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Abstract

Background: Anti-angiogenic drugs remain the mainstay therapy for several vascular retinal pathologies. The
repurposing of approved anti-angiogenic drugs for use in ophthalmology can increase therapeutic options and
reduce costs. The purpose of this study was to investigate the ocular safety profile of intravitreal (IVT) ramucirumab,
an approved anti-vascular endothelial growth factor molecule for systemic treatment, using cell culture and animal
models.

Methods: The cytotoxicity of ramucirumab at different concentrations was evaluated in human retinal pigment
epithelial cells (ARPE-19) using the MTT assay. In addition, 250 or 500 ug of ramucirumab or vehicle was injected in
the eye of 16 chinchilla rabbits. The eyes were evaluated by ophthalmoscopy, electroretinography, spectral-domain
optical coherence tomography (SD-OCT) and by light and transmission electron microscopy.

Results: Electroretinography or SD-OCT did not detect functional or morphological alterations at 24 h or one week
after injection. Light and transmission electron microscopy confirmed the absence of major signs of toxicity, although
we found a statistically significant reduction in ganglion cell number between the controls and the eyes that received
500 pg of ramucirumab after 7 days. Compared to lower concentrations, 500 ug of ramucirumab caused reduction

in cell viability and changes in morphology in ARPE-19 cells. Compared to the baseline, ocular and serum osmolarity
showed no difference after IVT injection at all timepoints.

Conclusion: In conclusion, IVT injection of ramucirumab in rabbits is safe and does not cause functional damage to
the retina. At the lower dose tested in vivo (250 ug), the morphology and ultrastructural anatomy were normal at 24 h
and 1 week after the injection. However, the 500 ug dose can cause a decrease in ganglion cell number seven days
after the injection.
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Background

Abnormal angiogenesis is the core pathogenesis of sev-
eral ocular blindness diseases such as diabetic retinopa-
thy and age-related macular degeneration (AMD) [1].
The interaction between pro-angiogenic factors and
their receptors is tightly regulated with several positive
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Vascular endothelial growth factor receptor 2 (VEGER-
2) is one of the main regulators of angiogenesis, dur-
ing which the receptor is overexpressed on the surface
of endothelial cells. The main pro-angiogenic factor is
VEGFA, but VEGFC and VEGED can also activate the
VEGER signaling pathway [4, 5]. The mainstay treatment
for ocular neovascular diseases consists in blocking dif-
ferent pro-angiogenic ligands. However, since different
ligands can act on the same receptor, the direct inhibi-
tion of VEGFR-2 over the inhibition of its ligands may be
a more suitable therapeutic target [2].

Ramucirumab (Fig. 1a) is a recombinant, human mon-
oclonal antibody, produced in a transfected NSO mouse
myeloma cell line, that binds specifically to VEGFR-2
and blocks VEGF-A, VEGF-C, and VEGE-D binding [6].
The fragment crystallizable (Fc) portion of ramucirumab
is not required for its action [7]. Ramucirumab binds to
VEGER-2 with high affinity (Kd=50 pM), similar to the
dissociation coefficient of bevacizumab (Kd=58 pM)
and ranibizumab (Kd=46 pM). The molecular weight
is 146 kDa, which is similar to bevacizumab (149 kDa)
and heavier than ranibizumab (48 kDa) and aflibercept
(115 kDa) [8].

Preclinical cellular and animal models have demon-
strated that the result of ramucirumab binding to its
target is the inhibition of VEGF-induced VEGER-2 acti-
vation and inhibition of VEGF-stimulated cell migration
and proliferation [6, 9].

This drug is provided as an intravenous solution
(Cyramza®, Eli Lilly, Indianapolis, USA) in two for-
mulations, 100 mg/10 mL and 500 mg/50 mL and was
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approved by the US Food and Drug Administration in
2014 to treat advanced gastric and gastroesophageal
cancer.

Since ramucirumab inhibits angiogenesis by specifically
targeting VEGFR-2 (Fig. 1b), its repurposing to treat vas-
cular eye diseases through intravitreal (IVT) injections is
tempting and finds a parallel in the use of bevacizumab
to treat neovascular AMD nearly 15 years ago. Although
the systemic use of ramucirumab has not shown higher
toxicity than other anti-angiogenic agents, to our knowl-
edge, the safety of intraocular injection of ramucirumab
has not yet been tested. The purpose of this study was
to investigate for the first time the intraocular safety of
ramucirumab using human retinal pigment epithelial
(RPE) cells and IVT injection in an animal model.

