-

View metadata, citation and similar papers at core.ac.uk brought to you byf’: CORE

provided by Elsevier - Publisher Connector

Experimental Eye Research 115 (2013) 162—171

Contents lists available at ScienceDirect

Experimental Eye Research

EXPERIMENTAL
EYE RESEARCH

journal homepage: www.elsevier.com/locate/yexer

VEGF but not PIGF disturbs the barrier of retinal endothelial cells @cK,ssMark

Heidrun L. Deissler **, Helmut Deissler °, Gerhard K. Lang?, Gabriele E. Lang?

2 Department of Ophthalmology, University of Ulm, Prittwitzstrasse 43, 89075 Ulm, Germany
b Department of Obstetrics and Gynecology, University of Ulm, 89075 Ulm, Germany

ARTICLE INFO ABSTRACT
ArtiC{e history: Elevated permeability of retinal endothelial cells (REC), as observed in diabetic retinopathy (DR), is
Received 13 March 2013 induced by extended exposure to >25 ng/ml vascular endothelial growth factor Ags (VEGF;g5) for up to
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- _ 3 d and this effect is more pronounced when equimolar amounts of basic fibroblast growth factor (bFGF)
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and insulin-like growth factor (IGF-1) are present. Down-regulation of the tight-junction protein claudin-
1 and its loss from the plasma membrane is associated with induced higher permeability, whereas other

Keywords: ) tight-junction proteins (e.g. claudin-3, claudin-5, ZO-1) show only subtle changes in our experimental
$£g1: I'endothelial cells setting. Using immortalized bovine REC (iBREC) as a well-established model, we investigated effects of
PIGF other members of the VEGF family, i.e. VEGFy2;, placental growth factor (PIGF-1 and PIGF-2) and viral
bEGF VEGF-E which activate different sets of VEGF receptors, on barrier function after extended treatment:
IGF-1 iBREC were incubated with 1-100 ng/ml of the growth factors for up to 2 days before barrier function
ranibizumab was assessed by measuring transendothelial resistance (TER). Presence of T]-proteins was determined by
aflibercept western blot analyses and immunofluorescence staining. Similar experiments were performed to eval-
diabetic macular edema uate whether the primary actions of PIGF-1, PIGF-2 or VEGF;; are modulated by bFGF or IGF-1 when all

growth factors (each at 25 ng/ml, but 10 ng/ml IGF-1) act simultaneously at equimolar concentrations.
We also studied the potential normalization of the barrier disturbed with combinations of growth factors
by addition of the VEGF-specific Fab fragment ranibizumab or the recombinant protein aflibercept which
binds VEGF and PIGF. Whereas 1 ng/ml VEGF-E were sufficient to impair the iBREC barrier, a higher
concentration of 100 ng/ml VEGF2; was needed to reduce TER and expression of claudin-1 over 2 days.
By PIGF-1 or PIGF-2, the barrier was not affected even at the highest concentration tested (100 ng/ml)
and these factors also did not modulate the effect of VEGF;g5. The weak barrier derangement caused by
VEGF;21 was slightly enhanced by bFGF and IGF-1. After induction of the barrier breakdown with various
combinations of all growth factors included in the study, normal TER and claudin-1 expression was re-
established by ranibizumab. Both VEGF inhibitors ranibizumab and aflibercept similarly reinstated lost
claudin-1, even when applied at a small fraction of the clinically relevant concentrations. These results
show that VEGF-A, but not PIGF impairs the barrier function of iBREC and that the longer isoform
VEGF;gs5 is more potent than VEGF31. To induce barrier dysfunction in iBREC, activation of VEGF receptor
2 — probably in concert with neuropilin-1 — seems to be sufficient because VEGF-E and VEGFjg5, but not
PIGF-1/-2 reduced TER or claudin-1 expression.

© 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.

Abbreviations: bFGF, basic fibroblast growth factor; (i)BREC, (immortalized) bovine retinal endothelial cells; DME, diabetic macular edema; DR, diabetic retinopathy; EC,
endothelial cells; ECGM, endothelial cell growth medium; ECGS/H, endothelial cells growth supplement/H; FCS, fetal calf serum; IGF-1, insulin-like growth factor; KRN951, N-
(2-Chloro-4-((6,7-dimethoxy-4-quinolyl)oxy)phenyl)-N'-(5-methyl-3-isoxazolyl )Jurea; NRP-1, neuropilin-1; PIGF, placental growth factor; REC, retinal endothelial cells; SRM,
serum-reduced medium; TER, transendothelial resistance; TJ, tight junction; VECad, vascular endothelial cadherin; VEGF, vascular endothelial growth factor A; VEGF-E,
vascular endothelial growth factor E; VEGFR1, VEGF receptor 1; VEGFR2, VEGF receptor 2; ZO-1, zona occludens-1.

* Corresponding author. Tel.: +49 731 500 59155; fax: +49 731 500 59192.
E-mail address: heidrun.deissler@uniklinik-ulm.de (H.L. Deissler).

0014-4835 © 2013 The Authors Published by Elsevier Ltd. Open access under CC BY-NC-ND license.
http://dx.doi.org/10.1016/j.exer.2013.07.018


https://core.ac.uk/display/81178836?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:heidrun.deissler@uniklinik-ulm.de
http://crossmark.crossref.org/dialog/?doi=10.1016/j.exer.2013.07.018&domain=pdf
www.sciencedirect.com/science/journal/00144835
http://www.elsevier.com/locate/yexer
http://dx.doi.org/10.1016/j.exer.2013.07.018
http://dx.doi.org/10.1016/j.exer.2013.07.018
http://dx.doi.org/10.1016/j.exer.2013.07.018
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://creativecommons.org/licenses/by-nc-nd/3.0/

H.L. Deissler et al. / Experimental Eye Research 115 (2013) 162—171 163

1. Introduction

Clinically manifested diabetic retinopathy (DR) is accompanied
by increased proliferation, migration and permeability of retinal
endothelial cells (REC) which most likely result from the deregu-
lated expression of angiogenic growth factors. Particularly, vascular
endothelial growth factor A (VEGF) (Aiello et al., 1994), placental
growth factor (PIGF) (Khaliq et al., 1998), insulin-like growth factor
(IGF-1) (Meyer-Schwickerath et al., 1993), and basic fibroblast
growth factor (bFGF) (Boulton et al., 1997) are considered to play
important roles because elevated levels were found in the vitreous
fluid of DR patients. These growth factors are stimulators of either
proliferation and/or migration as confirmed by in vitro studies with
various types of vascular cells including REC (Castellon et al., 2002;
Deissler et al., 2005, 2008, 2013; Stewart et al., 2011; Yan et al,,
2001). Of the different VEGF-A isoforms, VEGF;g5 substantially el-
evates permeability of primary or immortalized bovine REC ((i)
BREC)) in vitro (Antonetti et al., 1999; Deissler et al., 2010; Harhaj
et al, 2006). To cause such a disturbance of the iBREC barrier
function, VEGFyg5 has to be present at a concentration of at least
25 ng/ml (~ 1.5 nM) (Deissler et al., 2011). VEGF disturbs the barrier
of REC in a time-dependent manner which can be assessed by
measuring the transendothelial resistance (TER) of a confluent
monolayer in vitro: Transient reduction of TER is induced shortly
after addition of VEGFigs in primary or immortalized BREC
(Antonetti et al., 1999; Harhaj et al., 2006; Deissler et al., unpub-
lished observation), but stable reduction of the TER lasting over
several days is observed more than 6 h after addition of VEGFyg5
(Deissler et al., 2010; Othman et al., 2013). Whereas early changes
in VEGF-induced reduction of TER in primary and immortalized
BREC can be prevented by inhibition of protein kinase C (Harhaj
et al., 2006; Deissler et al., unpublished observation), loss of bar-
rier function induced by extended treatment with VEGF;g5 cannot
(Deissler et al., 2010). Higher permeability of (retinal) endothelial
cell (EC) layers is always associated with altered intracellular
localization, expression and/or modification of tight junction (TJ)-
proteins (Bazzoni, 2006; Cai et al., 2011; Deissler et al., 2008, 2010,
2011; Harhaj et al., 2006; Haurigot et al., 2009; Wisniewska-Kruk
et al., 2012). Short treatment with VEGF;g5 over minutes to hours
can result in altered localizations of the REC-expressed TJ-proteins
occludin, claudin-3, claudin-5, and ZO-1 (Cai et al., 2011; Harhaj
et al., 2006; Wisniewska-Kruk et al., 2012). However, claudin-1 is
found down-regulated and delocalized from the plasma membrane
when damaging effects of VEGF;65 on REC barrier function over an
extended time period were studied in vitro whereas only subtle
changes were observed for the other TJ-proteins (Deissler et al.,
2008, 2010, 2011).

