptors α and β at 40 nM and 49 nM, respectively, and 
of c-kit at 49 nM (Nakamura et al., 2006). The inhibitor was dissolved in 
dimethyl sulfoxide (Merck, Darmstadt, Germany) to result in final sol
vent concentrations below 0.05% in the cell culture medium which did 
not affect morphology or behavior of iBREC (Deissler et al., 2017, 
2020a). Recombinant human Sf21-expressed VEGF-A165a (#293VE) and 
recombinant human ANG2 (#623-AN) expressed in the murine 
myeloma cell line NS0 were purchased from bio-techne. VEGF-A165a 
(final concentration: 100 μg/ml) was dissolved in phosphate-buffered 
saline without Ca2+ and Mg2+ (PBSd; Thermo Fisher Scientific), ANG2 
(final concentration: 200 μg/ml) in phosphate-buffered saline (PBS; 
Thermo Fisher Scientific) containing 0.1% bovine serum albumin (BSA; 
fraction V, Serva Electrophoresis GmbH, Heidelberg, Germany); both 
growth factors were stored at − 80 ◦C for no longer than three months.

2.2. Cultivation of iBREC

Telomerase-immortalized microvascular endothelial cells from 
bovine retina (iBREC) – established in our laboratory – were cultivated 
on surfaces coated with fibronectin (50 μg/ml in PBSd; Corning, 
Amsterdam, The Netherlands) in ECGM-1 as described in detail else
where (Deissler et al., 2005, 2020a; Busch et al., 2021). Cell culture 
media ECGM-1, ECGM-2 and ECGM-3 used for culture maintenance or 
experiments, respectively, were prepared as shown in Table 2 by sup
plementation of Endothelial Cell Growth Medium MV (ECGM; 
#C-22120, Promocell, Heidelberg, Germany) containing 1 g/l glucose. 
Supplements were purchased from Promocell with the exception of 

geneticin from Thermo Fisher Scientific. Cells were used from passages 
25 to 60 counting from the stage of primary culture for which we have 
confirmed stable expression of proteins specific for microvascular EC, 
e.g. claudin-5, von Willebrand factor, as well as of proteins under 
investigation (Kluger et al., 2014; Deissler et al., 2017, 2022). To ensure 
authenticity of the cells, their characteristic proliferation profile was 
also routinely recorded by measurements of the electric cell-substrate 
impedance with the microelectronic biosensor system for cell-based 
assays xCELLigence RTCA DP (Agilent, OLS, Bremen, Germany) 
(Deissler et al., 2005, 2017).

2.3. General information

If not stated otherwise, a final concentration of 250 μg/ml (~2 μM) 
was chosen for faricimab, and bevacizumab, which is achievable by 
intravitreal injection (Wells et al., 2015; Wong et al., 2023). To avoid 
unspecific effects of tivozanib, it was used at concentrations of 10 nM or 
100 nM close to its published IC50 (Nakamura et al., 2006). In addition, 
10 nM tivozanib efficiently prevent the VEGF-A165a-induced dysfunc
tion of a barrier formed by an iBREC monolayer (Deissler et al., 2017). 
VEGF-A165a was used at concentrations of 2.5 ng/ml (~0.13 nM), 25 
ng/ml (~1.25 nM) or 50 ng/ml (~2.5 nM) and ANG2 at concentrations 
of 25 ng/ml (~0.4 nM), 50 ng/ml (~0.8 nM) or 200 ng/ml (~3 nM) as 
described below. In control experiments, cells were always processed in 
exactly the same way in cell culture medium only lacking the effector(s) 
investigated.

2.4. Assessment of iBREC proliferation by cell index measurements

The proliferation of iBREC in the presence of ANG2 was assessed by 
continuous electric cell-substrate impedance measurements with the 
microelectronic biosensor systems for cell-based assays xCELLigence 
RTCA DP. In each individual well of an E-Plate 16 PET (Agilent) 
impedance was measured every 15 min between gold electrodes at 
the beginning of an experiment (Z0) and at individual time points 
(Zi) thereafter, and expressed as the unit-free parameter cell index 
CI=(Zi-Z0)/15 Ω (RTCA Software Pro version 2.6.1, Agilent) (Sun et al., 
2012). As each E-Plate 16 PET has sixteen individual wells and up 
to three E-Plates can be measured in parallel, a total of 48 wells 
can be individually assessed in an experiment. Cells (~103 per 
fibronectin-coated well) were cultured in ECGM-2 for 24 h and then in 
serum-free ECGM-3 (see Table 2 for details). After further incubation for 
two days, the cell culture medium was completely replaced by ECGM-2 
supplemented with ANG2 to get final concentrations of 0.4–3 nM. At the 
end of experiments two days later, recorded CI values (n ≥ 5 for each 
condition and time point) were normalized (RTCA Software Pro version 
2.6.1, Agilent) in relation to those measured immediately before placing 
the cells in ANG2-containing cell culture medium, and the results were 
converted to graphs showing means and standard deviations with Graph 
Pad Prism 9.4.1 (Graph Pad Software, San Diego, USA).

Table 2 
Compositions of cell culture media.

Name Basal cell culture medium Supplements added

Geneticin [μg/ 
ml]

ECGSa)

[%]
Heparin [μg/ 
ml]

FBSa)

[%]
Hydrocortisone 
[nM]

hEGFa) [ng/ 
ml]

Fibronectin [μg/ 
ml]

ECGM- 
1

Endothelial Cell Growth Medium MV 
containing 1 g/l glucose

300 0.4 90 5 100 10 0

ECGM- 
2

300 0.4 90 5 100 0 1

ECGM- 
3

300 0.4 90 0 100 0 1

a) ECGS: Endothelial Cell Growth Supplement; FBS: fetal bovine serum; hEGF: human epidermal growth factor.
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2.5. Cell index measurements indicative of barrier stability

As a measure of stability of the barrier formed by a monolayer of 
iBREC we monitored the cell index with the xCELLigence RTCA DP 
system as previously described (Deissler et al., 2017, 2022). Briefly, 
~104 cells per fibronectin-coated well were cultured in ECGM-2 until a 
confluent cell monolayer was reached three to four days later, indicated 
by a constant and high cell index (CI ~ 20, compared to CI ~ 0 of an 
empty well). Then, the cell culture medium was replaced with fresh 
ECGM-2, followed by CI measurements every 15 min. After further in
cubation for one day, effectors (e.g. VEGF-A165a, ANG2, VEGF-binding 
proteins or tivozanib, or combinations thereof) were added and the CI 
was determined every 5 min until the end of the experiments three or six 
days later. As controls, cells were similarly treated with cell culture 
medium devoid of effectors. Recorded CI values were normalized in 
relation to those measured immediately before addition of the effectors, 
and the results were converted to graphs showing means and standard 
deviations with Graph Pad Prism 9.4.1 (Deissler et al., 2017, 2022).