Methods

This was an experimental study and all the procedures
were performed following the guidelines of the Associa-
tion of Research in Vision and Ophthalmology (ARVO).
Approval was obtained from Institutional Animal Care
and Use Committee (IACUC) prior to the initiation of
the study, under the number 6610041117.

Cell viability assay

Human RPE cells (ARPE-19; ATCC CRL-2302) were
used to assess the in vitro toxicity of ramucirumab
using the MTT (thiazolyl blue tetrazolium bro-
mide) colorimetric assay as previously described [10].
Briefly, the cells were grown in DMEM/F12 contain-
ing 10 U/mL penicillin and 10 ug/mL streptomycin and

a

Fig. 1 Schematic mechanism of ramucirumab. a Ramucirumab active substance. b Target molecules of different anti-VEGF drugs
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supplemented with 10% fetal bovine serum (Gibco/
Thermo Fisher Scientific Inc.—Waltham, MA, USA).
Cells were seeded (5 x 102 cells per well) and incubated
for 24 h in a humidified incubator containing 5% CO,
at 37 °C.

Cells were treated with increasing concentrations
of ramucirumab (from 10 to 500 ug/well) for 2 h and
dimethyl sulfoxide (DMSO) was used as a positive con-
trol. Absorbance at 570 nm was measured and the value
obtained with culture medium was used as blank. The
experiments were performed in triplicate and repeated
three times.

In vivo experiment design

IVT injections of ramucirumab were performed in 16
male chinchilla rabbits weighing from 1.8 to 2.5 kg. The
animals were equally divided into two groups (A and
B). The right eye of each animal received 0.05 mL of
IVT ramucirumab, corresponding to 500 ug of the drug
(group A), or 0.025 mL, corresponding to 250 pg of the
drug (group B). The left eye (control group) received
0.05 mL or 0.025 mL of balanced saline solution (BSS)
(300 mOsm). Fundus photography, electroretinography
(ERG), spectral-domain optical coherence tomography
(SD-OCT) and serum/aqueous humor analysis were
performed at baseline and 24 h (eight rabbits) or seven
days (eight rabbits) after the injection. After the follow-
up examination the animals were euthanized, and the
eyes were collected for histological preparation.

Functional analysis by electroretinography
ERG was performed at baseline and 24 h or seven days
after the intravitreal injection. After complete pupil
dilation with tropicamide 1% and cornea anesthesia
with proparacaine eye drops, unipolar electrodes (ERG
jet®, Universe SA, La Chaux-de-Fons, Switzerland)
were properly placed on each cornea together with
methylcellulose 2% (Ophthalmos, Sdo Paulo, Brazil).
After 30 min of dark adaptation, the animals were
assessed by the RETI-port gamma plus® (Roland Con-
sult, Brandenburg an der Havel, Germany) according to
four types of response: rod response, combined response,
cone response and flicker. A 50% decrease in the post-
injection response compared to baseline was considered
significant. Statistical analyses were performed using
Stata/SE Statistical Software, version 14.0, 2015 (Stata-
Corp, College Station, TX, USA). Data are presented as
median (range) and the Wilcoxon signed-rank test was
used to compare baseline and follow-up measurements. p
values <0.05 were considered statistically significant.
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Fundus photography and spectral-domain optical
coherence tomography

We performed anterior segment biomicroscopy, fundus
photography (Zeiss Visucam 524%, Carl Zeiss, Jena, Ger-
many) and SD-OCT (Spectralis®, Heidelberg Engineer-
ing, Heidelberg, Germany) at baseline and 24 h or seven
days after intravitreal injection.

Serum and aqueous humor osmolarity

Peripheral blood and aqueous humor tap from both eyes
were collected using an insulin syringe with a 27-gauge
needle. After collection, the samples were frozen at
—80 °C and later assessed using an osmometer. The Wil-
coxon signed-rank test was used to compare baseline and
follow-up measurements of blood and aqueous humor
osmolarity.

Light microscopy and transmission electron microscopy
Eyes were processed for light microscopy (LM) and
transmission electron microscopy (TEM) as previously
described [11]. Briefly, for LM, eyes were fixed in 4% par-
aformaldehyde at 4 °C. Following embedding in paraffin,
the eyes were sectioned, stained with hematoxylin and
eosin (H&E) and imaged using an Axioskop 2-Mot Plus
Zeiss microscope (Carl Zeiss, Jena, Germany). The gan-
glion cells were manually quantified using a 20 x objec-
tive in three semi-serial sections of retina for each eye.
Values are expressed as the mean+ SEM of the number
of cells per mm?.

