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ABSTRACT.
Purpose: To determine the optimum administration route of bevacizumab after
glaucoma ﬁltering surgery (GFS) and to investigate whether a reduced dose of
mitomycin-C (MMC) in combination with bevacizumab could improve surgical
outcome with a reduced incidence of side-eﬀects.
Methods: Plasma levels of bevacizumab were determined via ELISA after
intracameral (IC), subconjunctival (SC) and intravitreal (IV) injections in mice,
subjected to a mouse model of GFS. Application of MMC was compared to
bevacizumab (SC, 25 lg) and to the combined use of both adjuvants. Surgical
sponges soaked in MMC 0.02% or 0.01% were exposed to the sclera for 1 or
2 min. Treatment outcome was studied by bleb investigation.
Results: The three administration routes of bevacizumab equally improved
surgical outcome. The VEGF antibody was detected at relatively high levels in
plasma shortly after IV injection, whereas it was minimally absorbed after IC
and SC injections. Both bevacizumab (SC) and MMC 0.02% (2 min) similarly
increased bleb area. As compared to MMC, the combined injection with
bevacizumab induced an additional eﬀect on surgical outcome. Exposure of
MMC 0.02% for 1 or 2 min together with bevacizumab equally improved
surgical outcome, but 2 min application induced corneal toxicity. The combined
use of bevacizumab and 1-min MMC 0.01% also improved surgical outcome
compared to monotherapy, although to a lesser extent than the combination with
1-min MMC 0.02%.
Conclusions: Adjunctive bevacizumab not only enhances the beneﬁcial eﬀect of
MMC on surgical outcome, but also allows reducing the administration time of
MMC 0.02%, thereby eliminating its toxic eﬀects on the cornea.
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Introduction
Diﬀerent antimitotics, such as 5-ﬂuorouracil (5-FU) and mitomycin-C
(MMC), still serve as the gold-standard

treatment to reduce scar formation
after glaucoma ﬁltration surgery
(GFS). These agents indeed signiﬁcantly improve the surgical success rate

by enhancing bleb survival. However,
due to their non-speciﬁc action and
mechanism, these antimitotics carry a
risk of vision-threatening complications (Lama & Fechtner 2003). With
lower levels of exposure, bleb-related
complications are less frequent, but
ﬁltration failure is more common. This
variability in outcome eﬀectively presents a trade-oﬀ in which safer procedures are less eﬀective and more
eﬀective procedures are less safe
(Mathew & Barton 2011). New
approaches may allow modulation of
wound healing resulting in more predictable surgical outcomes. Finding
drugs with pleiotropic working mechanisms would be a major beneﬁt,
because this might oﬀer improved
therapeutic opportunities. We indeed
showed that inhibition of vascular
endothelial growth factor (VEGF) –
particularly the non-selective inhibitors
– could improve the surgical outcome
by reducing angiogenesis and ﬁbrosis
in a rabbit model of glaucoma surgery
(Li et al. 2009; Van Bergen et al. 2011)
and in a prospective randomized clinical trial (Vandewalle et al. 2014).
These insights may open new perspectives for glaucoma surgery, although
some questions remain unanswered.
However, a few small comparative
studies have been performed (Nilforushan et al. 2012; Sengupta et al. 2012;
Anand & Bong 2015), it remains
unclear whether antiﬁbrotics, such as
bevacizumab, can replace the use of
antimitotics in clinical practice or
should rather be used as an adjunctive

667

Acta Ophthalmologica 2015

to antimitotics. It has been suggested
that administration of MMC can lead
to an upregulation of factors that are
pro-inﬂammatory, pro-angiogenic and/
or pro-ﬁbrotic. Interestingly, Wong and
coworkers (oral communication of
unpublished results) demonstrated that
MMC application results in an upregulation of VEGF in aqueous humour
(AH) of patients after glaucoma
surgery. Therefore, associating MMC
with drugs that block these upregulated
pro-ﬁbrotic growth factors may oﬀer
promising complementary eﬃcacy and
may enable to lower the dose of MMC
and thus its related side-eﬀects.
This study aimed at further exploring the hypothesis that a combined
application of antimitotic and antiscarring agents may have complementary
eﬀects. Therefore, we ﬁrst compared
the eﬀect of MMC versus the monoclonal anti-VEGF antibody, bevacizumab, in a mouse model of GFS.
Secondly, we investigated the eﬀect of
combined administration of MMC and
bevacizumab on the surgical outcome.
Importantly, we also checked whether
the dose and/or administration time of
MMC could be lowered when used in
combination with VEGF inhibition, to
reduce its side-eﬀects while maintaining
its eﬃcacy.

Materials and Methods
All experimental animal procedures
were performed in accordance with
the standards in the Association for
Research in Vision and Ophthalmology
Statement for the Use of Animals in
Ophthalmic and Vision Research and
the EC Directive 86/609/EEC for animal experiments. All experiments were
also approved by the Institutional
Animal Care and Research Advisory
Committee of KU Leuven.
Mouse model of glaucoma ﬁltration
surgery
Mouse glaucoma surgery model

In this study, C57BL/6J mice (8–
10 weeks old; Charles River Laboratories, Lyon, France) were used. General
anaesthesia was induced via 10 timesdiluted (60 mg/kg ﬁnal dose) sodium
pentobarbital (Nembutal, 60 mg/ml;
CEVA, Sante Animale, Brussels, Belgium) injected intraperitoneally. As
described in the literature, ﬁltering
surgery was performed on both eyes
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resulting in a ﬁltration bleb (Seet et al.
2010, 2011; Van Bergen et al. 2013a).
Shortly, the conjunctiva was ﬁrst surgically dissected to expose the underlying sclera, and a small ﬁltration
subconjunctival space was created by
running the surgical scissors underneath the dissected conjunctiva. Next,
a 30-gauge needle was used to make an
incision through the sclera into the
anterior chamber of the eye to allow
AH to escape into the subconjunctival
space. Finally, the conjunctiva was
closed at the limbus by suturing over
the newly created ﬁstula (using a 10-0
nylon suture; Alcon). A topical combination preparation containing steroids
and antibiotics (Tobradex; SA AlconCouvreur, Puurs, Belgium) was administered at the end of surgery.
Clinical investigation of blebs