The effect of the shorter isoform VEGFi2; on cellular perme-
ability has not been thoroughly investigated, but previous studies
showed that it is a stimulator of proliferation, but not migration of
REC (Deissler et al., 2008; Stewart et al., 2011). Studies on the in-
fluence of the different PIGF isoforms PIGF-1/-2 on permeability of
microvascular EC are inconclusive: Whereas permeability of
microvascular EC isolated from the porcine brain is elevated after
treatment with PIGF (Vogel et al., 2007), the opposite effect was
seen in human dermal microvascular EC (Brkovic and Sirois, 2007).
PIGF-1 and PIGF-2 also do not disrupt the barrier function of
primary BREC, but PIGF-1 counteracts VEGF-induced barrier
dysfunction in a time-dependent manner (Cai et al., 2011).

Over-expression of IGF-1 in the retina of mice results in an
increased expression of VEGF associated with breakdown of the
blood-retina barrier and loss of the T]-protein claudin-1 (Haurigot
et al., 2009). However, IGF-1 does not affect the negligibly low
expression of VEGF by un-stimulated (i)BREC (Deissler et al., 2011;
Simorre-Pinatel et al., 1994). Accordingly, the iBREC barrier is not

disturbed by IGF-1 in experiments covering a wide range of con-
centrations around physiological conditions, but when applied
together with bFGF, an intensified VEGF-induced dysfunction was
observed. This effect is most distinct when the three growth factors
are present in equimolar concentrations of about 1.5 nM (Deissler
et al., 2011).

The members of the VEGF-family initiate intracellular signaling
through binding and activating the different VEGF receptors
VEGFR1, VEGFR2 or neuropilin 1 (NRP-1), all expressed in REC (Cai
etal., 2011; Deissler et al., 2011). VEGF1g5 as well as VEGF,1 activate
VEGFR1 and VEGFR2 (Ferrara, 2004). NRP-1 is a potent receptor for
VEGFqg5, but is only weakly activated by VEGF;; (Oh et al., 2002;
Pan et al., 2007). Both PIGF-isoforms bind to VEGFR1 and PIGF-2
also activates NRP-1 (Migdal et al., 1998; Park et al., 1994; Sawano
et al., 1996).

VEGF induced permeability of REC is considered causative of
diabetic macular edema (DME) (Nguyen et al., 2006; Qaum et al.,
2001) that may appear at any stage of DR. This condition can be
treated with the VEGF-binding antibody fragment ranibizumab
(Ferrara et al., 2006; Mitchell et al., 2011) or with the recombinant
protein aflibercept/VEGF-trap binding also to PIGF (Aiello et al.,
1995; Holash et al., 2002; Do et al., 2012).

Based on these clinical observations and experimental data, we
studied the effects of combinations of different growth factors
(VEGFi21, PIGF-1, PIGF-2, bFGF, and IGF-1) with VEGFg5 on the
barrier of iBREC. In addition we investigated whether VEGF-
inhibition is sufficient to revert these effects using ranibizumab
or aflibercept. This systematic approach including all candidate
factors was chosen to gain a better understanding of their relative
contributions to DME pathophysiology and consequences for
therapies targeting VEGF.

The model of telomerase-immortalized iBREC is well estab-
lished with distinct advantages over primary cells or rodent models
(Deissler et al., 2005, 2008, 2010, 2011): Immortalizing primary
cells by ectopic expression of human telomerase reverse tran-
scriptase (TRT) is usually not associated with significant changes in
important cellular processes, and the amount of human TRT in
iBREC is similar to that of the bovine homologue expressed in early
passages of primary BREC. Compared to primary cells, it is a distinct
advantage of iBREC that these are free of contaminating cells of
other types allowing more accurate and detailed studies. Further-
more, most relevant proteins are highly conserved between the
human and bovine homologues.

2. Materials and methods
2.1. Reagents, growth factors and antibodies

Recombinant human growth factors bFGF, IGF-1, PIGF-1 (all
E. coli-expressed) and rhVEGF;g5 (SF21-expressed) were purchased
from R&D Systems (Wiesbaden, Germany); rhVEGF;y; (SF21-
expressed) from Calbiochem (Merck, Darmstadt, Germany), and
PIGF-2 (E. coli-expressed) from PeproTech (Hamburg, Germany).
Viral vascular endothelial growth factor-E (VEGF-E; Meyer et al.,
1999) binding to VEGFR2 and NRP-1, and mouse monoclonal anti-
bodies detecting actin were from Abcam (Cambrigde, UK). All
growth factors stimulated proliferation of iBREC verifying their
ability to induce signal transduction (Deissler et al., 2013). Rabbit
polyclonal antibodies binding to human claudin-1 (JAY.8), claudin-3
(Z23JM), claudin-5 (Z43JK) or ZO-1 (Z-R1), as well as with
AlexaFluor® 594 conjugated detection antibodies (F(ab');) were
from Life Technologies (Karlsruhe, Germany) and horseradish
peroxidase-conjugated detection antibodies from BioRad (Munich,
Germany). Rabbit polyclonal antibodies binding to human and
bovine VE-cadherin (VECad) were purchased from Acris (Herford,
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Germany). The modified Fab fragment ranibizumab (Lucentis, 10 mg/
ml) (Ferrara et al., 2006) of a humanized VEGF-binding antibody was
a gift from Novartis Pharma GmbH (Nuremberg, Germany). Alfli-
bercept (Eylea, 40 mg/ml; Do et al., 2012) was purchased from Bayer
Pharma (Berlin, Germany). N-(2-Chloro-4-((6,7-dimethoxy-4-
quinolyl)oxy)phenyl)-N’-(5-methyl-3-isoxazolyl)Jurea (KRN951), a
tyrosine kinase inhibitor specific for VEGFR1 and VEGFR2
(Nakamura et al., 2006), was obtained from Calbiochem.

2.2. Cell cultivation

iBREC — telomerase-immortalized microvascular endothelial
cells from bovine retina — were cultivated in Endothelial Cell
Growth Medium MV (ECGM; Promocell Heidelberg, Germany)
supplemented with 0.4% endothelial cells growth supplement/H
(ECGS/H, 90 pg/ml Heparin), 10 ng/ml epidermal growth factor,
103 nM hydrocortisone and 5% fetal calf serum (FCS) on
fibronectin-coated surfaces (BD Biosciences, Heidelberg, Germany)
as previously described (Deissler et al., 2005, 2011). Expression of
von Willebrand factor, VECad, TJ-proteins claudin-1, -3, -5, ZO-1
and occludin, as well as VEGF receptors VEGFR1, VEGFR2 and
NRP-1 has been confirmed (Deissler et al., 2005, 2008, 2010, 2011).
Although of bovine origin, iBREC can be stimulated with human
recombinant growth factors (Deissler et al., 2005, 2008, 2010, 2011,
2013). Cells used in the experiments were at passages 20 to 35
counting from the stage of primary culture, for which stable
expression of investigated proteins had been confirmed. Under
these conditions, iBREC also formed a confluent monolayer 3 days
after seeding as well as a tight barrier reflected by a stable trans-
endothelial resistance of the monolayer of >50 Ohm x cm? which is
in accordance with values reported for monolayers of primary BREC
(Deissler et al., 2011; Tretiach et al., 2003).

