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Abstract

Purpose Oncological and ophthalmological diseases are
increasingly treated with antiangiogenic agents. These
agents have different intensities and duration of effects that
should be considered to choose the most suitable therapy.
Our purpose was to evaluate the synergistic effect of two
drugs, jointly administered as a pharmaceutical compound,
in two animal models.

Methods Corneal neovascularization was induced in three
groups of nine white New Zealand rabbits, applying a filter
paper disk soaked in 1 M NaOH on the central cornea
(Ormerod et al., Invest Ophthalmol Vis Sci 30:2148-2153,
1989). Group one was treated immediately after injury with
intravenous Suramab, compound of Bevacizumab + Suramin,
and group two with intravenous Bevacizumab. A third
group of non-treated rabbits was included as control group.
Digital photographs were taken at days 9, 15, 21, and 35.
Neovessel index (NVI) was calculated using the Image J
Program. Neovessels formation was quantified and given a
score from O to 4 to each quadrant according to the centrip-
etal growth of the longest vessel. Colorectal animal model:
6- to 8-week-old male BALB/c mice were inoculated with
cancer cells. Seven days after tumor inoculation, four
groups of BALB/c mice were treated with intravenous
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Bevacizumab (n = 9); intravenous Suramin (n = 10); intra-
venous Suramab (n = 10); and intravenous saline solution
(n=4). Tumor growth was assessed twice weekly by cali-
per measurement.

Results The NVI was remarkably inferior in the group of
rabbits treated with intravenous Suramab compared with
controls after 35 days of follow-up. A greater inhibitory
effect was obtained with Suramab compared to that
obtained with Bevacizumab. Suramab significantly reduced
tumor volume and prolonged survival of mice compared to
controls.

Conclusions Suramab strongly reduced neovasculariza-
tion in a rabbit model of corneal angiogenesis and induced
a potent antitumoral effect in mice.

Keywords Angiogenesis - Cancer - Suramin -
Bevacizumab - Cornea

Background

Antiangiogenic agents are of great value for the treatment
of cancer and, recently, for eye disorders. It is known that
neovascularization is a key factor for tumor growth [1] and
corneal graft failure [2]. Most types of cancer cells and cor-
neal tissue with neovessels express vascular endothelial
growth factor (VEGF), which is strongly implicated in neo-
vascularization [2]. There are a number of studies that
showed that VEGF inhibition has the ability to reduce cor-
neal neovascularization [3, 4]. Bevacizumab, a recombinant
humanized monoclonal antibody (Igl) that binds to soluble
VEGF, prevents the binding of this growth factor to VEGF
receptors (Flt-1 and KDR), inhibiting neovessel formation.
This drug is currently being used as an important neoadju-
vant for colorectal adenocarcinoma, breast cancer, and
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non-small-cell lung cancer [5]. Systemic application of
Bevacizumab was well tolerated and effective in patients
with age-related macular degeneration [6]. Besides, it has
been topically and subconjunctivally administered in ani-
mals and humans with promising results [3, 4]. Several
antiangiogenic agents have been tested as monotherapy.
Early or late resistance to antiangiogenic treatment is fre-
quently observed. It should be mentioned that the mecha-
nism of neovascularization involved different pathways,
and so a combination of agents aiming to interfere with
several mechanisms might be useful to improve outcomes
[5,7].

The purinergic pathway could play a role in the patho-
genesis of neovascularization [8, 9]. Previous investiga-
tions identified the effect of P1 and P2 purinergic receptors
on the promotion of angiogenesis [8]. It was observed that
the blockade of these receptors in an alkali burn model of
corneal neovascularization diminished neovascularization
[10]. Suramin is a non-specific, non-competitive antagonist
of P2 purinergic receptors with antiangiogenic effect on
several tissues. Suramin also inhibits the binding of several
growth factors (FGF-2, PDGF, insulin-like growth factor,
TGF-f), the GTPase activity of certain G-proteins, the
ecto-nucleotidase as well as DNA and RNA polymerases
that are known to be involved in angiogenesis [9, 11]. In
addition, it has been observed that Suramin antiangiogenic
effect may be mediated, at least in part, by the inhibition of
VEGEF activity [12]. The P2X2 is an ion channel purinergic
receptor found upregulated in the retina of a mouse model
of oxygen-induced retinopathy [8]. Blockade of this recep-
tor diminished neovessels formation [8, 10, 13]. In previous
studies, we showed that intravenous Suramin (20 mg/kg)
and Bevacizumab (5 mg/kg), separately, diminished cor-
neal neovascularization [14]. The present study aims at
evaluating a possible synergistic effect of the two drugs as a
new pharmaceutical compound in the two animal models of
angiogenesis.