Every 2 days, bleb investigation was
performed by taking bleb pictures from
anaesthetized mice. Herefore, a digital
Canon Eos 5D Mark II camera with a
100 mm lens was used at a magniﬁcation of 49. Using commercial software
(KS300; Zeiss, Brussels, Belgium), bleb
area and survival were determined on
these images. The appearance of a
scarred and ﬂat bleb at two consecutive
measurements was deﬁned as bleb failure (Van Bergen et al. 2013a). Also
corneal opacity was graded on these
pictures at day 1, 3, 5, 7, 13, 21 and 29
after surgery, according to a previously
published 0–4 scoring (Yoeruek et al.
2008; Lee et al. 2009), ranging from 0
as a clear/transparent cornea to 4 as
complete corneal opacity.
Mouse treatment regimens

In all experiments, an analytic science
syringe (SGE Analytic Science, Austin,
TX, USA) and glass capillaries with a
diameter of 50–70 lm at the end were
used to perform the injections of bevacizumab and NaCl (1 ll). All the
injections were controlled by the
UMP3I Microsyringe Injector and
Micro4 Controller (all from World
Precision Instruments Inc., Hertfordshire, UK). Of note, the use of NaCl as
control for bevacizumab in various
cancer and even eye models has already
been reported. Furthermore, there were
no diﬀerences between animals treated
with NaCl or an irrelevant monoclonal
IgG antibody, which suggest that both
can be used as a negative control (Lee

et al. 2009) (Folkesson et al. 1995;
Santoro et al. 2009; Huang et al.
2011). The surgical sponges soaked
with either MMC or NaCl were placed
on the exposed sclera for 1–2 min, and
after removing the sponge, the ocular
surface and subconjunctival space were
extensively rinsed with 2 ml of NaCl.
Optimal route of administration of bevacizumab

In the ﬁrst experiment (n = 15 mice per
group), mice were divided into three
diﬀerent groups to investigate the most
optimal administration route of bevacizumab. Immediately after surgery,
the VEGF antibody (1 ll, 25 lg;
Genentech, Inc., San Francisco, CA,
USA) was injected intracamerally (IC)
in one eye of the ﬁrst group, subconjunctivally (SC) in the second group and
the third group received an intravitreal
(IV) injection of bevacizumab. In every
group, NaCl 0.9% (B. Braun Medical,
Bethlehem, PA, USA) was administered
in the contralateral eye, which served as
negative control. In a second experiment, a group of three mice per condition was used to investigate systemic
absorption of bevacizumab. One eye of
each mouse was operated and treated
with bevacizumab (IC, SC or IV injections) and the other, non-operated eye
was used to collect blood at 30 min, 1 h,
4 h, 8 h, 1 day, 3 days, 7 days and
14 days after injection. Blood was collected in heparin (5000 IU/ml; Leo
Pharma, Ballerup, Denmark) ﬁlled
tubes (1/50 dilution in NaCl), centrifuged for 5 min at 7000 revolutions per
min (rpm) and stored at 20°C until
analysis. An enzyme immunoassay for
the quantitative determination of bevacizumab (ABIN1540255; Matriks Biotek Laboratories, Ankara, Turkey) with
a detection limit of 30 ng/ml was used
to investigate bevacizumab levels in the
plasma samples.
Eﬀect of bevacizumab on surgical outcome
in comparison with MMC

In the third experiment (n = 20 mice
per group), the eﬀect of MMC (Kyowa
Hakko Kirin Co., Ltd., Princeton, NJ,
USA) on surgical outcome was compared to the eﬀect of bevacizumab. One
eye was treated with a SC injection of
the VEGF inhibitor (1 ll; 25 lg), combined with a surgical sponge soaked in
NaCl. A surgical sponge soaked with
MMC 0.02% (2 min) and a SC injection of NaCl was administered to the
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other eye. A control group received a
combination of an injection and surgical sponge of NaCl in both eyes.
Eﬀect of bevacizumab on surgical outcome
in combination with MMC

To investigate the complementary
eﬀect of bevacizumab (25 lg) and the
antimitotic agent (2-min administration of MMC 0.02%), mice were
divided into three diﬀerent groups in
the fourth experiment (n = 10 mice per
group). To perform the experiment
with a masked observer, all eyes were
treated with a combined sponge and
injection application. Moreover, all
separate conditions were compared to
each other. To check whether the
concentration or administration time
of the antimitotic could be lowered, a
ﬁfth experiment was set-up (n = 10
mice per group). Similar groups as in
the fourth experiment were used, but a

surgical sponge soaked in MMC 0.02%
and MMC 0.01% was exposed to the
sclera for 1 and 2 min, respectively.
An overview of the diﬀerent treatment groups is provided in Table 1.
(Immuno)histological and microscopical
analyses
Tissue preparation

Mice were killed by cervical dislocation
on postoperative days 8, 14, 30 and 34
after surgery (n = 5–10 per time-point).
After enucleating both eyes, whole eyes
were ﬁxed in 1% paraformaldehyde
(Merck, Darmstadt, Germany) overnight
and rinsed three times for 5 min in
phosphate-buﬀered saline (PBS). Serial
paraﬃn sections were cut (7 lm) in ﬁve
series of ﬁve glass slides. To localize the
bleb (area of analysis), haematoxylin and
eosin (H&E) staining was performed on
the ﬁrst slide from each series.