2.6. Preparation of protein extracts

Cells were cultivated either on E-plates for CI-measurements (see 
2.5) or in fibronectin-coated T25-cell culture flasks (Sarstedt, Nuem
brecht, Germany), and exposed to effectors as described above. At the 
end of each experiment, integrity of the confluent monolayer was 
confirmed by microscopy and cell culture supernatants were collected 
and stored at − 80 ◦C for further analyses. Preparation of whole cell 
extracts started with washing the cells in cold PBS (supplemented with 
0.5x EDTA-free Halt Protease Inhibitor Cocktail (#78437, Thermo 
Fisher Scientific)) which were then suspended in lysis buffer (Lysis 
buffer 17 (#895943, bio-techne) supplemented with 1x EDTA-free 
HALT Protease Inhibitor Cocktail and 0.5% Phosphatase Inhibitor 
Cocktail 2 (#P5726-1 ML, Merck); 10 μl per well of an E-Plate or 100 μl 
per T25-cell culture flask). After incubation on ice under gentle shaking 
for 30 min and subsequent centrifugation (18000×g, 30 min, 4 ◦C), the 
supernatant was collected and stored at − 80 ◦C.

2.7. Western blot analyses of protein extracts

Proteins of relevance to be analyzed by Western blot were separated 
by gel electrophoresis in 4–20% Mini-PROTEAN TGX Precast Protein 
Gels (Bio-Rad) and transferred to a polyvinylidene fluoride membrane 
(Immun-Blot PVDF membrane, Bio-Rad). After incubation in a solution 
of 1% blocking reagent (#11096176001, Merck) in PBSd with 0.1% 
Tween-20 (Bio-Rad) for 90 min at room temperature or overnight at 
4 ◦C, membranes were exposed to primary antibodies for 90 min at room 
temperature, followed by washing in 0.1% Tween-20/PBSd and incu
bation with corresponding secondary antibodies for 30 min at room 
temperature. All antibodies were diluted in 0.1% blocking reagent in 
PBSd with 0.1% Tween-20. The membrane was washed again and 
treated with Pierce™ ECL Plus Western Blotting-substrate (#32132X3, 
Thermo Fisher Scientific). Chemiluminescence signals were then 
directly scanned with the imaging system Fusion FX6 Edge V0.7 (Vilber 
Lourmat, Eberhardzell, Germany).

To quantify the signals, peak volumes of the protein-specific bands 
(≥ four replicates) determined with EvolutionCapt Edge software 
(Version 18.12; Vilber Lourmat) were first set in relation to those of actin 
in the very same sample. Signals were then normalized to those obtained 
from similarly processed control cells that had not been exposed to ef
fectors. To quantify VEGF-A or faricimab after treatment of cells with 
effectors, their signals were normalized to those obtained from cells 
exposed only to VEGF-A or faricimab, respectively (Deissler et al., 
2022). Only to analyze the dimer of VEGF-A, proteins were not reduced 
prior to electrophoretic separation, otherwise reducing conditions were 
applied. To allow re-exposure to antibodies with other specificity, 
membranes were stripped by incubation in Restore Plus Western Blot 

Stripping Buffer (#46430, Thermo Fisher Scientific) for 45 min at room 
temperature. After washing three times for 5 min with 0.1% 
Tween-20/PBSd, membranes were incubated with blocking solution and 
subsequently with appropriate primary and secondary antibodies as 
described above (Busch et al., 2021). Normalized data from multiple 
Western-blots with several independently prepared cell extracts were 
pooled and presented along with means and standard deviations as 
scatter plots, in which each dot represents a single signal from one 
Western blot analysis.

2.8. Immunofluorescence staining

Cells were cultured as described above on fibronectin-coated two- 
chamber slides (#94.6140.202, x-well PCA Tissue Culture Chambers; 
Sarstedt) until a confluent monolayer was reached. Then the cell culture 
medium was replaced by 1.5 ml ECGM-2 per well and one day later 
effectors were added. After further incubation for one day, cells were 
fixated in methanol for 7.5 min at − 20 ◦C, immunostained with anti
bodies directed against VEcadherin (see Table 1) as described in detail 
elsewhere, and examined by fluorescence microscopy (BZ-X810 micro
scope, Keyence Deutschland GmbH, Neu-Isenburg, Germany) (Deissler 
et al., 2020a, 2020b, Busch et al., 2021). Cells with a homogenous and 
continuous plasma membrane staining and minimal intracellular stain
ing defined as VEcadherin-positive were manually counted in at least 
four randomly chosen microscopic fields each containing ~300 cells.

2.9. Determination of VEGF-A and ANG2 by ELISA

The Quantikine ELISA Canine VEGF-A Immunoassay Kit (#CAVE00, 
bio-techne) was used to determine VEGF-A in cell culture supernatants 
or cell extracts from ~105 iBREC that had been exposed to VEGF-A165a 
and/or ANG2 in combination with bevacizumab, faricimab or tivozanib. 
Samples were diluted 1:5 in PBSd (supernatants of cells exposed to 2.5 
nM VEGF-A165a/3 nM ANG2/2 μM bevacizumab or faricimab) or diluted 
1:100 in PBSd (all other supernatants and all cell extracts) (Deissler 
et al., 2017, 2020b, 2022). ANG2 – possibly present in cell culture su
pernatants or cell extracts – was determined with the Human 
Angiopoietin-2 Quantikine ELISA Kit (#DANG20, bio-techne). Samples 
were diluted 1:100 with PBSd, with the exception of supernatants ob
tained from unchallenged or VEGF-A165a-treated iBREC. ANG1 – 
possibly secreted by iBREC exposed to VEGF-A165a, ANG2 or combina
tions thereof – was measured in samples of undiluted cell culture su
pernatants with the Porcine Angiopoietin-1 ELISA Kit (#ES1RB, Thermo 
Fisher Scientific). Assays were performed by processing duplicate sam
ples according to the manufacturers’ instructions. Analyte-dependent 
absorbance was measured at 450 nm (reference wavelength: 570 nm) 
15–20 min after addition of the stop solution with an Infinite 200Pro 
spectrophotometer controlled by I-control software (Tecan, Crailsheim, 
Germany) (Deissler et al., 2022). Standard curves to quantify human 
VEGF-A (0–1250 pg/ml; minimal detectable dose: 20 pg/ml), human 
ANG2 (0–3000 pg/ml; minimal detectable dose: 47 pg/ml) or porcine 
ANG1 (0–15000 pg/ml; minimal detectable dose: 61 pg/ml) were al
ways generated in parallel to the analyses of samples.

In order to confirm that binding of faricimab to ANG2 and 
VEGF-A165a does not affect the interaction of ANG2 with the detection 
antibodies of the ELISA kit used, mixtures containing 2.5 nM 
VEGF-A165a, 3 nM ANG2 and 20 nM-2 μM faricimab were incubated for 
15 min at room temperature to allow formation of the ANG2/faricimab/ 
VEGF-A165a complex. Then samples were diluted 1:100 in PBSd and 
processed as described above.