Materials and methods
Corneal neovascularization
Animal model

Eighteen white New Zealand rabbits weighing on average
3 kg each were used in this study. Animals were anesthe-
tized with 70 mg/kg IM ketamine (Fada Pharma, Buenos
Aires, Argentina) and 1 mg/kg IM midazolam (Roche,
Buenos Aires, Argentina), and topical anesthesia was
applied using 0.5% proparacaine (Alcon, Sao Paulo, Brazil).
Corneal neovascularization was induced by applying a
Whatman filter paper disk (7-mm diameter) soaked in 1 M

@ Springer

NaOH in the central cornea of the left eye for one minute.
Immediately after injury, the eye was washed with saline
solution [15]. Two groups made up of nine rabbits each
were treated immediately after injury with intravenous
Suramab, a compound of 3 mg/kg of Bevacizumab (Avastin,
Roche, Buenos Aires) + 10 mg\kg of Suramin (Biomol
International, LP, USA), and intravenous Bevacizumab
(5 mg/kg), respectively. A third group of non-treated rab-
bits was included as control group (n =9). Animals were
kept in individual cages with free access to food and water.
All animals were handled according to ARVO Statement
for the Use of Animals in Ophthalmic Research.

Quantification of neovascularization

Digital photographs using a digital camera (Canon 5D,
USA) were taken at days 9, 15, 21, and 35. Neovasculariza-
tion index (NVI) was calculated using the Image J program
(Image Processing and Analysis in Java, NIH, USA). Neo-
vessel formation was quantified and given a score from 0 to
4 to each quadrant according to the centripetal growth of
the longest vessel in increments of 1 mm. Scores of the four
quadrants were summed to obtain the NVIL.

Colorectal carcinoma animal model

Six- to 8-week-old male BALB/c mice were purchased
from Biofucal S.A., Buenos Aires, Argentina. The initial
body weight of the animals at the time of arrival was
between 18 and 20 g. Mice were allowed to acclimatize to
local conditions for 1 week before receiving injections of
cancer cells. Logarithmically growing CT26, an undifferen-
tiated murine CRC cell line established from an N-nitroso-
N-methylurethan-induced transplantable tumor in BALB/c
(H-2d) mouse cells (kindly provided by Prof. Prieto, Uni-
versity of Navarra, Spain), were harvested by trypsiniza-
tion, and each mouse was given injections of 5 x 10° cells
subcutaneously into the right flank. Cells were maintained
in Dulbecco’s modified Eagle’s medium supplemented
with 10% heat-inactivated fetal calf serum (FCS), 2 mM
L-glutamine, 100 U/mL streptomycin, and 100 mg/mL pen-
icillin and incubated at 37°C in a 5% CO2 humidified atmo-
sphere. Seven days after tumor inoculation, four groups of
BALB/c mice were treated with intravenous Bevacizumab
5 mg/kg (GROUP 1, n = 10); intravenous Suramin 20 mg/kg
(GROUP 2, n =10); intravenous Suramab, compound of
3 mg/kg of Bevacizumab + 10 mg/kg of Suramin (GROUP
3, n=10); and IV. saline solution (GROUP 4, n=7).
Tumor growth was assessed twice weekly by caliper mea-
surement. Tumor volume (mm3) was calculated by the for-
mula 7/6 x larger diameter x (smaller diameter)®. Results
are presented as mean == SEM. One-way Anova was used
to compare tumor sizes, and LogRank test was used to
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compare survival among different groups at the end of treat-
ment. Mice were maintained and treated at our Animal
Resources Facilities (School of Biomedical Sciences, Aus-
tral University) in accordance with ARVO Statement for
the Use of Animals in Ophthalmic and Vision Research and
with the experimental ethical committee guidelines.

Results
Suramab inhibits corneal neovascularization

The NVI was remarkably inferior in the group of animals
treated with intravenous Suramab compared with controls
after 35 days of follow-up. Nine days after injury, the NVI
was much higher in the control group (mean NVI=
477 £ 0.79) than in the treated groups (mean NVI of
Suramab = 0.77 £ 0.46 and Bevacizumab = 1.11 £ 0.61).
The centripetal growth of neovessels was threefold dimin-
ished in Suramab group compared to control group
(P < 0.0005). Fifteen days after injury, the inhibitory effect
of IV Suramab was even greater (NVI = 1.55 4+ 0.67) com-
pared to controls (NVI=10 4+ 1.01) and Bevacizumab
(NVI =2.55 £ 0.94). From day 22 onward, Bevacizumab
antiangiogenic effect began to diminish. A greater inhibitory

Fig. 1 a Clinical evolution.
Corneal photographs showing
neovessel ingrowth in control
(C) and treated (S Suramab,
B Bevacizumab) groups at

35 days after injury. Corneal
neovascularization is
remarkably inferior in treated
animals, especially in the
Suramab group. b Graph
showing mean corneal
neovascularization index in
Suramab, Bevacizumab, and B

control groups, through 35 days 14

effect was obtained with Suramab compared to that
obtained with Bevacizumab. The difference between Sura-
mab and the other groups was observed along the 35 days
of follow-up and was statistically significant (Student’s
t-test, P <0.02). No serious ocular or systemic adverse
event was detected. See Fig. 1.