Table 1. Overview of diﬀerent treatment groups.
Mouse experiments
1. Optimal route of administration (D14)

One eye

Contralateral eye

Eﬃcacy

Injection

Injection

First group (n = 15)
Second group (n = 15)
Third group (n = 15)

IC bevacizumab
SC bevacizumab
IV bevacizumab

IC NaCl
SC NaCl
IV NaCl

Safety

Injection

No treatment

First group (n = 3)
Second group (n = 3)
Third group (n = 3)

IC bevacizumab
SC bevacizumab
IV bevacizumab

Blood collection
Blood collection
Blood collection

One eye
Sponge

Contralateral eye
SC injection

2. Bevacizumab versus MMC 0.02% – 2 min (D30)
First group (n = 20)
NaCl
Bevacizumab
Second group (n = 20)
NaCl
NaCl
3. Bevacizumab with MMC 0.02% – 2 min (D30)
First group (n = 20)
MMC
NaCl
Second group (n = 20)
MMC
bevacizumab
Third group (n = 20)
NaCl
NaCl
4. Lower concentration and administration time of MMC (D34)
First group (n = 10 for MMC 0.02% –
MMC
NaCl
0.01% for 1 and 2 min)
Second group (n = 10 for MMC 0.02% – MMC
bevacizumab
0.01% for 1 and 2 min)
Third group (n = 10 for MMC 0.02% –
NaCl
NaCl
0.01% for 1 and 2 min)

Sponge

SC injection

MMC
NaCl

NaCl
NaCl

NaCl
MMC
MMC

NaCl
NaCl
Bevacizumab

NaCl

NaCl

MMC

NaCl

MMC

Bevacizumab

Rabbit experiment
1. VEGF expression after MMC

One eye
Sponge

Contralateral eye
Sponge

First group (n = 10)

MMC 0.02% – 2 min

NaCl

IC, intracameral; SC, subconjunctival; IV, intravitreal.

Staining for inﬂammatory and endothelial
cells and for collagen deposition

Inﬂammation in the bleb was evaluated
using an immunostaining for the
inﬂammatory cell marker CD45 and
blood vessel density was analysed using
a staining for CD31, as previously
described by our laboratory (Van Bergen et al. 2013a). Rat anti-mouse
CD45 (1/100; 553076; Pharmingen;
Erembodegem, Belgium) or rat antimouse CD31 antibody (1/500; 557355;
Pharmingen), respectively, was used to
incubate the eye sections overnight.
The next day, the slides were incubated
with rabbit anti-rat biotin labelledantibody (1/300; Dako, Heverlee, Belgium). Antibody binding was visualized by ﬂuorescent staining using the
TSATM Cyanin 3 system (Renaissance
TSATM Indirect; NEL704A; Waltham,
MA, USA), and slides were mounted
with Prolong Gold with 40 ,6-diamidino-2-phenylindole (DAPI; Molecular
Probes, Eugene, OR, USA). Sirius
Red staining was performed to analyse
deposition of collagen in the bleb.
Slides were deparaﬃnised, washed and
placed in Sirius Red solution (Direct
Red 80 and 1.3% picric acid solution;
both Sigma Aldrich, Diegem, Belgium)
for 60 min. Sections were then placed
in 0.01N HCl (Prolabo, Leuven, Belgium) for 2 min, dehydrated and
mounted with DPX mounting medium
(Prosan, Merelbeke, Belgium).
Microscopic analysis

As described above, the bleb was
localized on the ﬁrst serial slide, based
on the H&E staining. The consecutive
slides were used to perform the diﬀerent (immuno)histological stainings,
and analysis of the diﬀerent wound
healing processes was only performed
in the bleb. For every staining, one
slide per eye (ﬁve sections per slide) was
analysed and diﬀerent eyes were averaged. A Leica Microsystems microscope (Wetzlar, Germany), equipped
with a digital camera (Axiocam MrC5;
Carl Zeiss, Oberkochen, Germany),
was used to obtain images of the
diﬀerent stainings, based on previous
reports (Li et al. 2009; Van Bergen
et al. 2011, 2013a,b). Shortly, pictures
were taken at a magniﬁcation of 209, a
resolution of 2584 9 1936 pixels, and
morphometric analyses were performed using commercial software
(KS300; Zeiss). The density of leucocytes and blood vessels was determined
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by calculating, respectively, the CD45positive and the CD31-positive area as
a proportion of the bleb area. The
percentage of the area of Sirius Redstained mature collagen ﬁbres to the
total wound area was measured to
determine collagen deposition in the
bleb. Polarized light was used to distinguish mature (appearing bright yellow and orange) from immature
(green) collagen ﬁbres.
Determination of VEGF levels in a rabbit
model of glaucoma ﬁltration surgery
Rabbit model of glaucoma ﬁltration surgery

New Zealand rabbits (n = 10; 12–
14 weeks; animal facility of KU Leuven, Belgium) were anaesthetized via
intramuscular injection of 50 mg/ml
ketamine (Ketalar; Pﬁzer, Ann Arbor,
MI, USA) and 2% sedative (Rompun;
Bayer Health Care, Pittsburgh, PA,
USA), as previously described (Li et al.
2009; Van Bergen et al. 2011, 2013b).
Surgery was performed on both eyes,
using a technique similar to trabeculectomy in humans (Vandewalle et al.
2014). In brief, a partial thickness, 9/0
corneal traction suture (Alcon) was
placed superiorly and the eye was
pulled down. A fornix-based conjunctival ﬂap was performed in the upper
part of the eye, and the sclera was
exposed. One eye was treated with
MMC, whereas the other eye served
as a control and was treated with NaCl.
A surgical sponge soaked with either
MMC 0.02% or NaCl 0.9% was placed
on the exposed sclera for 2 min, and
after removing the sponge, the ocular
tissue was abundantly washed with
NaCl (Table 1). A limbus-based halfscleral-thickness ﬂap was dissected
until clear cornea was reached. A
Khaw titanium punch was used to
remove a standard size part of the
trabecular meshwork (TM), to allow
drainage of the AH, resulting in a
ﬁltering bleb. A peripheral iridectomy
was performed, and both ﬂaps were
closed with two 10-0 nylon sutures
(Alcon). Tobradex ointment (SA Alcon-Couvreur) was applied at the end
of the procedure.
Detection of VEGF protein levels in aqueous humour samples