2.3. Treatment of iBREC with growth factors and western blot
analyses

Prior to experiments with confluent iBREC, ECGM was replaced
by serum-reduced medium (SRM) containing 0.4% ECGS/H, 0.25%
FCS, 1 pg/ml fibronectin and 103 nM hydrocortisone for 24 h. Cells
were incubated for up to 3 d with single growth factors (1—100 ng/
ml) or their combinations (each at 25 ng/ml, but 10 ng/ml IGF-1;
corresponding to ~ 1.5 nM) in SRM, without exchanging the me-
dia during this incubation period, before cell extracts were pre-
pared. To study whether PIGF-1 or PIGF-2 can counteract effects of
VEGFi65, iBREC were pretreated with 50 ng/ml VEGFg5 for 6 h
before PIGF-1 or PIGF-2 (50—100 ng/ml) were added. Cell extracts
were prepared 42 h later. The potential of the different VEGF-
binding proteins ranibizumab and aflibercept to restore barrier
function was also investigated: After treating iBREC with growth
factors for up to 2 d as described above, medium was exchanged
with SRM containing the appropriate growth factors together with
either 0.1-100 pg/ml ranibizumab ( ~ 2 to 2000 nM) or 0.25—-25 png/
ml aflibercept (~ 2 to 200 nM) before cell extracts were prepared
24 h later. Blocking of barrier damaging by ranibizumab was also
investigated in experiments in which cells were exposed to both
VEGFy65 (50 ng/ml) and 1 or 10 pg/ml ranibizumab for 24 h. To
investigate the potential of the specific VEGFR1/R2 inhibitor
KRN951 to restore barrier function, iBREC were treated with
100 ng/ml VEGFyg5 for 2 d, before medium was replaced by SRM
supplemented with 100 ng/ml VEGF;5 and 0.5—1000 nM KRN951.
Cell extracts were prepared 24 h later. Cell extracts were prepared
and subsequently analyzed by Western blot as described (Deissler
et al., 2011). To verify equal loading of protein, expression of actin
was assessed in parallel.

2.4. Transendothelial electrical resistance of cell layers

Transendothelial electrical resistances (TER) of confluent iBREC
monolayers were measured as described at several time points (2 h,
4 h,6h,24h,30h, 48 h, 52 h and 72 h) after addition of effectors
(Deissler et al., 2010, 2011). To avoid temperature induced changes
in TER, plates were kept on a warm plate at 37 °C during mea-
surements (Blume et al., 2010). Normalized TER values were
calculated in relation to the TER measured in serum-reduced me-
dium just before addition of effectors.

2.5. Immunofluorescence staining

iBREC at a density of 2 x 10* cells/cm? were allowed to adhere to
two-chamber slides (xWell, Sarstedt, Nuembrecht, Germany)
coated with fibronectin or to fibronectin pre-coated membrane
inserts (0.3 cm?, pore size 0.4 pm; BioCoat, BD Biosciences) in
ECGM. After having formed a confluent monolayer, cells were
treated with a growth factor mix containing VEGF;¢5, VEGF121, PIGF-
1, PIGF-2, bFGF and IGF-1 (each at 25 ng/ml, but 10 ng/ml IGF-1) in
SRM as described above. Cells were fixed in methanol at —20 °C for
15 min and antigens were detected by immunofluorescence
staining as previously described. (Deissler et al., 2007, 2008, 2010)

2.6. General considerations and statistical analyses

Controls were treated in exactly the same way with medium
lacking the effectors. All experiments were repeated several times
and in each experiment data were generated from multiple repli-
cates. The Mann—Whitney U test was used to compare sets of
experimental data and differences resulting in p-values below 0.05
were considered significant. Results are presented in conventional
box—whiskers diagrams, with the middle line representing the
mean and the boundaries of the boxes the 75% and 25% percentiles
or the mean and standard deviations are provided.

3. Results

3.1. Different effects of VEGFi2;, PIGF-1 and PIGF-2 on iBREC barrier
function

The barrier function of iBREC was assessed by measuring the
TER of confluent cells and by Western blot-monitoring of the TJ-
protein claudin-1. We focused on those effects on barrier function
established in the cultures after more than 24 h because changes
observed early after addition of growth factors were considered less
relevant (Blume et al., 2010; Deissler et al., 2010, 2011). VEGFyg5
decreases TER and claudin-1 expression within 2 days of treatment
at concentrations >25 ng/ml, and it can be detected in the super-
natant of the culture by Western-blot analyses even after extended
incubation (Deissler et al., 2011). Although the related VEGF;; may
also contribute to barrier destabilization in REC, its role has previ-
ously not been investigated. The effects on the TER of confluent
iBREC were therefore measured over 3 days after 10—100 ng/ml
VEGFi21 had been added (Fig. 1A). Whereas 10 ng/ml VEGF3; did
not alter TER, concentrations of 25 and 50 ng/ml VEGF2; weakly
but significantly reduced TER within 1 or 2 days. This temporary
effect was reversed during prolonged treatment (Fig. 1A). Earliest
changes in TER were observed after treatment for 4 h but this effect
was not significant. A stronger and for several days stable reduction
of TER was observed in experiments with 100 ng/ml VEGF;
(Fig. 1A). Compared to 25 ng/ml VEGFygs, the effect of VEGF;2; on
TER was significantly weaker at this concentration (Fig. 1D).

Because of their deregulated expression in DR, we also studied
whether PIGF-1 or PIGF-2 affected permeability of iBREC: Confluent
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Fig. 1. Only VEGF¢5 and VEGF-E strongly disturb the barrier of iBREC. (A)—(C) TER was measured at indicated time points after start of treating confluent iBREC with 1-100 ng/ml
VEGF;2; (A), PIGF-1 (B) or VEGF-E (C). Only highest amounts of VEGF;; resulted in a stable decrease of TER. Whereas VEGF-E efficiently reduced TER even at 1 ng/ml, PIGF-1 did not
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also did not enhance or attenuate the effect of single VEGFgs.

cells were treated with 1—100 ng/ml PIGF-1, but even high amounts
did not influence TER and this was also observed for PIGF-2 (Fig. 1B
and D, data not shown). Effects induced by treatment with VEGFg5
for 2 d were not enhanced or diminished by the PIGFs and the
combined effect of all VEGF-like factors tested was also not signifi-
cantly different from that of VEGFs¢5 (Fig. 1E). It has been suggested
that PIGF-1 but not PIGF-2 abolished VEGFg5-induced permeability
of primary BREC when added 6 h after pretreatment with VEGFig5
(Cai et al., 2011). To investigate whether this effect is also present
after extended exposure to VEGFqg5, iBREC were pretreated with
50 ng/ml VEGF;g5 for 6 h before PIGF-1 or PIGF-2 (50 and 100 ng/ml)
were added. Presence of claudin-1, as marker for a functional barrier
in iBREC was analyzed by Western-blot analyses in cell extracts

prepared 42 h later but its loss was not counteracted by PIGFs
(Supplementary Fig. 1A). TJ-proteins claudin-5 and ZO-1 as well as
VECad were not obviously changed under either condition
(Supplementary Fig. 1A). 50 ng/ml VEGFg5 significantly reduced
TER after 6 h (normalized TER: 1.0 + 0.08 for medium-treated iBREC
and 0.81 + 0.06 for VEGF-treated iBREC; p = 0.0027) and addition of
either 100 ng/ml PIGF-1 or PIGF-2 6 h later also did not counteract
further reduction of TER measured after 1 d (Supplementary Fig.1B).
Moreover, pretreatment with PIGF-1 or PIGF-2 did not prevent
VEGFg5-induced reduction of claudin-1 or TER (data not shown). All
results support the assumption that disruption of the iBREC barrier
is mainly caused by VEGFg5 with only minor contributions of PIGFs
and a limited role of the shorter VEGF-A isoform VEGF;21.
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It could also be concluded that activation of VEGFR2 and/or
NRP-1 might be sufficient to induce barrier dysfunction of iBREC.