Suramab has a potent antitumoral effect in mice

All treatments were well tolerated, and no signs of toxicity
were observed during therapy (not shown). To examine the
antitumor effects of Suramab (Bevacizumab and Suramin),
animals with well-established CT26 tumors (approximately
85 mm? in size) were treated with a compound of 3 mg/kg
of Bevacizumab and 10 mg/kg of Suramin intravenously.
In addition, mice treated with each single agent, Bev-
acizumab 5 mg/kg, Suramin 20 mg/kg, and saline solution
were included. Antitumor effects obtained with the admin-
istration of both Suramin and Bevacizumab alone were
similar. However, Suramab administration resulted in a sig-
nificant tumor volume reduction compared with control and
Bevacizumab groups, as shown in Fig. 2. Survival of mice
receiving Suramab therapy was prolonged compared to
other groups of animals, but the difference was only signifi-
cant with regard to control mice.

of follow-up. Controls showed
much more neovascularization

than treated groups. The
differences at 35 days postinjury,

between control and treated
groups, and between Suramab

and Bevacizumab, were
statistically significant

—4— Control
—— |V Bevacizumab

(Student’s r-test, P < 0.02)

~4— IV Suramab

DAYS

DAY15 DAY21 DAY35

Days post-injury

* Difference compared to Bevacizumab group (Student t test, p< 0,02)
** Difference compared to Control group (Student t test, p< 0,0001)
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Fig. 2 a Longitudinal analysis A
of tumor growth in a mice model
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* Difference compared to Saline Solution group (p < 0.05)

Discussion

In this work, we have demonstrated that Suramab, a phar-
maceutical compound of Bevacizumab and Suramin,
strongly reduced neovascularization in a rabbit model of
corneal angiogenesis and induced a potent antitumoral
effect in mice. In both models, an important biological
effect was obtained, even greater than that achieved with
Bevacizumab or Suramin alone. In previous studies, we
showed that IV Bevacizumab had higher angiostatic effect
in the first 2 weeks than that seen using IV Suramin. How-
ever, Suramin had a longer duration of that effect after
35 days [14]. Similar results were recently reported by
other researchers, by injecting subconjunctival Suramin and
Bevacizumb, separately, in an animal model of corneal
neovascularization [13].

@ Springer

Targeting a molecule or a receptor involved in angiogen-
esis is a known strategy to arrest neovascularization in sev-
eral cancer and ophthalmological disorders [6, 8, 16].
Unfortunately, these therapies have a rather brief effect
because of the short half-life of most antiangiogenic drugs.
This makes frequent repeat treatments necessary [6, 17]. To
tackle this problem, investigators have combined therapies
targeting two or three molecules involved in different
angiogenic pathways [5, 7]. In spite of this, it is difficult to
obtain a permanent inhibition of neovessel growth.

The combination of drugs looking for synergy is a com-
mon strategy to treat several diseases including cancer. In
our work, we have found a novel and synergistic effect of
Suramin and Bevacizumab to reduce angiogenesis in rabbits.
After 1 month of therapy, Suramab-treated rabbits disclosed
a 50 and 75% decrease in corneal neovascularization
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compared to Bevacizumab and control animals, respectively.
In addition, Suramab showed a potent antitumoral effect on
mice with subcutaneous implantation of colorectal cancer
cells compared to controls and Bevacizumab-treated mice,
as well as a higher survival rate than that found in controls.

Suramab has a potent antiangiogenic effect because it
inhibits not only VEGF (through Bevacizumab) but also
other pro-angiogenic growth factors such as TGF-f, PDGF,
bFGF, and postreceptor-inducible tyrosine phosphorylation
of KDR [9, 11, 12]. In addition, Suramin has the ability of
interfering in the interaction between mural cells (particu-
larly pericytes) and endothelial cells [7, 12]. It should be
noted that our experiments tested the effect of Suramab on
different animal models. Side effects of Bevacizumab and
Suramin have been reported [10, 18]. Nevertheless, the
concentration and doses of these compounds used in
Suramab are much lower than those pointed out as toxic
levels of Suramin and Bevacizumab [18]. Accordingly,
no significant side effects were seen with the therapeutic
combination.

The antiangiogenic effects of Suramab might be applied
to several corneal disorders associated with neovasculariza-
tion such as alkali burns and infectious keratitis (herpes,
acanthamoeba) as well as diabetic retinopathy and wet age-
related-macular degeneration. In addition, Suramab will be
used at our laboratory to prevent neovessel ingrowth during
the postoperative period of corneal stem cell transplantation
[19].

The inhibition of neovessel formation is of paramount
importance to control tumur growth [2]. Suramab could be
employed in adjuvancy with chemotherapeutic agents in
colorectal carcinoma, as well as in other types of cancer.
Interestingly, one of the components of Suramab, Suramin,
was reported to increase the susceptibility of cancer cells to
chemotherapy [18]. It was reported that Suramin could
interfere with the binding of IL-6 to its receptor decreasing
cancer-associated wasting (cachexia) [20]. In addition, Sur-
amin inhibits the binding of transferrin to its receptor, and
this may result in decreased cell growth, particularly in
prostate cancer metastasis to the bone, which seems to be
highly dependent on transferrin for growth [11]. These
effects of Suramab mediated by Suramin will be further
investigated.

Suramab seems to be a potent antiangiogenic agent with
multiple applications. A local route of administration,
either periocular or intratumoral, using a drug delivery sys-
tem is under study.
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