Samples (200 ll) of AH were collected
using a BD microﬁne insulin syringe
(30G; Becton Dickinson, Erembodegem, Belgium) from both eyes on the
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day before and at diﬀerent time-points
(days 1, 3 and 7) after GFS. All
samples were stored immediately at
20°C until analysis and VEGF protein levels in the AH samples were
determined using a double-antibody
‘sandwich’ ELISA (R&D Systems,
Minneapolis, MN, USA), with a detection limit of 15.6 pg/ml.
Statistical evaluation

The Student’s t-test was used to analyse
all morphometric data for independent
samples. Data at individual time-points
were studied using mixed model analysis
for repeated measures. Kaplan–Meier
survival analysis using the log-rank test
was performed for bleb failure (all using
GraphPad Prism 5.3, La Jolla, CA,
USA). p < 0.05 was considered statistically signiﬁcant. Data are represented as
mean  standard error of the mean
(SEM), unless otherwise stated.

Results
Optimal route
bevacizumab

of

administration

of

The most appropriate administration
route of the VEGF antibody after
glaucoma surgery is still uncertain
(Mathew & Barton 2011). Therefore,
surgical outcome after a single IC, SC
and IV injections of the VEGF inhibitor was compared in a mouse model
of GFS. The three routes of administration of the VEGF antibody were
able to signiﬁcantly improve bleb area
(n = 15; p < 0.001; mixed model analysis for repeated measures; Fig. 1A)
and bleb survival (n = 15; p < 0.05;
log-rank test; Fig. S1A) compared to
their respective controls (NaCl) until
14 days after surgery. A direct comparison between the three groups
showed no signiﬁcant diﬀerence in
bleb area (n = 15; p = 0.95) and survival (n = 15; p = 1.00), suggesting
that administration of the VEGF
inhibitor via the various routes equally
improves surgical outcome. Moreover,
IC, SC or IV bevacizumab injections
similarly reduced the process of angiogenesis at day 14 (n = 10; p > 0.05
between diﬀerent conditions; Student’s
t-test; Fig. S1B). Importantly, bevacizumab was detected at relatively
high levels in plasma shortly after IV
injection (6.35 lg/ml after 30 min),
whereas a minimal bevacizumab

absorption was detected only from
day 4 after SC (0.69 lg/ml) or IC
(2.46 lg/ml) administration. In all
groups, the plasma levels of bevacizumab remained detectable and stable until day 14 (4.07; 0.71 and
0.58 lg/ml, respectively) (Fig. 1B).
Thus, SC and IC injections of bevacizumab oﬀer an eﬀective way to
improve surgical outcome after GFS,
with less systemic absorption compared
to IV injection. Based on these results
and on practical considerations related
to injection in mice, SC injection was
selected as the administration route for
the following experiments.
Equal improvement of surgical outcome by
bevacizumab and MMC

To elucidate whether bevacizumab is as
eﬃcient as MMC to reduce scar formation after glaucoma surgery, the eﬀect
of the VEGF inhibitor on the surgical
outcome was compared to that of the
antimitotic agent in a mouse trabeculectomy model. Bevacizumab (25 lg)
or MMC 0.02% (2-min sponge) application was found to be equally eﬀective
in improving surgical outcome until
30 days after surgery. Indeed, the
VEGF antibody was able to signiﬁcantly improve bleb area over 30 days
with 73  6% compared to control
eyes (n = 20; p < 0.001), whereas
MMC induced a 75  5% improvement (n = 20; p = 0.003). There was no
signiﬁcant diﬀerence between both
groups (n = 20; p = 0.12; Fig. 2A).
Also bleb survival was prolonged after
both treatments, as shown in the Kaplan–Meier survival curve, with 43% of
the blebs surviving until postoperative
day 30 after bevacizumab or MMC
administration (n = 20; p = 0.87),
whereas all blebs had failed by that
time-point in the control group (n = 20;
p < 0.001; Fig. 2A). Moreover, eyes
treated with bevacizumab and MMC
showed an equal reduction in blood
vessel area on day 14 (with 5  0.08%;
p = 0.06) and ﬁbrosis on day 30 (with
11  0.20%; p = 0.10), as compared to
the control eyes (n = 5–10; p < 0.001;
Fig. 2B). No diﬀerences in inﬂammatory responses were seen in any of the
three groups (data not shown). Importantly, grading corneal opacity indicated that 2-min administration of
MMC 0.02% signiﬁcantly increased
corneal toxicity as compared to NaCl
(p = 0.04), whereas this was not the
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(A)

(B)

Fig. 1. The most optimal administration route of bevacizumab. (A) Bleb area (n = 15; p < 0.05) was signiﬁcantly improved after a single intracameral
(IC), subconjunctival (SC) and intravitreal (IV) injections of the VEGF inhibitor, compared to their respective controls. (B) Determination of plasma
levels of bevacizumab after IC, SC or IV injections revealed high values in the plasma from 30 min until 14 days after IV injection, whereas a minimal
absorption of the VEGF inhibitor was detected from day 4 until day 14 after IC and SC injections.

case after treatment with bevacizumab
(p = 0.20; Table 2; Fig. 2C).
Upregulation of VEGF in aqueous humour
after MMC administration

As it has been suggested that treatment
of MMC can lead to an upregulation of
factors that are pro-inﬂammatory, proangiogenic and/or proﬁbrotic, we investigated VEGF levels in AH after MMC
administration. Unfortunately, the
mouse trabeculectomy model could not
be used, because the volume of murine

AH that can be collected (4 ll per eye)
is too small to perform an ELISA.
Therefore, the rabbit model of GFS
was used, because 200 ll of AH per eye
can be collected in this animal. Surgery
was performed on both eyes and one eye
was treated with MMC 0.02% (2 min),
whereas the other eye received NaCl.
Samples (200 ll) of AH were collected
and ELISA showed that after surgery,
aqueous VEGF levels were almost doubled in MMC-treated eyes on day 1, as
compared to the control eye treated with
NaCl (n = 10; p = 0.01; Fig. S2). Aque-

ous VEGF levels at day 3 and 7 were
comparable to baseline.
Thus, bevacizumab was equally
eﬀective in improving surgical outcome, but with a better safety proﬁle
compared to MMC 0.02%. Moreover,
VEGF was upregulated in the AH of
MMC-treated eyes.
Complementary effects of combination of
MMC and bevacizumab