For ultrastructural analysis, eyes were fixed in 4% para-
formaldehyde and 0.5% glutaraldehyde in 0.1% sodium
cacodylate buffer (pH 7.4) for 24 h at 4 °C. After washing
and dehydration in methanol, samples were embedded in
LR Gold (Sigma-Aldrich, Steinheim, Germany). Imaging
was performed using a ZEISS EM900 electron micro-
scope (Carl Zeiss, Jena, Germany).

Results

Cell viability assay

To evaluate the cytotoxic effects of ramucirumab, we
initially performed an in vitro cell viability assays using
ARPE-19 cells treated with 10, 25, 50, 100, 200, 250 and
500 pg/well of drug for 2 h. Cell viability was assessed
by the MTT colorimetric assay and the results indicated
that concentrations up to 250 pg/well did not affect the
cells. However, at 500 pg/well, cell viability was reduced,
and the cells had slight changes in morphology (Fig. 2).

Functional analysis by electroretinography
There was no difference in retinal response between
eyes injected with ramucirumab and eyes injected with
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Fig. 2 Effects of ramucirumab on ARPE-19 cells. Cells were incubated
in the presence of ramucirumab at 10, 25, 50, 100, 200, 250 and
500 pg/well for 2 h. The MTT assay was performed to evaluate cell
viability. The experiments were performed in triplicate and repeated
three times

BSS in all protocols used and at all timepoints of the
study (Fig. 3). Table 1 specifies the results of each ERG
protocol used for all groups.
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Fundus photography and spectral-domain optical
coherence tomography

In all eyes studied, fundus images did not show any sig-
nificant alterations, and SD-OCT displayed normal ana-
tomical architecture of all retinal layers at all assessed
times (Fig. 4).

Serum and aqueous humor osmolarity

Table 2 shows osmolarity values (presented as median)
from serum and aqueous humor collected before and
after IVT injection of ramucirumab or BSS. Compared to
the baseline of each eye, there was no difference in the
osmolarity of serum and aqueous humor. Due to tech-
nical issues the serum samples from day 7 of follow-up
from lower dose group (250 pg) were not evaluated.

Light microscopy and transmission electron microscopy

The morphology assessed by H&E demonstrated similar
findings between both doses of ramucirumab and the
controls. There was no evidence of recruitment of inflam-
matory cells, and the retinal layers were preserved. Some
vacuolization in the superficial layers was present after
24 h and showed less intensity after 7 days in all groups,
including the controls. The retinal thickness measured
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Fig. 3 Full-field ERG assessment. a ERG responses prior to drug treatment. b ERG responses after drug treatment. No alteration was seen in ERG
before and after treatment (OD injected with ramucirumab; OS injected with BSS). ¢ Electrode placement setup. d RETI-port gamma plus® (Roland
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Fig. 4 Morphological assessment after intravitreal injection of ramucirumab. a Fundus color imaging after intravitreal injections. b OCT prior to
intravitreal injections. ¢ OCT after intravitreal injections. All images correspond to the 500 ug group

Table 2 Serum and aqueous humor osmolarity

Blood osmolarity

Aqueous humor osmolarity

Baseline Follow-up P value Baseline Follow-up P value
C1-C4—24h 3385 (270.0-358.0) 337.0(335.0-357.0) 0.9999 300.0 (300.0-300.0) 331.0 (320.0-342.0) 0.9999
C5-C9—7 days 331.0(324.0-355.0) 324.5 (324.0-325.0) 0.1797 332.0(319.0-339.0) 315.5 (246.0-329.0) 0.0679
C9-C11—24h 307.5 (281-334.0) 309.0 (260.0-322.0) 0.1797 319.0 (212.0-323.0) 331.0(323.0-381.0) 0.1088
C12-C16—7 days NA NA NA 323.0 (309.0-338.0) 316.0 (305.0-435.0) 0.9999

Serum and aqueous humor osmolarity in rabbits injected with ramucirumab in the right eye at baseline and follow-up. Values of osmolarity are presented as median
(range). Statistical analysis was performed using Wilcoxon signed-rank test. C1-C4 (500 pg group with 24 h of follow-up); C5-C8 (500 pg group with 7 days of
follow-up); C9-C11 (250 pg group with 24 h of follow-up); C12-C16 (250 pg group with 7 days of follow-up—blood osmolarity not available). NA not available due to

technical problems

displayed no difference between eyes injected with ramu-
cirumab and BSS (Fig. 5). Furthermore, we determined
the number of ganglion cells in each eye. Ramucirumab
at 500 pg caused a significant loss in ganglion cells com-
pared with BSS (59.0+5.0 vs 30.0+2.5, p<0.01 in the
t-test [mean=+ SEM. of the number of cells/mm? n=4/
group]) (Fig. 6).