2.10. Statistical analyses

All experiments were performed at least three times. To compare 
antigen-specific Western blot signals from effector-treated cells to the 
hypothetical value of 1.00 of normalized signals from cells not exposed 
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to effectors studied, we used the One-sample t-test, which takes into 
account that there is variation of the standard deviation although it 
appears to be zero in the calculations or graphs. The Mann-Whitney U 
test was applied when two groups of antigen-specific Western blot sig
nals from differently treated cells were compared, the one-way analyses 

of variance (ANOVA) followed by Tukey’s test to compare several 
groups. ANOVA followed by Tukey’s test was also used to compare 
antigen-specific absorbances from ELISA. Measured CI values were 
analyzed with two-way ANOVA followed by Šídák’s multiple compari
son test. Differences resulting in p-values below 0.05 were considered 

Fig. 1. ANG2 enhanced proliferation of iBREC 
(A) Confluent monolayers of iBREC were exposed to 2.5 nM VEGF-A165a for three or six days, respectively, before cells were harvested for preparation of cell extracts. 
ANG2-specific signals of Western blot analyses were normalized as described in Material and Methods. Scatter blots show means and standard deviations, and one dot 
represents the ANG2-specific signal from one of multiple independent Western blot analyses. Levels of ANG2 were higher after extended exposure to VEGF-A165a. (B) 
Cell culture supernatants obtained from confluent iBREC exposed to 2.5 nM VEGF-A165a for up to six days were collected at indicated time points for determination of 
ANG2 amounts by ELISA. Graph shows means and standard deviations; n = 6 for each condition and time point. Data were analyzed with two-way ANOVA followed 
by Šídák’s multiple comparison test. More ANG2 is present in the cell culture supernatant after extended exposure to VEGF-A165a. (C) ANG2 was added to serum- 
arrested, non-confluent iBREC and the CI was recorded continuously as a measure of proliferating cells as described in Material and Methods. CI values were obtained 
from at least five wells per condition and time point, were normalized in relation to those measured just before the addition of the growth factor, and are shown as 
means ± standard deviations. The increase of the CI indicates that ANG2 enhances proliferation of iBREC compared to unchallenged cells. If not mentioned 
otherwise, data were analyzed as described in “2.10 Statistical analyses”. **) p < 0.01, ****) p < 0.0001 compared to control, indicating only statistically significant 
differences.
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significant. All statistical analyses were performed with Graph Pad 
Prism 9.4.1; means and standard deviations are provided as numbers, 
graphs or in scatter plots.

3. Results

3.1. ANG2 enhanced proliferation of iBREC

Unchallenged iBREC expressed very low amounts of ANG2, which 
were significantly higher after exposure of the cells to VEGF-A165a for six 
days, as revealed by Western blot analyses of whole cell extracts 
(Fig. 1A). The very low levels of ANG2 measured in the cell culture 
supernatant of unchallenged iBREC – not higher than those measured in 
cell culture medium without cells (4.5 ± 0.1 pM ANG2; N = 4) – also 
slightly, but significantly increased during exposure with VEGF-A165a 
for up to six days (Fig. 1B). In contrast, iBREC exposed to VEGF-A165a 
did not secrete any ANG1.

All experiments aiming at possible responses of iBREC to ANG2 were 
carried out with recombinant human ANG2. Due to the high degree of 

similarity between the bovine and human homologues of both the growth 
factor and its receptor Tie2, binding of the human ANG2 to the bovine 
receptor and subsequent induction of signal transduction could be ex
pected (Barton et al., 2006). This plausible assumption was confirmed 
by verifying if recombinant human ANG2 was able to enhance prolif
eration of non-confluent iBREC. Therefore, iBREC were seeded at a low 
density and cultured in serum-free cell culture medium for two days 
before they were treated with 0.4 nM–3 nM ANG2 in serum-containing 
cell culture medium. Within 16 h the continuously measured CI started 
to increase and the rise was significantly higher when cells were exposed 
to ANG2 (Fig. 1C). This finding confirms that human ANG2 can indeed 
induce signal transduction in bovine REC associated with stimulation of 
proliferation.

3.2. Function of the iBREC barrier was not altered by ANG2

As a measure of barrier function, we determined the CI of a confluent 
iBREC monolayer exposed for several days to concentrations of ANG2 
that are sufficient to stimulate iBREC proliferation, but the curves 

Fig. 2. ANG2 did not persistently impair the barrier formed by iBREC 
Confluent iBREC were cultivated without (n = 6) or treated with 3 nM ANG2 (n = 6) for several days and (A) the CI was measured continuously, (B) amounts of 
ANG2 in the cell culture supernatant were determined by ELISA at indicated time points or (C–F) cells were harvested for preparation of cells extracts at indicated 
time points and subsequent Western-blotting. (A) CI values were normalized in relation to those measured just before the addition of the ANG2, and are shown as 
means ± standard deviations. ANG2 did not persistently change the CI in comparison to that of unchallenged cells despite subtle and transient changes evident within 
18 h after its addition. (B) Scatter plots of pooled ELISA data (N ≥ 6 per time point and condition) obtained from several independently acquired cell culture su
pernatants depict means and standard deviations. Amounts of ANG2 in the cell culture supernatant declined over time. (C–F) Amounts of TJ-proteins claudin-1 and 
claudin-5, and of AJ-protein VEcadherin were not changed after exposure to ANG2. Specific signals of Western blot analyses were normalized as described in Material 
and Methods. Scatter blots show means and standard deviations of pooled Western blot data, and one dot represents the analyte-specific signal from one of multiple 
independent Western blot analyses. Data were analyzed as described in “2.10 Statistical analyses”. *) p < 0.05, ****) p < 0.0001, indicating only statistically 
significant differences.
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obtained from unchallenged and treated cells were congruent (Fig. 2A). 
Only around 6 h after addition of 3 nM ANG2 the CI was significantly 
lower (Fig. 2A), but this subtle and transient effect was leveled during 
further incubation (Fig. 2A). Similarly, 0.4 nM or 0.8 nM ANG2 did not 
significantly affect the CI during exposure for three days 
(Supplementary Fig. 1). Over the incubation time ANG2 decreased in the 
cell supernatants, but not below 0.8 nM, a concentration sufficient to 
stimulate iBREC proliferation (Fig. 2B). In accordance with the obser
vation of a stable barrier, iBREC exposed to ANG2 did not secrete sub
stantial amounts of VEGF-A165a above the detection limit of the ELISA 
used. Because action of ANG2 might be counteracted by ANG1 we also 
determined this potentially secreted growth factor in cell culture su
pernatants of iBREC exposed to 0.4 nM–3 nM ANG2, but relevant 
amounts of ANG1 were not detected. Expression of proteins involved in 
the regulation of barrier function, e.g. TJ-proteins claudin-1 (Fig. 2C and 
D), claudin-5 (Fig. 2C–E) and AJ-protein VEcadherin (Fig. 2C–F), also 
remained stable during extended exposure of the cells to ANG2. 
Furthermore, treatment with 3 nM ANG2 for one day did not change 
portion of cells with the typical subcellular localization of VEcadherin at 
the plasma membrane in unchallenged iBREC (Fig. 5A and B).