As it has been suggested that associating
MMC with drugs that block upregulated
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(A)

(B)

(C)
Fig. 2. Bevacizumab and mitomycin-C (MMC) administrations were equally eﬀective in improving surgical outcome in the mouse trabeculectomy
model. (A) The VEGF inhibitor (bev; SC; 25 lg) was able to improve bleb area (n = 20; p = 0.12) and bleb survival (n = 20; p = 1.00) in a similar
way, as compared to application of MMC 0.02% for 2 min. (B) Blood vessel density at day 14 (D14) (n = 5; p = 0.06) and ﬁbrosis at day 30 (D30)
(n = 10; p = 0.10) were similarly reduced after both treatments. (C) Representative macroscopic postoperative photographs of the blebs, showing
corneal toxicity associated with administration of the antimitotic agent.
Table 2. Corneal opacity: MMC 0.02% – 2 min (day 30).
Days after surgery

1

NaCl
Bevacizumab*,†
MMC‡,§
MMC + Bevacizumab¶

0.05
0.20
0.66
0.84

3





0.04
0.06
0.10
0.11

5

0.03
0.14
0.67
0.87






0.03
0.05
0.10
0.12

0.03
0.18
0.94
0.50

7





0.03
0.06
0.12
0.14

0.03
0.02
0.63
0.26

13





0.03
0.02
0.10
0.10

0.00
0.00
0.57
0.40

21





0.00
0.00
0.15
0.11

0.00
0.00
0.74
0.45

29





0.00
0.00
0.23
0.16

0.00
0.00
0.47
0.60






0.00
0.00
0.24
0.15

Scoring  SEM; n = 20 mice/compound.
* Overall p = 0.20 (bevacizumab versus NaCl).
†
Overall p = 0.003 (bevacizumab versus combination).
‡
Overall p = 0.04 (MMC versus NaCl).
§
Overall p = 0.96 (MMC versus combination).
–
Overall p = 0.0006 (combination versus NaCl).

proﬁbrotic growth factors may oﬀer
promising complementary eﬃcacy, the
combination of bevacizumab and MMC
0.02% (2 min) was investigated in the
mouse model of GFS. Clinical investigation of the bleb showed that the bleb

672

area was increased after the combination therapy with 82  4%, compared
to the eyes treated with the saline solution (n = 20; p < 0.001; Fig. 3A), until
30 days after surgery. All blebs treated
with the combination with bevacizumab

survived until 30 days after surgery,
whereas all blebs failed in the control
group, as shown in the Kaplan–Meier
survival curve (n = 20; p < 0.001;
Fig. 3A). This improvement in bleb area
was associated with a reduction in blood
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(A)

(B)

(C)
Fig. 3. Administration of MMC combined with bevacizumab showed complementary eﬀects in the improvement of the surgical outcome in the
mouse trabeculectomy model. (A) As compared to monotherapy of MMC, combination therapy (combi) of the antimitotic agent (MMC 0.02% –
2 min) together with the VEGF inhibitor (bev; SC; 25 lg) was able to induce an additional increase in bleb area (n = 20; p < 0.001). (B) This use of
the combined therapy was also associated with a further decrease in blood vessel density on day 14 (D14) (n = 5; p = 0.002) and collagen deposition
on day 30 (D30) (n = 10; p = 0.001), versus MMC treatment. (C) Representative macroscopic postoperative photographs of the blebs showing that
corneal toxicity was also present with the use of the combined therapy of bevacizumab and MMC 0.02% for 2 min.

vessel density on day 14 with 7  1%
and ﬁbrosis on day 30 with 17  0.26%
(n = 5–10; p < 0.001 compared to
NaCl; Fig. 3B). Importantly, a direct
comparison showed that the combination therapy was able to induce a significant additional eﬀect in the
improvement of surgical outcome compared to MMC administration. Indeed,
as compared to monotherapy of MMC,
bleb area was signiﬁcantly increased
with 5  1% (n = 20; p < 0.001;
Fig. 3A), with a further decrease in
blood vessel density (with 3  0.42%
on day 14; p = 0.002) and collagen
deposition (with 5  0.21% on day 30;
p = 0.001; Fig. 3B). Notably, corneal
toxicity was still present in the eyes
that received combined treatment, as
compared to saline-treated eyes

(p = 0.0006). No diﬀerences in toxicity
were seen between the combined treatment and MMC 0.02% monotherapy
(p = 0.96; Table 2; Fig. 3C).
Thus, administration of bevacizumab together with MMC 0.02%
may have complementary eﬀects, probably or at least partly because of the
observed upregulation of VEGF after
MMC treatment. However, the use of
the combination therapy was still associated with corneal toxicity.
Lowering dose and/or administration time
of MMC in combination with bevacizumab