3.2. Effects of VEGFs and PIGFs in combination with bFGF and IGF-1
on iBREC barrier function

Therefore, the impact of the viral VEGF-E on TER was studied,
because this protein activates only these VEGF receptors. VEGF-E
strongly reduced TER with a threshold concentration around
10 ng/ml (Fig. 1C). Compared to 25 ng/ml VEGFgs5, the effect of
VEGF-E on TER was not significantly different at this concentration
(Fig. 1D).

Based on our previous observation that single growth factors
bFGF and IGF-1 do not change barrier properties of iBREC but
slightly stretch the effect of VEGF;g5 when applied in equimolar
amounts (Deissler et al., 2011), we investigated whether these
factors modulated the transient disturbance induced by VEGF;,:.
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The combination of VEGF12; with bFGF and IGF-1 (each at 25 ng/ml,
but 10 ng/ml IGF-1) slightly but significantly reduced TER whereas
VEGF21 by itself did not significantly change TER measured after
treatment for 2 days (Fig. 2A). However, only further addition of
25 ng/ml VEGFig5 to this growth factor mix led to a pronounced
decrease in TER (Fig. 2A). After 2 days of treatment, the effect of all
four growth factors on TER treatment was not significantly different
from that of single VEGF;g5 (Fig. 2A). Western-blot analyses of cell
extracts prepared after treatment for 2 d revealed that claudin-1
was completely lost with the combination of VEGF;g5, VEGF121,
bFGF and IGF-1 and partly lost when VEGF12; plus bFGF and IGF-1
were present (Fig. 2B). Presence of other TJ-proteins as well as
VECad was not obviously changed (Fig. 2B).

The growth factor combination bFGF, IGF-1, PIGF-1 and PIGF-2
also did not significantly influence TER or claudin-1 expression
(Fig. 2C and D): Significant reduction of TER was again only seen
when VEGFyg5 was present and its strong effect was not counter-
acted by PIGF-1 or PIGF-2 (Fig. 2C). Claudin-1 presence — deter-
mined by Western blot analysis — was also strongly reduced only
when VEGF;g5 was present in the growth factor mix (Fig. 2D).
Obvious changes in the expression of other TJ-proteins and of
VECad were not observed (Fig. 2D).

We have already shown that extended treatment of iBREC with
100 ng/ml VEGFqg5 results in the loss of claudin-1’s plasma mem-
brane localization whereas only subtle changes for other TJ-
proteins are observed (Deissler et al., 2008, 2011). Immunofluo-
rescence staining of iBREC treated with the combination of VEGFgs,
VEGF121, bFGF, IGF-1, PIGF-1 and PIGF-2 revealed that the presence
of claudin-1 is completely lost under these conditions (Fig. 3). In
contrast, intense although slightly discontinuous plasma mem-
brane staining was still observed for all the other TJ-proteins tested
(claudin-3, claudin-5, ZO-1) and VECad after growth factor treat-
ment (Fig. 3), confirming the importance of claudin-1 for a func-
tional barrier of iBREC.

3.3. VEGF inhibition is sufficient to restore decreases of TER and
claudin-1 expression induced by VEGF;s5 combined with other
growth factors

Because only VEGFqg5 substantially changed barrier properties
of iBREC, we assumed that its inhibition with VEGF-binding rani-
bizumab might re-establish a normal barrier even in the presence
of other growth factors. When clinically relevant amounts of rani-
bizumab (100 pg/ml) were added to iBREC treated for 2 days with
various combinations of VEGFigs/121, PIGF-1/2, bFGF and IGF-1, TER
increased significantly within 24 h and reached normal values in all
cases after 4 days (Fig. 4A). Ranibizumab also reinstated lost
claudin-1 within 24 h in all experiments (Fig. 4B).

The possible surplus benefit of inhibiting all VEGF family members
was investigated with the recombinant protein aflibercept which
binds VEGF-A and PIGF. Reduction of TER induced by pretreating
iBREC with a mix of VEGFigs/121, PIGF-1/2, bFGF and IGF-1 (each at
25 ng/ml, but 10 ng/ml IGF-1) was completely normalized by 25 ng/
ml aflibercept (Fig. 5A). To compare their efficiencies, aflibercept or
ranibizumab were added at various concentrations (2—200 nM) to
the pretreated cells. Of both inhibitors even very low concentrations
(>2 nM; corresponding to ~ 0.1 ug/ml ranibizumab or ~ 0.25 pg/ml
aflibercept) in comparison to those achieved in DR therapy
were sufficient to reinstate lost claudin-1 completely (Fig. 5B).

3.4. Specific inhibition of VEGF receptor tyrosine kinases is not
sufficient to restore VEGF-induced barrier disturbance

The observations that VEGF-E induced permanent changes as
efficient as VEGFyg5 (Fig. 1C and D) and that the effect of VEGF12;

VEGF1g5 + VEGF121
+ PIGF-1 + PIGF-2
+ bFGF + IGF-1

-
t
\

Fig. 3. Plasma membrane localization of claudin-1, but not of claudin-3, claudin-5, ZO-
1 or VECad is lost after growth factor treatment. Confluent iBREC were treated with
VEGFg5, VEGF121, PIGF-1, PIGF-2, bFGF and IGF-1 (each at 25 ng/ml, but 10 ng/ml IGF-1)
for 2 d before localization of claudin-1, claudin-3, claudin-5, ZO-1 and VECad was
visualized by immunofluorescence staining. Plasma membrane localization of claudin-
1 is lost after growth factor treatment. Slightly discontinuous staining for VECad, ZO-1
and claudin-5 is observed after growth factor treatment (yellow arrows). In addition,
intracellular gaps can be detected (green arrows). Strong plasma membrane presence
of all other TJ-proteins tested and VECad is seen, confirming a confluent iBREC
monolayer.

medium

Claudin-1

Claudin-3

Claudin-5

2041

VECad

was weaker and transient (Fig. 1A and D), suggested a crucial
involvement of VEGFR2 and/or NRP-1 in barrier impairment.
Accordingly, pretreatment of iBREC with the specific inhibitor
KRN951 prevented VEGF-induced loss of claudin-1 at a concen-
tration (0.5 nM) sufficient to inhibit VEGFR2 and VEGFR1 (Deissler
et al, 2011; Nakamura et al., 2006). To answer the question
whether inhibition of the VEGF receptor tyrosine kinases is also
sufficient to restore already lost claudin-1, iBREC were pretreated
with VEGFyg5 before KRN951 (0.5 nM—1 pM) or ranibizumab (1—
10 pg/ml) were added for 24 h (Fig. 6). To completely restore
claudin-1, 100-times higher concentrations of KRN951 (>50 nM)
were necessary than to prevent its loss (Fig. 6A), but at this con-
centration the inhibitor likely affects other tyrosine kinases
(Nakamura et al,, 2006). In contrast, preventing and re-instating
loss of claudin-1 were both achieved with similar amounts of
ranibizumab (Fig. 6B).