3.3. ANG2 enhanced barrier dysfunction induced by low concentrations 
of VEGF-A165a

Because of the hypothesis that ANG2 might modulate the changes 
induced by VEGF-A165a, we exposed confluent monolayers of iBREC for 
up to three days to increasing concentrations of VEGF-A165a (0.13 
nM–2.5 nM) with or without 3 nM ANG2, and continuously measured 
the CI (Fig. 3A–C). As previously observed, 0.13 nM VEGF-A165a did not 
change the CI by itself (Fig. 3A, middle panel). The combination of both 
growth factors, however, subtly and transiently lowered the CI within 
the first hours after their addition (Fig. 3A, lower panel). Interestingly, 
ANG2 strongly, albeit transiently enhanced the weak decline of the CI 
induced by 1.25 nM VEGF-A165a (Fig. 3B), and the strong and persistent 
decline of the CI induced by 2.5 nM VEGF-A165a (Fig. 3C, middle panel) 
was only slightly and transiently amplified by ANG2 (Fig. 3C, lower 
panel). Because the more pronounced response of iBREC might possibly 
be due to higher secretion of VEGF-A induced by ANG2, we measured by 
ELISA the concentration of this growth factor in the supernatant of 
iBREC exposed to VEGF-A165a ± ANG2 (Table 3). After treatment for 
one day with 0.13 nM VEGF-A165a, the amount of VEGF-A was very low 
and not detectable at all after three days; levels were not modulated by 

Fig. 3. ANG2 enhanced the VEGF-A165a-induced decline of the CI 
Confluent monolayers of iBREC were exposed to 0.13 nM–2.5 nM VEGF-A165a with or without 3 nM ANG2 for up to three days and the CI was measured contin
uously. CI values were normalized in relation to those measured just before the addition of the growth factors. To give an overview of observed changes, the means 
are provided in the upper graphs; the middle and lower graphs show means ± standard deviations. (A) 0.13 nM VEGF-A165a (n = 7) did not change the CI in 
comparison to unchallenged iBREC (n = 7; middle panel), but the combination of 0.13 nM VEGF-A165a +3 nM ANG2 (n = 8) subtly and transiently lowered the CI 
(lower panel). (B) The weak, but significant decline of the CI induced by 1.25 nM VEGF-A165a (n = 7; middle panel) was significantly amplified by 3 nM ANG2 (n = 8; 
lower panel). (C) ANG2 (n = 7; lower panel) slightly enhanced the persistent and strong decline of the CI induced by 2.5 nM VEGF-A165a (n = 7; middle panel). Data 
were analyzed as described in “2.10 Statistical analyses”; only statistically significant differences are indicated.
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ANG2. ANG2 also did not enhance the amount of VEGF-A in the su
pernatant of cells exposed to 1.25 nM or to 2.5 nM VEGF-A165a.

Amounts of proteins involved in the regulation of barrier stability 
were found to be differently changed after treatment with VEGF-A165a: 
Significantly less claudin-1 was observed one day after addition of 
VEGF-A165a (Fig. 4A), but two days later, expression of the TJ-protein 
remained lower only after treatment with ≥1.25 nM VEGF-A165a 
(Fig. 4B). Prolonged exposure to VEGF-A165a for three days resulted in 
slightly, but significantly more claudin-5 and VEcadherin (Fig. 4B). 
Additional exposure to ANG2 did not significantly modulate 
VEGF-A165a-induced changes.

Exposure of iBREC to VEGF-A165a (1.25 nM or 2.5 nM) for one day 
dramatically changed the morphology of the cells: The typical cobble- 
stone shape was lost and cells had become more elongated with foci 
spanning neighbor cells; these changes were more pronounced at the 
higher concentration of the growth factor. Accordingly, the typical ho
mogenous and continuous distribution of VEcadherin over the plasma 
membrane (Fig. 5A, yellow arrows) became significantly more irregular 
in a concentration-dependent manner (Fig. 5A, yellow arrowheads). 
Interestingly, ANG2 significantly enhanced the weaker effect of 1.25 nM 
VEGF-A165a (Fig. 5A–C).

3.4. Inhibition of VEGF-A-driven signaling efficiently prevented barrier 
dysfunction induced by prolonged treatment with VEGF-A165a plus ANG2

Because ANG2 only subtly enhanced VEGF-A165a-induced barrier 
dysfunction, inhibition of VEGF-A-driven signaling might be sufficient 
to prevent the low CI – assessed as a marker of barrier function – caused 
by 2.5 nM VEGF-A165a together with 3 nM ANG2. Indeed, blocking of 
the tyrosine kinase activities of the VEGF receptors with 10 nM and 100 
nM tivozanib entirely prevented the drop of the CI induced by the 
growth factors when cells were exposed for up to three days to them 
(Fig. 6A). A similar effect was observed for 2 μM bevacizumab (Fig. 6B) 
and 2 μM faricimab (Fig. 6C). Both VEGF-binding proteins similarly 
prevented the decline of the CI induced only by VEGF-A165a (Fig. 6D and 
E).

As anticipated, the bi-specific antibody faricimab also efficiently 
prevented the CI drop induced by 1.25 nM VEGF-A165a together with 3 
nM ANG2 (Fig. 6F). This was also achieved, though slightly but not 
significantly delayed by depletion of VEGF-A only with bevacizumab 
(Fig. 6G) or by inhibiting the VEGFR2 with 10 nM tivozanib (Fig. 6H).

Low expression of the TJ-protein claudin-1 observed after exposure 
of iBREC to VEGF-A165a plus ANG2 for three days was similarly pre
vented by inhibition of VEGF-driven signaling with tivozanib (Fig. 7A), 
bevacizumab (Fig. 7B), or targeting both growth factors with faricimab 
(Fig. 7B). Astonishingly, amounts of claudin-5 and VEcadherin were 
significantly higher after exposure of iBREC to the growth factors 
together with the inhibitors but not after treatment with the growth 

factors alone.

3.5. Faricimab prevented uptake of ANG2 by iBREC during prolonged 
treatment with VEGF-A165a plus ANG2

We also investigated whether extra- and intracellular concentrations 
of VEGF-A and ANG2 were altered by blocking VEGF-A-driven signaling 
or by direct effects of the VEGF antagonists. As previously observed, 
iBREC did not secrete relevant amounts of VEGF-A. Inhibition the 
tyrosine kinase activities of the VEGF receptors significantly lowered 
extracellular concentrations of added VEGF-A, whereas intracellular 
levels were higher compared to cells exposed to the growth factor 
combination only (Fig. 8A). As anticipated, extracellular as well as 
intracellular amounts of added ANG2 were not changed by inhibition of 
the VEGF receptors (Fig. 8B).