As the combination therapy of bevacizumab and 2-min administration of
MMC 0.02% was still associated with
corneal toxicity, we investigated

whether lowering the dose (0.01%)
and/or administration time of MMC
(1 min) could diminish these sideeﬀects. Clinical investigation was performed until all blebs in the MMCtreated eyes were failed. We showed
that 1- or 2-min application of MMC
0.02% was able to equally improve
surgical outcome in the mouse trabeculectomy model until 34 days after
surgery (n = 10; p = 0.65). Indeed, bleb
area and bleb survival improved in a
similar way, compared to their respective controls (n = 10; p < 0.001;
Figs 4A-B and S3A-B). This was associated with an equal reduction in collagen deposition on postoperative day
34, compared to the control eyes
(n = 10; p < 0.001; Fig. 4A-B), with
no signiﬁcant diﬀerences between the
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two conditions (n = 10; p = 0.90).
Importantly, similar eﬀects were seen
when these conditions of MMC were
combined with bevacizumab. Administration of bevacizumab and MMC
0.02% for 1 or 2 min equally improved
bleb area and survival, compared to
their respective controls (n = 10;
p < 0.001; Figs 4A-B and S3A-B), with
no signiﬁcant diﬀerences between them
(n = 10; p = 0.51). Analysis of the Sirius Red staining on day 34 showed an
equal decrease in ﬁbrosis between the
two conditions, compared to the negative controls (n = 10; p < 0.001;
Fig. 4A-B), but they were not signiﬁcantly diﬀerent (n = 10; p = 0.84).
Importantly, eyes treated with MMC
0.02% for 2 min, with and without
bevacizumab, clearly induced corneal
toxicity (p = 0.03 and p = 0.02, respectively, compared to NaCl; Table 3).
This was not noticed after 1-min
administration (p < 0.05; Table 4),
suggesting that this condition is safer
compared to the longer exposure time
of 2 min (Fig. 4D).
As it has been described in the
literature that the dose of MMC might
be more important than the administration time (Megevand et al. 1995;
Schnyder et al. 1995; Thornton et al.
2008), application of MMC 0.01% for
1 min was chosen to be compared to
MMC 0.02% (1 or 2 min), rather than
2-min exposure of MMC 0.01%.
Administration of MMC 0.01% for
1 min did not induce corneal toxicity
(Table S1) and was able to signiﬁcantly
improve bleb area and bleb survival,
compared to NaCl (n = 10; p < 0.001;
Figs 4C and S3C). However, Kaplan–
Meier survival curves showed that all
blebs after MMC therapy failed at day
30 (Figs 4C and S3C). Thus, the clinical results showed that this lower dose
was less eﬀective as compared to the 1and 2-min application of MMC 0.02%
(n = 10; p < 0.05 for all conditions).
Importantly, the combined therapy of
bevacizumab and 1-min exposure of
MMC 0.01% signiﬁcantly improved
surgical outcome versus monotherapy
(p < 0.001 versus 1-min MMC 0.01%),
although to a lesser extent than the
combination with MMC 0.02% for
1 min (n = 10; p < 0.001). Indeed,
60% of the blebs treated with the
combination therapy of bevacizumab
with 1-min 0.01% MMC failed at day
34 (Figs 4C and S3C), whereas all
blebs survived after the combined
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treatment with the higher concentration of the antimitotic agent. Moreover, the 1-min administration of
MMC 0.01% together with bevacizumab was not able to induce an
additional decrease in ﬁbrosis compared to monotherapy of MMC
(n = 6; p = 0.35; Fig. 4C), suggesting
that halving the concentration and
administration time of MMC with the
VEGF inhibitor is not as eﬀective as
the higher dose/administration time.
Thus, halving the administration
time of MMC 0.02% to 1 min in
combination with bevacizumab seemed
to be equally eﬀective in improving
surgical outcome compared to the
combination therapy with 2-min
0.02% MMC, without inducing corneal toxicity. The combination of
MMC with the VEGF inhibitor oﬀers
the possibility to reduce the administration time of MMC 0.02%, thereby
reducing corneal toxicity while maintaining the beneﬁcial eﬀects on surgical
outcome. A further reduction in dose
did not oﬀer superior antiﬁbrotic
eﬀects over monotherapy, as compared
to the combination therapy with MMC
0.02%.

Discussion
Since the early 1980s, antimitotics such
as 5-FU and MMC have been increasingly used as an adjunctive to trabeculectomy and have become the gold
standard to reduce scar formation.
However, the non-speciﬁc mechanism
of action of these agents can result in
severe side-eﬀects (Lama & Fechtner
2003). Therefore, there is still a need
for alternative strategies to prevent
ﬁltration failure. We already showed
that pharmacological enhancement of
trabeculectomy using VEGF inhibitors
was able to signiﬁcantly improve rates
of surgical success. A single injection of
bevacizumab at the time of trabeculectomy improved the surgical outcome
by reducing postoperative angiogenesis
during the initial phase and collagen
deposition at later stages in a rabbit
model of trabeculectomy (Li et al.
2009). These results were recently conﬁrmed in a prospective, randomized,
double-masked,
placebo-controlled
trial performed by our group in the
University Hospitals of Leuven. We
showed that a single intracameral
injection of bevacizumab at the end of
trabeculectomy signiﬁcantly reduces

the need for additional interventions
during the ﬁrst year of follow-up after
trabeculectomy (Vandewalle et al.
2014). Although the results from this
clinical trial are highly relevant and
very promising, some questions remain
unanswered. It is unclear whether the
intracameral administration route is
the optimal one. Furthermore, the
study was not designed to answer the
question whether bevacizumab could
replace MMC in clinical practice or
should rather be used as an adjunctive
to MMC.
As the most appropriate route of
administration of bevacizumab after
GFS is still unclear, diﬀerent administration routes were ﬁrst compared. Our
data showed that the three routes of
VEGF antibody injection were able to
equally improve surgical outcome. Bevacizumab was detected at relatively
high levels in plasma shortly after IV
injection, whereas the other routes of
administration only induced a minimal
bevacizumab absorption from day 4.
The levels after SC and IC injections
can be considered as negligible, because
they are comparable to the minimal
eﬀective inhibitory concentration of
bevacizumab. It is indeed described
that bevacizumab loses its VEGFinhibiting properties at a concentration
of 1 lg/ml (Klettner & Roider 2008).
These data suggest that the SC and IC
administration routes induce less systemic absorption of the VEGF inhibitor as compared to IV injection.
Uptake of bevacizumab in the blood
after IV injection has already been
described in the literature (Heiduschka
et al. 2007; Miyake et al. 2010; Wu
et al. 2010; Chuang et al. 2011; Sato
et al. 2012) and our results are in line
with those of Kim et al. 2009; who
reported that plasma levels of the
VEGF antibody after IV administration can represent up to 30% of the
injected dose in rodents . Heiduschka
et al. described that the systemic
absorption of bevacizumab after IV
injection could be explained by penetration of the VEGF antibody from the
vitreous into the inner retina, photoreceptors and retinal pigment epithelium,
presumably regulated by active transport of the M€
uller cells. Upon arrival
in the choroidal blood vessels, the
VEGF inhibitor is substantially transferred into the systemic blood circulation. Moreover, they also showed that
bevacizumab was able to cross the
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(A)