168 H.L. Deissler et al. / Experimental Eye Research 115 (2013) 162—171

A §) p=0.0009 compared to medium
&) p<0.002 compared to growth factors + ranibizumab
1.5 -|—
14
i
'_
2 1 -
(3 -
N
© &
E . J_ §& L §.8& §
g " |—_:T._—| =
0.0
E - + - + - + ranibizumab
k5 + PIGF-1 VEGF165
= + PIGF-2 + VEGF121
+ PIGF-1
VEGF4g5 + VEGF{21
+ bFGF + IGF-1 + PIGF-2
B VEGF1g5
+ VEGF121
VEGF165 + PIGF-1 VEGF165
+ VEGF121 + PIGF-2 + VEGF121
+ bFGF + bFGF VEGF1g5 + PIGF-1
VEGF165 +IGF-1 +IGF-1 VEGF165 +PIGF-2 + PIGF-2
2 K- 2 K- 2 -2 2
© © © © © © ©
E £ E £ £ E £
] 8 ] 8 8 8 8
£ 5 s £ s £ 2 5 5 5
b § § 3 s 3 & § § §
kDa £ + + £ + £ + + + +
28 -
e — — --——I.. ww e  ewe| Claudin-1
17

=

-— — e ————) /i

Fig. 4. TER and claudin-1 decreased by growth factor mixes are restored by inhibition of VEGF. (A—B): iBREC were pretreated with various growth factor combinations (each at
25 ng/ml, but 10 ng/ml IGF-1) for 2 d before medium was changed to medium with additional 100 pg/ml ranibizumab. (A) TER was measured 4 days after addition of ranibizumab
which then had completely restored normal TER. (B) Normal claudin-1 expression was also re-instated by treatment with ranibizumab for 1 d in all experimental settings.

4. Discussion

In our previous studies we showed that extended treatment of
REC for up to 3 d with the isoform VEGFyg5 directly results in a
reduced TER associated with lost expression of claudin-1 whereas
expression and cellular localization of other TJ-proteins or VECad
are only subtly influenced (Deissler et al., 2008, 2010, 2011).
Extending these investigations, potentially relevant effects of other
members of the VEGF family were considered. Rather than study-
ing short-term effects (Cai et al., 2011; Harhaj et al., 2006), cells
were observed over several days likely corresponding to the in vivo
situation in DR patients (Deissler et al., 2008, 2010, 2011). Growth
factors and VEGF inhibitors were used at concentrations low
enough to exclude non-specific effects and presence of VEGFg5
after treatment for 3 d in the culture supernatant has been
confirmed (Deissler et al., 2011). As an indicator of barrier function,
the TER of iBREC monolayers was determined. This indirect method
is non-invasive and has the distinct advantage that the same cul-
ture can be monitored easily during long-term experiments by
multiple subsequent measurements. Quantifying the flux of labeled
macromolecules of different sizes through a monolayer of REC is a
more direct approach to assess barrier function (Cai et al., 2011;
Harhaj et al, 2006). However, the repetitive addition of dye-
labeled macromolecules is associated with more frequent ex-
changes of the culture medium which might undesirably disturb
the cultivated cells in experiments over several days. Both methods

were used to study short-term (up to 1 d) exposures of REC to
growth factors (Cai et al, 2011). Results of this investigation
confirmed that at least for experiments of the described type, TER
and flux measurements can be considered equivalent to examine
barrier function.

All growth factors stimulated proliferation and/or migration of
iBREC, thereby confirming that the used recombinant human
polypeptides can activate their relevant bovine growth factor re-
ceptors (Deissler et al., 2005, 2008, 2013). The shorter isoform
VEGFq21 only weakly and transiently disturbed the iBREC barrier
function, even shortly after addition of the growth factor. Limited
relevance of VEGFj,; in the regulation of permeability in endo-
thelial cells was also shown for human dermal microvascular EC
(Brkovic and Sirois, 2007) and macrovascular EC (Becker et al.,
2005). In accordance with previous studies on primary BREC (Cai
et al.,, 2011), the VEGF-related PIGFs did not show any direct ef-
fect on iBREC barrier. Interestingly, PIGF also does not induce
permeability in human dermal microvascular EC (Brkovic and
Sirois, 2007) but in microvascular EC of the porcine brain (Vogel
et al.,, 2007) indicating that similar behavior even of microvas-
cular EC of different origin is not always seen. Additive or coun-
teracting modulations of VEGFqg5's actions by PIGF-1/PIGF-2 or
VEGF3; were also not observed in primary (Cai et al., 2011) and
immortalized BREC when the growth factors were added simulta-
neously, suggesting that these factors play indeed a minor role in
barrier impairment in REC. However, the suggested interference of
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Fig. 5. Ranibizumab and aflibercept restore normal barrier function with similar effi-
ciency. (A): Confluent iBREC were treated with VEGF;gs, VEGF21, PIGF-1, PIGF-2, bFGF
and IGF-1 (each at 25 ng/ml, but 10 ng/ml IGF-1) for 1 d. During further incubation
with additional 25 pg/ml aflibercept for 1 d, the decreased TER was completely
reverted. (B) iBREC were treated with growth factors and inhibitors aflibercept or
ranibizumab as described above. Then claudin-1, claudin-5, ZO-1 as well as VECad
were analyzed by Western blot. Both inhibitors restored lost claudin-1 with similar
efficiencies. Expression of the other proteins tested was not obviously affected.

PIGF-1 with the action of VEGF;¢5 after delayed addition of PIGF-1
in primary BREC (Cai et al., 2011) was not observed in our experi-
mental setting, most likely explained by different concentrations of
vital components (e.g. hydrocortisone, FCS, heparin and fibro-
nectin) used in the culture medium which might influence the
action of VEGF;g5 and/or PIGF on REC.

We have already shown that IGF-1 or bFGF did not alter iBREC's
TER and claudin-1 expression after extended growth factor treat-
ment (Deissler et al., 2011). Their potential contribution to an
overall effect by weakly enhancing the effect of VEGF{,1 also seems
not relevant in the presence of the dominating factor VEGFg5. The
key role of VEGF-A isoforms was strongly supported by our results
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Fig. 6. Specific inhibition of VEGFR1 or VEGFR2 is not sufficient to restore a normal
barrier after damaging with VEGFes. (A) Confluent iBREC were treated with VEGFgs
for 2 d before 0.5—1 uM KRN951 were added. At least 50 nM KRN951 were needed to
completely restore lost claudin-1 and at this concentration KRN951 likely inhibits also
other tyrosine kinases. (B) iBREC were incubated with VEGF;g5 and ranibizumab or
pretreated with the growth factor before ranibizumab was added. The VEGFes-
induced loss of claudin-1 was completely prevented or restored by 10 pg/ml
ranibizumab.

showing that even when all growth factors tested were present,
altered TER and TJ-composition could be completely reversed by
inhibition with ranibizumab without targeting the other factors.
Accordingly, inactivation of both VEGF-A and PIGFs with aflibercept
was equally effective but not superior under these conditions. To
reinstate lost claudin-1, surprisingly low concentrations of ranibi-
zumab or aflibercept considerably below the pharmacologically
achievable values were sufficient. Complete loss of claudin-1's
plasma membrane localization but only subtle discontinuous
staining for all other TJ]-proteins tested was observed after growth
factor treatment which is in accordance with previous observations
after prolonged VEGF-treatment confirming claudin-1's impor-
tance for a functional iBREC barrier (Deissler et al., 2008, 2010;
Wisniewska-Kruk et al., 2012). Whether loss of claudin-1 pres-
ence is associated with an altered phosphorylation pattern of the
protein is unclear. However, the putative phosphorylation site
Thr203 which regulates plasma membrane localization of rodent
claudin-1 (Fujibe et al., 2004), is not present in the human or bovine
protein which are identical in the C-terminal region of the protein.