In order to study whether VEGF-A165a is completely bound to the 
VEGF-binding proteins we used ELISA detection antibodies which 
interact with the same region of the growth factor as the antagonists, so 
that only free VEGF-A is detected (Muellerleile et al., 2019; Walz et al., 
2016). Only very low amounts of free VEGF-A, were present in the su
pernatants and cell extracts when iBREC had been exposed to the growth 
factors together with the VEGF antagonists. These VEGF-A levels were 
particularly low when growth factor-exposed cells had also been treated 
with faricimab (Fig. 8C). Significantly more unbound VEGF-A was also 
measured in cell extracts of growth factor-exposed cells treated with 
bevacizumab compared to those exposed to faricimab (Fig. 8C). Western 
blot analyses under denaturing conditions allows determination of the 
total amount of VEGF-A because of disruption of the formed growth 
factor-antagonist complexes. These analyses revealed that slightly, but 
significantly more VEGF-A was present in the supernatants when growth 
factor-exposed iBREC were treated with either of the VEGF-binding 
proteins (Fig. 8D). However, uptake of VEGF-A was not completely 
prevented, because the growth factor was also detected in cell extracts of 
similarly treated iBREC (Fig. 8D).

Interestingly, faricimab efficiently prevented uptake of ANG2 by 
iBREC: Significantly more ANG2 was present in the supernatants of 
iBREC exposed for three days to VEGF-A165a and ANG2 plus faricimab 
compared to those of cells treated only with the growth factors (Fig. 8E). 
This was also observed early after treatment for only 6 h (Fig. 8F), and 
the effect was even more pronounced after exposure for six days (VEGF- 
A165a + ANG2: 0.94 ± 0.07 nM ANG2, VEGF-A165a + ANG2 + far
icimab: 2.45 ± 1.05 nM ANG2, n = 8; p = 0.0004). In contrast, only very 
low amounts of ANG2 were detected in extracts from cells exposed to the 
growth factors plus faricimab (Fig. 8E). It could not be ruled out that 
interaction of faricimab with ANG2 and/or VEGF-A might interfere with 
binding of the ANG2 ELISA detection antibodies. Therefore, we 
measured ANG2 in the presence of VEGF-A and increasing concentra
tions of faricimab in a cell-free assay, but determined amounts of ANG2 

Table 3 
Concentrations of VEGF-A measured in supernatants of iBREC exposed to VEGF-A165a ± ANG2.

growth factor combination concentration of VEGF-A in cell culture supernatant [nM]

exposure for 1 d exposure for 3 d

mean ± SD N p mean ± SD N p

0.13 nM VEGF-A165a 0.16 ± 0.10 8 <0.05 not detected 6
0.13 nM VEGF-A165a +3 nM ANG2 0.09 ± 0.09 8 not detected 7

1.25 nM VEGF-A165a 0.83 ± 0.03 8 <0.05 0.55 ± 0.20 16 <0.05
1.25 nM VEGF-A165a +3 nM ANG2 0.95 ± 0.20 8 0.58 ± 0.10 10

2.5 nM VEGF-A165a 2.30 ± 0.10 8 <0.05 1.70 ± 0.10 5 <0.05
2.5 nM VEGF-A165a +3 nM ANG2 2.20 ± 0.20 8 1.60 ± 0.10 5

Confluent iBREC were incubated with growth factors for one or three days before cell culture supernatants were harvested. Then the oncentration of VEGF-A was 
measured by ELISA. Pooled ELISA data of several independently acquired cell culture supernatants are shown as means and standard deviations (SD).
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Fig. 4. ANG2 did not modify VEGF-A165a-caused lower expression of claudin-1 
After establishing a confluent monolayer, iBREC were exposed to 0.13 nM–2.5 nM VEGF-A165a in the presence or absence of 3 nM ANG2 for (A) one or (B) three days 
before cells were harvested for preparation of cell extracts. Specific signals of pooled Western blot analyses were normalized and are presented as scatter blots with 
means and standard deviations as described in Fig. 2. (A) Amounts of TJ-protein claudin-1 were notably and significantly lower after exposure to VEGF-A165a for one 
day irrespectively of the concentration of the growth factor; ANG2 did not modulate the VEGF-A induced loss. Subtle VEGF-A-induced changes of expression of 
claudin-5 or of AJ-protein VEcadherin were also not different after additional exposure to ANG2. (C) After exposure for three days, only ≥1.25 nM VEGF-A165a 
significantly lowered protein amounts of claudin-1, those of claudin-5 and VEcadherin were higher; changes were also not modulated by ANG2. Data were analyzed 
as described in “2.10 Statistical analyses”. *) p < 0.05, **) p < 0.01, ***) p < 0.001, ****) p < 0.0001, indicating only statistically significant differences.
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did not significantly differ from those obtained in the absence of the bi- 
specific antibody (Fig. 8G).

3.6. Expression of integrin α5 was modulated by VEGF-A165a but not by 
ANG2

Compromised adhesion to the extracellular matrix can result in a low 
CI (Jäckle et al., 2020, Deissler et al., 2022a). As such interaction of 
iBREC is mediated through the fibronectin receptor integrin α5β1, we 
studied whether extended exposure of iBREC to ANG2 in the presence or 
absence of VEGF-A165a altered the expression of the subunit integrin α5. 
In accordance with a stable CI (Fig. 2), expression of integrin α5 was not 
affected by ANG2 (Fig. 9A). In contrast, exposure of iBREC to ≤1.25 nM 
VEGF-A165a for one day resulted in a transiently lower expression of 
integrin α5 (Fig. 9B), but was higher after extended treatment with 
≥1.25 nM VEGF-A165a for three days (Fig. 9C). However, additional 
exposure to ANG2 did not modulate these effects of VEGF-A165a. Neither 
inhibition of VEGF receptors by tivozanib (Fig. 9D) nor binding of 
VEGF-A by bevacizumab or of both VEGF-A and ANG2 by faricimab 
(Fig. 9E) did prevent the stronger expression of integrin α5 after pro
longed exposure to VEGF-A165aplus ANG2.

3.7. Prolonged treatment with faricimab stabilized function of the iBREC 
barrier

Cell index measurements confirmed that prolonged treatment of 

iBREC over six days with faricimab did not affect the barrier formed by a 
monolayer of these cells (Fig. 10A). Interestingly, significantly more 
claudin-1, claudin-5 and VEcadherin were then expressed by the cells, 
whereas amounts of integrin α5 remained stable (Fig. 10B). Western blot 
analyses of cell extracts showed that – similar to bevacizumab – far
icimab is taken up by the cells: A characteristic double band was 
observed when samples were separated under reducing conditions 
(Fig. 10C). This band was significantly more intense when cells had 
additionally been exposed to the target proteins of faricimab (Fig. 10C 
and D). Interestingly, cell extracts contained significantly less ANG2 
when iBREC had been exposed to VEGF-A165a + ANG2 + faricimab for 
six days compared to treatment with the growth factors only (Fig. 10E). 
In contrast, an effect of faricimab on the low amounts of internalized 
VEGF-A was not observed (Fig. 10F).