(B)

(C)

(D)
Fig. 4. The eﬀect of lowering the dose and/or exposure time of MMC on the surgical outcome. (A-B) One- and two-min exposure of MMC 0.02%
both improved bleb area, compared to their respective controls (n = 10; p < 0.001). Both conditions induced an equal reduction in collagen deposition
of 10% on postoperative day 34, compared to the control eyes (n = 10; p < 0.001). Administration of bevacizumab and MMC 0.02% for 1 or 2 min
also equally improved surgical outcome by reducing collagen deposition with 15%, versus their respective controls (n = 10; p < 0.001). (C)
Administration of MMC 0.01% for 1 min, combined with bevacizumab, induced an additional eﬀect in bleb area as compared to MMC monotherapy
(n = 10; p = 0.002). However, these results were not as eﬃcient as the combined therapy (combi) with 0.02% MMC. Using 1-min 0.01% MMC and
bevacizumab was not able to induce an additional decrease in ﬁbrosis compared to monotherapy of MMC (n = 6; p = 0.35). (D) Representative
macroscopic postoperative photographs of the blebs showing that none of the eyes treated with MMC for 1 min in combination with bevacizumab
showed corneal toxicity, as compared to the longer exposure time of 2 min.
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Table 3. Corneal opacity: MMC 0.02% – 2 min (day 34).
Days after surgery

1

3

5

7

13

21

29

NaCl
MMC*,‡
MMC + Bevacizumab†

0.10  0.07
0.65  0.17
0.75  0.20

0.20  0.08
0.90  0.19
0.70  0.19

0.00  0.00
0.90  0.19
0.70  0.19

0.00  0.00
0.85  0.15
0.70  0.13

0.00  0.00
0.65  0.13
0.85  0.08

0.00  0.00
0.25  0.08
0.75  0.08

0.00  0.00
0.40  0.10
0.70  0.20

Scoring  SEM; n = 10 mice/compound.
* Overall p = 0.02 (MMC versus NaCl).
†
Overall p = 0.07 (MMC versus combination.
‡
Overall p = 0.03 (combination versus NaCl).

Table 4. Corneal opacity: MMC 0.02% – 1 min (day 34).
Days after surgery

1

3

5

7

13

21

29

NaCl
MMC*,†
MMC + Bevacizumab‡

0.10  0.07
0.20  0.11
0.15  0.08

0.10  0.07
0.20  0.11
0.10  0.07

0.00  0.00
0.10  0.07
0.10  0.07

0.00  0.00
0.10  0.07
0.05  0.05

0.00  0.00
0.05  0.05
0.05  0.05

0.00  0.00
0.00  0.00
0.05  0.05

0.00  0.00
0.05  0.05
0.05  0.05

Scoring  SEM; n = 10 mice/compound.
* Overall p = 0.96 (MMC versus NaCl).
†
Overall p = 0.88 (MMC versus combination).
‡
Overall p = 0.93 (combination versus NaCl).

blood–retinal barrier immediately after
the injection with subsequent delivery
into the blood circulation (Heiduschka
et al. 2007). We also believe that the
systemic uptake can be enhanced by
reﬂux of bevacizumab into the subchoroidal space due to intravitreal injection, which will increase absorption of
the VEGF antibody into the choroidal
blood vessels and blood circulation.
Based on our results and on the feasibility of intra-ocular injection in mice,
SC injection was selected over IC and
IV administration route in this study.
To answer the open question
whether anti-VEGF should be seen as
a replacement for or as a complement
to MMC, we ﬁrst compared the eﬀect
of MMC versus the monoclonal antiVEGF antibody, bevacizumab, on surgical outcome in a mouse model of
GFS (Seet et al. 2011). The eﬀect on
surgical outcome of a SC injection of
bevacizumab (25 lg) was compared to
a surgical sponge soaked in MMC
0.02%, exposed to the sclera for
2 min (in analogy to current clinical
practice). The administration of antiVEGF antibody or MMC was equally
eﬀective in improving surgical outcome
and both similarly reduced angiogenesis and ﬁbrosis in the ﬁltering bleb.
Comparable to what has been reported
in other studies, we did not observe an
eﬀect on inﬂammation. Indeed, it has
already been shown that both bevacizumab and MMC do not aﬀect the
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bleb inﬁltration of inﬂammatory cells
(Minguini et al. 2000; Chou et al. 2007;
Wilgus et al. 2008; Li et al. 2009). We
also showed that bleb survival was
similarly prolonged after both treatments with a 100% survival of blebs in
the two groups on day 30.
Importantly, from clinical practice,
we know that the use of MMC can be
associated with various complications
related to cell toxicity, amongst which
corneal cells (Sihota et al. 1998). In this
study, corneal opacity was graded as a
measure of corneal toxicity, using a
previously described scoring system
(Yoeruek et al. 2008; Lee et al. 2009).
Toxicity was indeed noticed in mice
treated with MMC, whereas this was
not the case after bevacizumab administration. So, bevacizumab was clearly
associated with a better safety proﬁle
compared to MMC. These results are
in line with those reported by Sengupta
et al., who showed that, in a randomized controlled clinical trial with 38
patients, a SC injection of bevacizumab
(1.25 mg) was equally eﬀective in
reducing IOP compared to MMC
0.03% administration. No toxic eﬀects
of bevacizumab were seen in the corneal epithelium or endothelium and the
anti-VEGF antibody had a relatively
better safety proﬁle, as compared to
MMC at the 6-month follow-up. The
safety and tolerability of the VEGF
inhibitor was shown by the absence of
local toxicity or of intra-ocular inﬂam-