Our results also suggest that VEGFR2 — possibly in concert with
NRP-1 — is crucially involved in VEGF-induced impairment of the
REC barrier: When used at physiologically relevant concentrations,
VEGFy65 and VEGF-E induced a strong and permanent reduction of
TER and claudin-1, the effect of VEGF{3; was weak and transient,
and PIGF-1/-2 did not affect permeability at all. Based on these
observations, we hypothesize that activation of VEGFR2 — but not
VEGFR1 — is sufficient to initiate barrier disruption which is sup-
ported by experiments showing that specific inhibition of VEGFR1/
2 prevents VEGF-induced loss of claudin-1 in iBREC (Deissler et al.,
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2011). Activation of NRP-1 only is also insufficient, because specific
inhibition of VEGF receptor tyrosine kinases prevents VEGF-
induced loss of claudin-1 in iBREC (Deissler et al., 2011). However,
NRP-1 probably strengthens the action of VEGFR2 and persistence
of barrier break-down very likely requires bridging between NRP-1
and VEGFR2. This conclusion is based on the facts that selective
inhibition of VEGFR1/2 was barely sufficient to restore the VEGF;g5-
induced loss of claudin-1 and that VEGF;3; which binds weakly to
NRP-1 and cannot ligate NRP-1 to VEGFR2 (Pan et al., 2007),
induced only transient changes. In macrovascular EC, NRP-1 regu-
lates VEGF-induced permeability (Becker et al., 2005) and bridging
between NRP-1 and VEGFR2 appears to be necessary to stimulate
migration in these cells (Pan et al., 2007). In contrast, an important
and independent role of VEGFR1 in the VEGF-induction of a barrier
dysfunction in iBREC seems rather unlikely because both PIGF-
isoforms did not have any effect. Contrary to these results, an
involvement of VEGFR1 has been suggested, but in these studies
cells from different origin (porcine brain EC) were used (Vogel et al.,
2007).

Interestingly, iBREC migration was more strongly stimulated by
VEGF-A together with PIGF compared to VEGF-A alone, although
both PIGF-isoforms as single agents had no effect (Deissler et al.,
2013). Cross-activation of VEGFR2 by PIGF-activated VEGFR1
shortly after addition of the growth factor has been demonstrated
in studies on angiogenesis in microvascular EC (Autiero et al.,
2003). The physiologically occurring heterodimer VEGF65/PIGF as
well as the homodimer VEGFig5 induce heterodimerization of
VEGFR1 and VEGFR2 within minutes after treatment thereby also
stimulating angiogenesis EC (Autiero et al., 2003). Whether cross
activation or heterodimerization of the VEGF receptors are involved
in the disruption of the endothelial cell barrier after prolonged
treatment remains to be shown. The inability of PIGF-1/-2 to
enhance VEGF-induced barrier dysfunction in (i)BREC suggests that
an important contribution of cross activation by PIGF-activated
VEGFR1 is rather unlikely when “long-term” effects are concerned.

Our study revealed that aflibercept and ranibizumab are simi-
larly efficient in restoring barrier function of REC after extended
treatment with growth factor mixes containing VEGF-A, PIGF, bFGF
and IGF-1. Interestingly, superiority of additional inhibition of PIGF
in treatment of DME using aflibercept could not be demonstrated in
clinical investigations (Do et al., 2012). Taken together, a dominant
role of VEGF-A in the disturbance of the blood-retina barrier
observed in DME may be concluded although involvement of other
factors should not be ruled out.

5. Disclosure statement, funding and role of funding source

This study was supported by research grants by Novartis Pharma
GmbH, Germany to Heidrun L Deissler and Gabriele E Lang. The
funding source did not have any influence on study design, data
analyses and interpretation, writing of the manuscript and decision
on publishing, whatsoever.

Acknowledgements and funding
The authors thank Susanne Denning, Nadine Gubernath and

Anita Ruepp for expert technical assistance and Novartis Pharma
GmbH for a generous gift of ranibizumab.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.exer.2013.07.018.

References

Aiello, L.P,, Avery, R.L., Arrigg, P.G., Keyt, B.A., Jampel, H.D., Shah, S.T., Pasquale, LR.,
Thieme, H., Iwamoto, M.A,, Park, J.E., Nguyen, H.V., Aiello, LM., Ferrara, N.,
King, G.L.,, 1994. Vascular endothelial growth factor in ocular fluid of patients
with diabetic retinopathy and other retinal disorders. N. Engl. J. Med. 331,
1480—1487.

Aiello, L.P, Pierce, E.A., Foley, E.D., 1995. Suppression of retinal neovascularization
in vivo by inhibition of vascular endothelial growth factor (VEGF) using soluble
VEGF-receptor chimeric proteins. Proc. Natl. Acad. Sci. U. S. A. 92, 10457—10461.

Antonetti, D.A., Barber, AJ., Hollinger, L.A., Wolpert, E.B., Gardner, TW., 1999.
Vascular endothelial growth factor induces rapid phosphorylation of tight
junction proteins occludin and zonula occludens 1. J. Biol. Chem. 274, 23463—
23467.

Autiero, M., Waltenberger, J., Communi, D., Kranz, A., Moons, L., Lambrechts, D.,
Kroll, ]., Plaisance, S., De Mol, M., Bono, F, Kliche, S., Fellbrich, G., Ballmer-
Hofer, K., Maglione, D., Mayr-Beyrle, U., Dewerchin, M., Dombrowski, S.,
Stanimirovic, D., Van Hummelen, P, Dehio, C., Hicklin, DJ.,, Persico, G.,
Herbert, ].M., Communi, D., Shibuya, M., Collen, D., Conway, E.M., Carmeliet, P.,
2003. Role of PIGF in the intra- and intermolecular cross talk between the VEGF
receptors Flt1 and Flk1. Nat. Med. 7, 936—943.

Bazzoni, G., 2006. Endothelial tight junctions: permeable barriers of the vessel wall.
Thromb. Haemost. 95, 36—42.

Becker, P.M., Waltenberger, J., Yachechko, R., Mirzapoiazova, T., Sham, ].S., Lee, C.G.,
Elias, ].A., Verrin, A.D., 2005. Neuropilin-1 regulates vascular endothelial growth
factor-mediated endothelial permeability. Circ. Res. 96, 1657—1665.

Blume, LF, Denker, M., Giesler, F,, 2010. Temperature corrected transepithelial
electrical resistance (TEER) measurement to quantify rapid changes in para-
cellular permeability. Pharmazie 65, 19—24.

Boulton, M., Gregor, Z., McLeod, D., Charteris, D., Jarvis-Evans, J., Moriarty, P.,
Khaliq, A., Foreman, D., Allamby, D., Bardsley, B., 1997. Intravitreal growth fac-
tors in proliferative diabetic retinopathy: correlation with neovascular activity
and glycaemic management. Br. ]. Ophthalmol. 81, 228—233.

Brkovic, A., Sirois, M.G., 2007. Vascular permeability induced by VEGF family
members in vivo: role of endogenous PAF and NO synthesis. J. Cell. Biochem.
100, 727—-737.