4. Discussion

Long-term exposure of primary and immortalized REC to 
VEGF-A165a results in severe impairment of the barrier formed by this 
cell type evident a few hours after the growth factor’s addition and 
lasting for several days (Deissler et al., 2011, 2020a, 2022; Wisniew
ska-Kruk et al., 2016; McCann et al., 2023). This disturbance is indicated 
by low values of the cell index (CI) or transendothelial electrical resis
tance (TEER) and accompanied by changes of expression and subcellular 
localization of TJ-proteins and AJ-proteins (Deissler et al., 2011, 2020a, 
2022; Suarez et al., 2014; Wisniewska-Kruk et al., 2016). Maintaining 

Fig. 5. ANG2 amplified the VEGF-A165a-caused alteration of the subcellular localization of VEcadherin 
Confluent iBREC were treated only with 3 nM ANG2, or with 1.25 nM or 2.5 nM VEGF-A165a with or without 3 nM ANG2 for one day before (A) cells were fixated for 
subsequent immunofluorescence staining with antibodies specific for VEcadherin (→ red); nuclei were stained with 4′,6-diamidino-2-phenylindole (→ blue). (B, C) 
Cells with the typical continuous and homogenous staining of the plasma membrane (→ yellow arrows) were counted in four different microscopic fields per 
condition, each with ~300 cells. Typical results of one experiment are shown as scatter blots depicting means and standard deviations. (A) Whereas the strong and 
homogenous staining at the plasma membrane (→ yellow arrows) was not affected by 3 nM ANG2, it was markedly changed after exposure to VEGF-A165a; 
significantly less pronounced at the lower concentration: The staining localized at the plasma membrane had become irregular and patchy and was also seen in 
elongations of the cells (→ yellow arrowheads). Additional treatment with ANG2 significantly enhanced the changes induced by 1.25 nM VEGF-A165a. Data were 
analyzed as described in “2.10 Statistical analyses”. ****) p < 0.0001, indicating only statistically significant differences. Scale bar: 50 μm. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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the VEGF-A-induced barrier dysfunction over several days only partly 
depends on VEGF-A-driven signaling, suggesting other permeability 
inducing factors to be involved (Deissler et al., 2022). One of these could 
be the angiogenic growth factor ANG2 which is expressed and secreted 
by (retinal) EC and has been found in the vitreous of DR patients 
(Watanabe et al., 2005; Kinnunen et al., 2009; Klaassen et al., 2022; 
Regula et al., 2016; Khan et al., 2020; Rangasamy et al., 2011; Pergolizzi 
et al., 2018; Eyre et al., 2020; McCann et al., 2023). To investigate if 
impairment of the barrier formed by REC can be induced or modulated 
by ANG2 we used the well-established model of iBREC, i.e. 
telomerase-immortalized bovine REC. This homogeneous cell line is 
highly authentic as indicated by responses of the cells to stimulation 
with human growth factors that are similar if not identical to those 
observed in experiments with primary REC of human and other origins 
(Castellon et al., 2002; Deissler et al., 2005, 2011; Suarez et al., 2014). 
That the VEGFR2 is not active in unstimulated iBREC was confirmed in 
experiments with specific inhibitors that did not affect migration or the 
formed barrier (Deissler et al., 2013, 2017; Nakamura et al., 2006).

Further confirming similar behavior of HuREC and iBREC, we 

observed that extended exposure of iBREC to VEGF-A165a indeed in
duces expression and secretion of ANG2 although the achievable con
centrations are likely too low to evoke subsequent signaling significantly 
(Eyre et al., 2020; McCann et al., 2023). However, even at higher 
exogenous concentrations of added ANG2, the growth factor does not 
persistently impair the barrier formed by an iBREC monolayer, despite 
inducing subtle and transient, albeit significant, weakening around 6 h 
after its addition: The CI remains stable and expression or subcellular 
localization of claudin-1, claudin-5 or VEcadherin – all involved in the 
regulation of barrier stability – are not affected during exposure for up to 
six days. These results are in contrast to published observations that 
ANG2 itself weakens the barrier formed by a HuREC monolayer 
(Rangasamy et al., 2011). However; only exposure up to 24 h was pre
viously investigated in the mentioned study under different conditions. 
Most importantly, various components of cell culture media are known 
to influence the stability of the barrier and therefore we chose conditions 
that allow the establishment of a tight barrier by iBREC (Deissler et al., 
2011, 2022; Busch et al., 2021). Furthermore, before ANG2 is added, 
iBREC are also allowed to recover for one day to avoid immediate effects 

Fig. 6. Blocking of VEGF-A-mediated signaling efficiently prevented reduction of CI induced by extended treatment with VEGF-A165a plus ANG2 
(A–C) iBREC were exposed to 2.5 nM VEGF-A165a +3 nM ANG2 (n = 7) with or without (A) the inhibitor of the VEGF receptor(s) tivozanib (n = 8), (B) bevacizumab 
(n = 7) or (C) faricimab (n = 7), and the CI was assessed as a measure of permeability. (A) Tivozanib efficiently prevented decline of the CI induced by the growth 
factor combination; both concentrations were similarly effective. (B) The VEGF-A-binding IgG bevacizumab and (C) the bi-specific antibody faricimab additionally 
targeting ANG2 also efficiently prevented the low growth factor-induced CI. (D, E) The CI was measured of cells treated with 2.5 nM VEGF-A165a (n = 5) with or 
without (D) faricimab (n = 7) or (E) bevacizumab (n = 7). Both VEGF-A antagonists efficiently prevented VEGF-A-induced decline of the normalized CI. (F–H) 
Confluent cells were exposed to 1.25 nM VEGF-A165a +3 nM ANG2 (n = 5) in the absence or presence of (F) faricimab (n = 8), (G) bevacizumab (n = 6) or (H) 
tivozanib and the CI was assessed as described above. (F) Faricimab, binding both VEGF-A and ANG2, efficiently prevented the growth factor-induced decline of the 
CI. This was also observed when VEGF-A-driven signaling was blocked with (G) bevacizumab or (H) tivozanib, although the effect was slightly but not significantly 
delayed. CI values were always normalized in relation to those measured just before the addition of the effectors, and are shown as means ± standard deviations. 
Data were analyzed as described in “2.10 Statistical analyses”.
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caused by exchange of the cell culture medium and associated unspecific 
responses of the cells (Deissler et al., 2020b). As a consequence of 
optimized conditions, the TEER of the iBREC monolayer (4500 Ω; Dei
ssler, unpublished observations) is at the time of addition of effectors 
much higher than that described for HuREC (1200 Ω; Rangasamy et al., 
2011), suggesting that the tighter iBREC barrier might be less sensitive 
to ANG2. This hypothesis is confirmed by our observation of a strong 
and stable VEcadherin-specific staining at the plasma membrane indic
ative of a tight and unaffected barrier (Dejana et al., 2009). As the REC 
monolayer of the inner retina-blood barrier forms a very tight barrier in 
vivo, our in vitro setting very likely reflects the in vivo situation more 
closely (Hofman et al., 2000). Interspecies incompatibility can be ruled 
out in our experiments, because the used human ANG2 enhances pro
liferation of iBREC, strongly suggesting that ANG2-specific signaling can 
be activated with the human homologue in this cell line of bovine origin. 
Our observation that ANG2 can enhance the VEGF-A165a-induced 
decline of the CI (see Fig. 3) also supports this assumption.