mation and by the lack of any systemic
adverse eﬀects. Moreover, they also
showed that bevacizumab soaked in a
sponge was eﬀective in improving surgical outcome; however, it appeared to
have no advantages over MMC of SC
injection of bevacizumab (Sengupta
et al. 2012). Also the group of Nilforushan et al. showed that, in a prospective randomized, comparative study of
34 patients, no signiﬁcant diﬀerences
were detected between SC bevacizumab
(2.5 mg) and MMC (0.02% for 3 min)
in terms of bleb morphologic features.
This study also indicated that the use of
SC bevacizumab in association with
trabeculectomy was safe and eﬀective
(Nilforushan et al. 2012).
Although these results demonstrate
that bevacizumab and MMC are able to
improve surgical outcome, it is still
necessary to broaden the therapeutic
approach, because treatment with a
single agent may lead to drug resistance.
Indeed, because of the complexity of
the wound healing process (Lama &
Fechtner 2003; Georgoulas et al. 2008),
it is possible that targeting one molecule
may be insuﬃcient to reach the level that
is necessary for predictable glaucoma
surgery due to upregulation of other
growth factors. As it has been suggested
that treatment of MMC can lead to an
upregulation of factors that are proinﬂammatory, pro-angiogenic and/or
proﬁbrotic, VEGF levels in AH of operated rabbits after MMC administration
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were investigated. Of note, the rabbit
model was used, because the volume of
murine AH is too small to perform an
ELISA. We showed that MMC
enhanced the postoperative VEGF
upregulation on day 1 compared to the
control eyes. These results are in keeping
with previous publications on the upregulation of VEGF after administration of
antimitotic agents in diﬀerent cancer
models (Riedel et al. 2004; Verma et al.
2011) and more speciﬁcally in glaucoma
patients (unpublished data from the
group of Tina Wong, oral communication). These results suggest that associating MMC with VEGF inhibitors, that
can block the upregulated VEGF, may
oﬀer complementary eﬃcacy. Indeed,
recent evidence supports the combined
use of MMC and antiﬁbrotic agents. A
previous small study by Kahook combining MMC and anti-VEGF therapy
showed beneﬁcial eﬀects in improving
surgical outcome after glaucoma surgery
(Kahook 2010). Therefore, we further
explored the combination of MMC and
bevacizumab on the surgical outcome in
a mouse model of GFS described by the
group of Tina Wong (Seet et al. 2011).
The combination therapy of bevacizumab and MMC was able to induce
a signiﬁcant additional improvement of
surgical outcome compared to MMC
monotherapy, associated with a further
reduction in blood vessel density and in
collagen deposition. These results are
comparable to previously published
data, which also demonstrated that the
combination therapy of bevacizumab
and 5-FU oﬀers superior antiﬁbrotic
eﬀect over monotherapy in a rabbit
model of GFS (How et al. 2010) and in
a non-randomized, retrospective, comparative study with 61 patients (Freiberg
et al. 2013).
Importantly, the use of the combination therapy of bevacizumab and the
highest dose of MMC (0.02% – 2 min)
was associated with corneal toxicity,
similar to MMC (0.02% – 2 min)
monotherapy. Therefore, we investigated the eﬀect on surgical outcome
after reducing the dose and/or administration time of MMC. Halving the
exposure time of MMC 0.02% to
1 min in combination with bevacizumab seemed to be equally eﬀective
as the combination therapy with 2-min
application of MMC 0.02%, without
inducing any corneal toxicity. Thus,
bevacizumab together with MMC
makes is possible to halve the exposure

time of MMC, without inducing corneal side-eﬀects. Halving the dose of
MMC to 0.01%, however, reduced the
eﬃcacy of the adjuvant. The literature
indeed suggests that a short intraoperative application of MMC is as
eﬀective as a long exposure (Megevand
et al. 1995; Schnyder et al. 1995),
whereas a low dose of MMC is less
eﬀective as a higher concentration of
MMC (Thornton et al. 2008). Moreover, the combination therapy of 1 min
0.01% MMC with the VEGF inhibitor
did not induce an additional antiﬁbrotic eﬀect compared to monotherapy,
suggesting that this condition is not the
most optimal to be used in combination with bevacizumab.
In this study, treatment outcome was
mainly measured by morphological
investigation of the ﬁltering bleb. However, it is known that increased ﬁbrosis
may result from accumulation of extracellular matrix (ECM) structural proteins, such as matrix metalloproteinases
(MMP), ﬁbronectin and laminin.
Therefore, as recently described, a
detailed evaluation of ECM degradation by immunohistochemical stainings
might indicate bleb failure and could be
helpful to distinguish functioning from
non-functioning blebs (Valimaki & Uusitalo 2014, 2015). One should also
remain cautious with extrapolating of
ﬁndings from animal research to the
care of human disease, as it is known
that animal models never form precise
replicas of the human pathology. The
human connective tissue is, for example, less homogenous as compared to
animals and, very often, has been
exposed to antiglaucomatous drops
for quite some time before surgery.
The chronic use of topical antiglaucoma agents in glaucoma patients is
known to result in long-term morphological eﬀects on the conjunctiva and
Tenon’s capsule (Sherwood et al. 1989;
Broadway et al. 1993, 1994). Indeed,
conjunctival inﬂammation associated
with an increased number of inﬂammatory cells and ﬁbroblasts has been noted
after long-term use of glaucoma drops,
which may increase the risk of bleb
failure (Broadway et al. 1994). As such,
these factors might possibly inﬂuence
the results in human ﬁltration surgeries.

Conclusions
In conclusion, this study indicates that
bevacizumab can enhance the beneﬁ-

cial eﬀects of MMC on scarring after
glaucoma surgery, and allows to reduce
the administration time of MMC
0.02%, thereby improving its safety
proﬁle while maintaining the beneﬁcial
eﬀects on surgical outcome.
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