Cai, J., Wu, L, Qi, X,, Shaw, L, Li Calzi, S., Caballero, S., Jiang, W.G., Vinores, S.A.,
Antonetti, D., Ahmed, A., Grant, M.B., Boulton, M.E., 2011. Placenta growth
factor-1 exerts time-dependent stabilization of adherens junctions following
VEGF-induced vascular permeability. PLoS ONE 6 (3), e18076. http://dx.doi.org/
10.1371/journal.pone.0018076.

Castellon, R., Hamdi, H.K,, Sacerio, L., Aoki, A.M., Kenney, M.C., Ljubimov, A.V., 2002.
Effects of angiogenic growth factor combinations on retinal endothelial cells.
Exp. Eye Res. 74, 523—-535.

Deissler, H.L,, Deissler, H., Lang, G.K,, Lang, G.E., 2005. Generation and character-
ization of iBREC: novel hTERT-immortalized bovine retinal endothelial cells. Int.
J. Mol. Med. 15, 65—70.

Deissler, H.L., Kuhn, E.M., Lang, G.E., Deissler, H., 2007. Tetraspanin CD9 is involved
in the migration of retinal microvascular endothelial cells. Int. J. Mol. Med. 20,
643—652.

Deissler, H.L., Deissler, H., Lang, S., Lang, G.E., 2008. VEGF-induced effects on pro-
liferation, migration and tight junctions are restored by ranibizumab
(Lucentis®) in microvascular retinal endothelial cells. Br. J. Ophthalmol. 92,
839-843.

Deissler, H.L., Deissler, H., Lang, G.E., 2010. Inhibition of protein kinase C is not
sufficient to prevent or reverse effects of VEGFig5 on tight junction protein
claudin-1 and permeability in microvascular retinal endothelial cells. Invest.
Ophthalmol. Vis. Sci. 51, 535—542.

Deissler, H.L., Deissler, H., Lang, G.E., 2011. Inhibition of VEGF is sufficient to
completely restore barrier malfunction induced by growth factors in micro-
vascular retinal endothelial cells. Br. J. Ophthalmol. 95, 1151-1156.

Deissler, H.L., Deissler, H., Lang, G.K., Lang, G.E., 2013. Ranibizumab efficiently blocks
migration but not proliferation induced by growth factor combinations
including VEGF in retinal endothelial cells. Graefes Arch. Clin. Exp. Ophthalmol..
http://dx.doi.org/10.1007/s00417-013-2393-5.

Do, D.V,, Nguyen, Q.D., Boyer, D., Schmidt-Erfurth, U., Brown, D.M., Vitti, R,
Berliner, AJ., Gao, B., Zeitz, O., Ruckert, R., Schmelter, T., Sandbrink, R., Heier, J.S.,
DA VINCI Study Group, 2012. One-year outcomes of the DA VINCI study of VEGF
trap-eye in eyes with diabetic macular edema. Ophthalmology 119, 1658—1665.

Ferrara, N., 2004. Vascular endothelial growth factor: basic science and clinical
progress. Endocr. Rev. 25, 581-611.

Ferrara, N., Damico, L., Shams, N., Lowman, H., Kim, R., 2006. Development of
ranibizumab, an anti-vascular endothelial growth factor antigen binding frag-
ment, as therapy for neovascular age-related macular degeneration. Retina 26,
859—-870.

Fujibe, M., Chiba, H., Kojima, T., Soma, T., Wada, T,, Yamashita, T., Sawada, N., 2004.
Thr203 of claudin-1, a putative phosphorylation site for MAP kinase, is required
to promote the barrier function of tight junctions. Exp. Cell Res. 295, 36—47.

Harhaj, N.S. Felinski, E.A., Wolpert, E.B., Sundstrom, ].M., Gardner, T.W.,
Antonetti, D.A., 2006. VEGF activation of protein kinase C stimulates occludin
phosphorylation and contributes to endothelial permeability. Invest. Oph-
thalmol. Vis. Sci. 47, 5106—5115.

Haurigot, V., Villacampa, P, Ribera, A., Llombart, C., Bosch, A., Nacher, V., Ramos, D.,
Ayuso, E., Segovia, ].C,, Bueren, J.A., Ruberte, J., Bosch, F, 2009. Increased


http://dx.doi.org/10.1016/j.exer.2013.07.018
http://dx.doi.org/10.1016/j.exer.2013.07.018
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref1
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref1
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref1
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref1
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref1
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref1
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref2
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref2
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref2
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref2
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref3
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref3
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref3
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref3
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref4
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref4
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref4
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref4
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref4
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref4
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref4
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref4
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref5
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref5
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref5
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref6
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref6
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref6
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref6
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref7
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref7
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref7
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref7
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref8
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref8
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref8
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref8
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref8
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref9
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref9
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref9
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref9
http://dx.doi.org/10.1371/journal.pone.0018076
http://dx.doi.org/10.1371/journal.pone.0018076
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref11
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref11
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref11
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref11
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref12
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref12
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref12
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref12
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref13
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref13
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref13
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref13
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref14
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref14
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref14
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref14
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref14
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref14
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref15
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref15
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref15
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref15
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref15
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref15
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref16
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref16
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref16
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref16
http://dx.doi.org/10.1007/s00417-013-2393-5
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref18
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref18
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref18
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref18
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref18
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref19
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref19
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref19
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref20
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref20
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref20
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref20
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref20
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref21
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref21
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref21
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref21
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref22
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref22
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref22
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref22
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref22
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref23
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref23

H.L. Deissler et al. / Experimental Eye Research 115 (2013) 162—171 171

intraocular insulin-like growth factor-I triggers blood-retinal barrier break-
down. ]. Biol. Chem. 284, 22961—22969.

Holash, J., Davis, S., Papadopoulos, N., Croll, S.D., Ho, L, Russell, M., Boland, P.,
Leidich, R., Hylton, D., Burova, E., loffe, E., Huang, T., Radziejewski, C., Bailey, K.,
Fand], J.P, Daly, T., Wiegand, S.J., Yancopoulos, G.D., Rudge, ].S., 2002. VEGF-trap:
a VEGF blocker with potent antitumor effects. Proc. Natl. Acad. Sci. U. S. A. 99,
11393-11398.

Khaliq, A., Foreman, D., Ahmed, A., Weich, H., Gregor, Z., McLeod, D., Boulton, M.,
1998. Increased expression of placenta growth factor in proliferative diabetic
retinopathy. Lab. Invest. 78, 109—115.

Meyer, M., Clauss, M., Lepple-Wienhues, A. Waltenberger, ]., Augustin, H.G.,
Ziche, M., Lanz, C., Buttner, M., Rziha, H.J., Dehio, C., 1999. A novel endothelial
growth factor encoded by Orf virus, VEGF-E, mediates angiogenesis via
signaling through VEGFR-2 (KDR) but not VEGFR-1 (FIt-1) receptor kinases.
EMBO J. 18, 363—374.

Meyer-Schwickerath, R., Pfeiffer, A., Blum, W.F,, Freyberger, H., Klein, M., Losche, C.,
Réllmann, R., Schatz, H., 1993. Vitreous levels of the insulin-like growth factors I
and II and the insulin-like growth factor binding proteins 2 and 3, increase in
neovascular eye disease. . Clin. Invest. 92, 2620—2625.

Migdal, M., Huppertz, B., Tessler, S., Comforti, A., Shibuya, M., Reich, R., Baumann, H.,
Neufeld, G., 1998. Neuropilin-1 is a placenta growth factor-2 receptor. J. Biol.
Chem. 273, 22272—-22278.