That ANG2 enhances the VEGF-A165a-induced impairment of the 
iBREC barrier is also in accordance with published results from experi
ments with primary porcine REC (Peters et al., 2007). This effect is most 
evident at a moderate concentration of VEGF-A165a that is sufficient to 
induce a slight and transient decline of the CI. Under these conditions 
ANG2 significantly enhances the VEGF-A165a-caused alteration of the 
subcellular localization of VEcadherin, further supporting the assump
tion that this AJ-protein is an important stabilizing component of the 
REC barrier (Dejana et al., 2009). Although amplification by ANG2 of 

the VEGF-A-induced changes does not depend on secretion or expression 
of more VEGF-A by the cells, interplay of both signal transduction 
pathways contributes to destabilization of the cells’ barrier (Rangasamy 
et al., 2011; Nguyen et al., 2020). However, to prevent weakening of the 
iBREC barrier by a combination of both growth factors, inhibition of 
VEGF-A-initiated signaling is sufficient. That dual binding and thereby 
inactivation of both growth factors with faricimab is not more efficient 
than VEGF inhibition again confirms VEGF-A’s role as the dominant 
regulator of cellular permeability that cannot be overruled by 
ANG2-driven signaling. At lower levels of VEGF-A165a, additional 
inactivation of ANG2 might result in an extra effect, but only in the 
initial phase of exposure to the growth factors. In addition, the observed 
difference is very small and likely of minor relevance to the long-term 
consequences.

Both, deregulated paracellular flow due to re-arranged tight junc
tions and/or adherens junctions and weaker adhesion of the cells to the 
extracellular matrix, can contribute to weakening of the REC barrier, but 
the former process obviously predominates when the barrier impair
ment is induced by VEGF-A165a together with ANG2 (Atienza et al., 
2005; Deissler et al., 2011, 2022; Jäckle et al., 2020). This can be 
concluded from altered expression and/or subcellular localization of 
claudin-1 and VEcadherin without integrin α5 being affected.

iBREC internalize both growth factors, and uptake of VEGF-A is not 
prevented by blocking interaction with its receptors or by inhibition of 
their tyrosine kinase activities. Therefore, internalization is likely not 
initiated by formation of complexes of VEGF-A165a and its receptors; at 

Fig. 7. Inhibition of VEGF-A-driven signaling efficiently prevented lower expression of TJ-protein claudin-1 induced by extended treatment with VEGF- 
A165a plus ANG2 
After treatment of iBREC with VEGF-A165a + ANG2 in the absence or presence of (A) tivozanib, (B) bevacizumab or faricimab, cells were harvested for preparation of 
cell extracts. Specific signals of Western blot analyses were normalized and are shown as scatter blots with means and standard deviations as described above. (A) 
Inhibition of VEGF receptor(s) by tivozanib efficiently prevented the loss of TJ-protein claudin-1 induced by growth factor treatment. (B) Similar observations were 
made in experiments with bevacizumab or faricimab. More claudin-5 and VEcadherin was detected in cell extracts of growth factor-treated iBREC additionally 
exposed to anyone of the inhibitors tested. Data were analyzed as described in “2.10 Statistical analyses”. *) p < 0.05, **) p < 0.01, ***) p < 0.001; only statistically 
significant differences are indicated.
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least their tyrosine kinase activity seems not to be necessary (Deissler 
et al., 2020b). Although uptake of VEGF-A is not prevented by faricimab, 
free internalized growth factor is not available for initiation of intra
cellular signaling because it is likely bound to the antagonist; accord
ingly the barrier is closed (Eichmann and Simons, 2012; Smith et al., 
2015). The affinity of bevacizumab to bind to VEGF-A is lower compared 
to that of faricimab, and indeed low amounts of unbound VEGF-A seem 
to be present in cell extracts prepared from iBREC exposed to the growth 
factors and bevacizumab (Presta et al., 1997; Regula et al., 2016). That 
the detection antibodies of the ELISA used not only bind to free VEGF-A, 
but also – although with a much lower affinity – to the 
VEGF-A/bevacizumab complex is a reasonable explanation for this 
observation (Sumner et al., 2019). The ELISA detection antibodies might 

also replace bevacizumab in the VEGF-A/bevacizumab complex, 
resulting in detection of VEGF-A by ELISA without ruling out full inac
tivation of intra- and extracellular VEGF-A in tight complexes with 
bevacizumab in vivo. Anyway, measured amounts of unbound VEGF-A 
are too low to initiate or maintain a dysfunction of the iBREC barrier 
and, accordingly, the barrier remains tightly closed (Deissler et al., 
2011, 2022). Similar to VEGF-A, ANG2 is internalized by iBREC to be 
subsequently degraded, as concluded from continuously decreasing 
extra- and intracellular levels. Interestingly, uptake of ANG2 is strongly 
prevented by faricimab which interferes with binding of the growth 
factor to its receptor Tie2, suggesting that internalization of ANG2 – at 
least partly – depends on interaction with this receptor (Regula et al., 
2016).

Fig. 8. Faricimab efficiently prevented uptake of ANG2 by iBREC 
Confluent iBREC were treated with 2.5 nM VEGF-A165a +3 nM ANG2 with or without tivozanib, 2 μM bevacizumab or 2 μM faricimab for three days before cell 
culture supernatants were collected or cells were harvested for preparation of cell extracts. Concentrations of (A, C) unbound VEGF-A or (B, E) ANG2 were 
determined by ELISA or (D) the total amount of VEGF-A was assessed by Western-blotting. (A- C, E) Results of multiple ELISA measurements of several independently 
prepared cell culture supernatants or cell extracts were pooled and are presented as scatter blots showing means ± standard deviations. Inhibition of the 
tyrosine kinase activity of VEGF receptor(s) significantly changed levels (A) of extracellular and intracellular VEGF-A but not those of (B) ANG2. (C) Only very low 
amounts of free VEGF-A, if any, were in cell culture supernatants and cell extracts of iBREC exposed to the growth factor combination and the VEGF antagonists. 
(D) VEGF-A-specific signals of Western blot analyses were normalized as described in Material and Methods; scatter blots show means and standard deviations of 
pooled Western blot data; one dot represents the VEGF-A-specific signal from one of multiple independent Western blot analyses. Amounts of VEGF-A in the su
pernatant were slightly higher when growth factor-treated cells had additionally been exposed to the VEGF antagonists. Cell extracts contained slightly more VEGF-A 
when growth factor-treated cells had additionally been exposed to bevacizumab. (E) Significantly more ANG2 was measured by ELISA in supernatants of growth 
factor-treated iBREC which had additionally been exposed to faricimab. In contrast, ANG2 was not detected in cell extracts obtained from similarly treated iBREC. (F) 
After exposure of confluent iBREC to 2.5 nM VEGF-A165a +3 nM ANG2 with or without 2 μM bevacizumab or 2 μM faricimab for 6 h, cell culture supernatants were 
collected. Supernatants of growth factor-treated iBREC additionally exposed to faricimab contained significantly more ANG2 as measured by ELISA. (G) The mixture 
of 2.5 nM VEGF-A165a plus 3 nM ANG2 was incubated with 0.2–2 μM faricimab in a cell-free assay, and presence of ANG2 was assessed by ELISA. Although measured 
amounts of ANG2 slightly varied in the presence of differing concentrations of faricimab, they were not significantly different from those measured in the absence of 
the bi-specific antibody. Data were analyzed as described in “2.10 Statistical analyses”. *) p < 0.05, **) p < 0.01, ***) p < 0.001, ****) p < 0.0001. Only statistically 
significant differences are shown.
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Fig. 9. VEGF-A165a, but not ANG2 modulated expression of integrin α5 
After establishing a confluent monolayer, iBREC were exposed to (A) ANG2, (B, C) 0.13 nM–2.5 nM VEGF-A165a with or without 3 nM ANG2, or (D, E) to VEGF-A165a 
+ ANG2 in the absence or presence of tivozanib, bevacizumab or faricimab, respectively, before cells were harvested for preparation of cell extracts at indicated time 
points. Signals of multiple Western blot analyses specific for integrin α5 were normalized and pooled, and are shown as scatter blots with means and standard 
deviations as described above. (A) Extended incubation of iBREC with ANG2 did not alter expression of integrin α5. (B) Only ≤1.25 nM VEGF-A165a significantly 
lowered protein amounts of integrin α5, the effect was not modulated by ANG2. (C) Treatment with ≥1.25 nM VEGF-A165a for three days led to significantly more 
integrin α5 also not modulated by ANG2 (D) Tivozanib, (E) bevacizumab or faricimab did not prevent higher amounts of integrin α5 induced by growth factor- 
treatment. Data were analyzed as described in “2.10 Statistical analyses”. *). p < 0.05, **) p < 0.01, ***) p < 0.001, ****) p < 0.0001, indicating only statisti
cally significant differences.
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Fig. 10. Prolonged exposure of iBREC to faricimab stabilized their barrier 
iBREC were treated with faricimab in the absence or presence of VEGF-A165a + ANG2 for six days, and (A) the CI was followed continuously or (B–F) cell extracts 
were prepared. (A) CI values obtained from at least six wells per condition and time point were normalized as described above. Faricimab did not change the CI 
compared to unchallenged cells. (B, D, F) Specific signals of Western blot analyses were normalized and pooled, and are shown as scatter blots with means and 
standard deviations as described above. (B) Significantly more claudin-1, claudin-5 and VEcadherin were measured after extended treatment of iBREC with 
faricimab. (C, D) Faricimab and bevacizumab were present in cell extracts obtained from iBREC treated with the VEGF antagonists in the absence or presence of 
VEGF-A165a + ANG2; amounts of internalized faricimab were significantly higher in growth factor-treated cells. (E) Results of multiple ELISA measurements of 
several independently prepared cell extracts were pooled and are presented as scatter blots showing means ± standard deviations. Levels of internalized ANG2 were 
significantly lower in growth factor-treated cells additionally exposed to faricimab. (F) Internalized amounts of VEGF-A were not changed by additional exposure of 
the cells to faricimab. Data were analyzed as described in “2.10 Statistical analyses”. *) p < 0.05, **) p < 0.01, ***) p < 0.001. Only statistically significant dif
ferences are indicated.
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Long-term exposure of iBREC to faricimab does not affect the cells’ 
viability, confirming our previous observation that inhibition of VEGF- 
A-driven signaling is not harmful to retinal endothelial cells per se 
(Deissler et al., 2020a). Similar to bevacizumab, faricimab is also taken 
up by iBREC (Deissler et al., 2016). Whereas internalization of bev
acizumab is mediated by the neonatal Fc receptor/transporter (FcRn), 
uptake of faricimab cannot depend on this route, because due to its 
modified Fc terminus the bi-specific antibody is not able to bind to the 
FcRn (Junghans and Anderson, 1996; Deissler et al., 2012, 2016; Regula 
et al., 2016). Interestingly, more faricimab is internalized by the cells in 
the presence of both target proteins. As the amounts of measured 
intracellular ANG2 are then only very low, most of the internalized 
faricimab is either unladen or bound only to VEGF-A, inviting the 
speculation that this complex is more stable. However, the observed 
stable barrier function suggests that possible accumulation of the 
VEGF-A/faricimab complex is not harmful to iBREC.

Taken together, the results of our in vitro study suggest that ANG2 
modulates but does not overrule the dominant impairing effects of 
VEGF-A165a on the barrier formed by REC. However, other processes 
may also play important roles in the more complex in vivo situation. REC 
are in vivo in contact with retinal pericytes (RP), and interaction with 
these cells is of physiological relevance and often disrupted in diabetes 
(Kovacs-Oller et al., 2020). ANG2 might be involved in such patho
physiological processes as it was identified as a potential cause of RP loss 
in early stages of diabetic retinopathy (Hammes et al., 2004). This might 
be due to accumulation of ANG2 in the retina as a consequence of its 
secretion by REC under hyperglycemia or induced by VEGF-A165a as 
observed in vitro (Rangasamy et al., 2011; Eyre et al., 2020; McCann 
et al., 2023). ANG2 can also stimulate proliferation of REC, a process 
likely involved in retinal neovascularization. Although blocking 
VEGF-A-initiated signaling by intravitreal injection of VEGF-binding 
proteins is in general a successful therapeutic approach to treat macu
lar edema, a subgroup of patients does not respond sufficiently for 
reasons yet unknown (Ferrara et al., 2006; Presta et al., 1997; Mitchell 
et al., 2011; Wells et al., 2015; Busch et al., 2018; Maggio et al., 2018). 
Particularly in these cases, additional targeting of ANG2 with the 
bi-specific antibody faricimab might be beneficial through prevention of 
retinal neovascularization or RP loss rather than by additional stabili
zation of the REC barrier.

5. Conclusion

In the regulation of REC permeability, VEGF-driven signaling over
rules effects of ANG2, although ANG2 transiently enhances the VEGF-A- 
induced impairment of the REC barrier. Such barrier disturbance can be 
prevented with similar efficiencies by sole inhibition of VEGF-A-driven 
signaling or dual inactivation of both growth factors with faricimab.
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Kinnunen, K., Puustjärvi, T., Teräsvirta, M., Nurmenniemi, P., Heikura, T., Laidinen, S., 
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