Mitchell, P, Bandello, F, Schmidt-Erfurth, U, Lang, G.E., Massin, P,
Schlingemann, R.O., Sutter, F, Simader, C., Burian, G., Gerstner, O.,
Weichselberger, A., RESTORE study group, 2011. The RESTORE study: ranibizu-
mab monotherapy or combined with laser versus laser monotherapy for dia-
betic macular edema. Ophthalmology 118, 615—625.

Nakamura, K., Taguchi, E., Miura, T., Yamamoto, A., Takahashi, K., Bichat, F,
Guilbaud, N., Hasegawa, K., Kubo, K. Fujiwara, Y., Suzuki, R., Kubo, K,
Shibuya, M., Isae, T., 2006. KRN951, a highly potent inhibitor of vascular
endothelial growth factor receptor tyrosine kinases, has antitumor activities
and affects functional vascular properties. Cancer Res. 66, 9134—9142.

Nguyen, Q.D., Tatlipinar, S., Shah, S.M., Haller, J.A., Quinlan, E., Sung, J., Zimmer-
Galler, I, Do, D.V., Campochiaro, P.A., 2006. Vascular endothelial growth factor is a
critical stimulus for diabetic macular edema. Am. J. Ophthalmol. 142, 961-969.

Oh, H,, Takagi, H., Otani, A., Koyama, S., Kemmochi, S., Uemura, A., Honda, Y., 2002.
Selective induction of neuropilin-1 by vascular endothelial growth factor
(VEGF): a mechanism contributing to VEGF-induced angiogenesis. Proc. Natl.
Acad. Sci. U. S. A. 99, 383—388.

Othman, A., Ahmad, S., Megyerdi, S., Mussell, R, Choksi, K, Maddipati, KR,
Elmarakby, A., Rizk, N., Al-Shabrawey, M., 2013. 12/15-Lipoxygenase-derived
lipid metabolites induce retinal endothelial cell barrier dysfunction: contribu-
tion of NADPH oxidase. PLoS ONE 8 (2), e57254. http://dx.doi.org/10.1371/
journal.pone.0057254.

Pan, Q., Chathery, Y., Wu, Y., Rathore, N., Tong, RK, Peale, F, Bagri, A., Tessier-
Lavigne, M., Koch, A.W., Watts, RJ., 2007. Neuropilin-1 binds to VEGF;e5 and
regulates endothelial cell migration and sprouting. J. Biol. Chem. 282, 24049—
24056.

Park, J.E., Chen, H.H., Winer, J., Houck, K.A., Ferrara, N., 1994. Placenta growth factor.
Potentiation of vascular endothelial growth factor bioactivity, in vitro and
in vivo, and high affinity binding to Flt-1 but not to Flk-1/KDR. J. Biol. Chem.
269, 25646—25654.

Qaum, T., Xu, Q., Joussen, A.M., Clemens, M.W., Qin, W., Miyamoto, K., Hassessian, H.,
Wiegand, S.J., Rudge, J., Yancopoulos, G.D., Adamis, A.P., 2001. VEGF-initiated
blood-retinal barrier breakdown in early diabetes. Invest. Ophthalmol. Vis. Sci.
42, 2408—2413.

Sawano, A., Takahashi, T., Yamaguchi, S., Aonuma, M., Shibuya, M., 1996. Flt-1 but
not KDR/FIk-1 tyrosine kinase is a receptor for placental growth factor, which is
related to vascular endothelial growth factor. Cell Growth Differ. 7, 213—221.

Simorre-Pinatel, V., Guerrin, M., Chollet, P,, Penary, M., Clamens, S., Malecaze, F.,
Plouet, J., 1994. Vasculotropin-VEGF stimulates retinal capillary endothelial cells
through an autocrine pathway. Invest. Ophthalmol. Vis. Sci. 35, 3393—3400.

Stewart, E.A., Samaranayake, G.J., Browning, A.C., Hopkinson, A., Amoaku, W.M.,
2011. Comparison of choroidal and retinal endothelial cells: characteristics and
response to VEGF-isoforms and anti-VEGF treatment. Exp. Eye Res. 93, 761-766.

Tretiach, M., van Driel, D., Gillies, M.C., 2003. Transendothelial electrical resistance
of bovine retinal capillary endothelial cells is influenced by cell growth pat-
terns: an ultrastructural study. Clin. Exp. Ophthalmol. 31, 348—353.

Vogel, C., Bauer, A., Wiesnet, M., Preissner, K.T., Schaper, W., Marti, H.H., Fischer, S.,
2007. Flt-1, but not Flk-1 mediates hyperpermeability through activation of the
PI3-K/Akt pathway. J. Cell. Physiol. 216, 236—243.

Wisniewska-Kruk, J., Hoeben, K.A., Vogels, .M., Gaillard, PJ., Van Noorden, CJ.,
Schlingemann, R.O., Klaassen, 1., 2012. A novel co-culture model of the blood-
retinal barrier based on primary retinal endothelial cells, pericytes and astro-
cytes. Exp. Eye Res. 96, 181—-190.

Yan, Q. Ki, Y., Hendrickson, A., Sage, E.H., 2001. Regulation of retinal capillary cells
by basic fibroblast growth factor, vascular endothelial growth factor, and hyp-
oxia. In Vitro Cell. Dev. Biol.-animal 37, 45—49.


http://refhub.elsevier.com/S0014-4835(13)00216-9/sref23
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref23
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref23
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref24
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref24
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref24
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref24
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref24
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref24
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref25
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref25
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref25
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref25
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref26
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref26
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref26
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref26
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref26
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref26
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref27
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref27
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref27
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref27
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref27
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref28
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref28
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref28
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref28
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref29
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref29
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref29
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref29
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref29
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref29
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref30
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref30
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref30
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref30
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref30
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref30
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref31
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref31
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref31
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref31
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref32
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref32
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref32
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref32
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref32
http://dx.doi.org/10.1371/journal.pone.0057254
http://dx.doi.org/10.1371/journal.pone.0057254
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref34
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref34
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref34
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref34
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref34
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref35
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref35
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref35
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref35
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref35
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref36
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref36
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref36
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref36
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref36
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref37
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref37
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref37
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref37
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref38
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref38
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref38
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref38
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref39
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref39
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref39
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref39
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref40
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref40
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref40
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref40
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref41
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref41
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref41
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref41
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref42
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref42
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref42
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref42
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref42
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref43
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref43
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref43
http://refhub.elsevier.com/S0014-4835(13)00216-9/sref43

	VEGF but not PlGF disturbs the barrier of retinal endothelial cells
	1 Introduction
	2 Materials and methods
	2.1 Reagents, growth factors and antibodies
	2.2 Cell cultivation
	2.3 Treatment of iBREC with growth factors and western blot analyses
	2.4 Transendothelial electrical resistance of cell layers
	2.5 Immunofluorescence staining
	2.6 General considerations and statistical analyses

	3 Results
	3.1 Different effects of VEGF121, PlGF-1 and PlGF-2 on iBREC barrier function
	3.2 Effects of VEGFs and PlGFs in combination with bFGF and IGF-1 on iBREC barrier function
	3.3 VEGF inhibition is sufficient to restore decreases of TER and claudin-1 expression induced by VEGF165 combined with oth ...
	3.4 Specific inhibition of VEGF receptor tyrosine kinases is not sufficient to restore VEGF-induced barrier disturbance

	4 Discussion
	5 Disclosure statement, funding and role of funding source
	Acknowledgements and funding
	Appendix A Supplementary data
	References