TEM confirmed the LM findings. At 24 h and seven
days, retinas showed a normal appearance and integrity
of the nerve fiber and inner and outer nuclear layers,
without signs of apoptosis, while a small number of vac-
uoles were seen in the inner and outer plexiform layers
(Fig. 7).

Discussion

Inhibition of VEGFR-2 by ramucirumab in animal mod-
els and human trials has demonstrated significant anti-
tumor activity in a variety of malignancies, both as
monotherapy and in combination with other drugs [8, 12,
13]. However, no previous study has evaluated the safety

or efficacy of intravitreal use of ramucirumab in the treat-
ment of VEGF-driven diseases.

To study the safety of intraocular ramucirumab, we ini-
tially conducted a cell viability test in ARPE-19. We found
that ramucirumab did not cause a significant decrease in
the viability of ARPE-19 cells when exposed to 250 pg/
well. But a concentration of 500 pg/well caused changes
in cell morphology and reduced cell viability, compared
to the lower concentrations. Figure 2 demonstrates a
decrease in cell viability without statistical significance.

Luthra et al. [14] studied the cell damage response to
two different anti-VEGF drugs, bevacizumab and ranibi-
zumab, and found that even with 5 times the clinically
relevant concentration of these drugs, there were no dif-
ferences in cell viability in ARPE-19 cells and rat neuro-
sensory retina cells. However, Malik et al. [15] showed
that mitochondrial toxicity in ARPE-19 cells could be
caused by bevacizumab and ziv-aflibercept (intravenous
solutions). Using a similar approach, Dias et al. [11] did
not find any cytotoxic effect in human RPE cultured
cells exposed to ziv-aflibercept. Regarding aflibercept,
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Fig. 5 Retinal findings by histology with hematoxylin and eosin staining seven days after intravitreal injection of ramucirumab. a control eye. b—d
IVT injection of 250 pg ramucirumab. e-h IVT injection of 500 ug ramucirumab. Ganglion cells: focal areas of vacuolization (*). Inner plexiform and
nuclear layers showing focal vacuolization. Outer plexiform layer: intact. Outer nuclear layer: artifactual findings (red arrows)
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Fig. 6 Quantification of ganglion cells in hematoxylin and eosin
stained eyes. Data represent mean = S.E.M. of the number of
cells/2 mm? (n=4/group). **p < 0.01 vs. control (t-test)

different authors reported no changes in ARPE-19 cell
viability after different concentrations and times of
aflibercept exposure [16, 17]. These findings are con-
sistent with our results, which also demonstrated no
decrease in cell viability compared with controls, when
ramucirumab concentration was below 500 pg/well.

For functional analysis and to minimize some of the
known inter-eye variability of ERG assessment, we used
an instrument capable of assessing both eyes at the same
time [18, 19]. In our analysis, there was no difference in
the ERG when comparing baseline and follow-up of each
eye (Table 1), which means the procedure did not cause
any retinal functional impairments.

The osmolarity study was essential because the ramu-
cirumab formulation is for intravenous use. Intravitreal
injections of strong salt solutions may result in retinal
detachment associated with vascular abnormalities
[19]. However, recent studies did not see much impact
of the pH or osmolarity of drugs in the vitreous cavity
[20]. According to our data, osmolarity remained simi-
lar in all groups, suggesting that intraocular injections
of 250 or 500 pg of ramucirumab in rabbits do not alter
either serum or the anterior chamber osmolarity.

All eyes were evaluated by H&E staining. In eyes
injected with 250 pg ramucirumab, the morphology of
the retina did not show any difference between drug-
injected and controls. The ultrastructural findings by
TEM confirmed the findings of LM. Some degree of
ganglion cell layer vacuolization occurred in all sam-
ples, including those from the control group, and the
density of vacuoles decreased seven days after the
injection compared with 24 h after the injection. This
finding may indicate that the retina is able to recover
in a few days after ramucirumab injection. To over-
come the doubts raised by this finding, we counted the
density of ganglion cells in the eyes studied. The quan-
tification of ganglion cells showed a slight loss of cel-
lular density in both groups at 24 h. Seven days after
the injection, the quantification of ganglion cells indi-
cated a normal density in the 250 pg group, while in the
500 pg group, there was a statistically significant loss of
cellular density.
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segment (OS) is characterized by the presence of disc membranes (*)

Fig. 7 Ultrastructural analysis of rabbit retinas treated with 500 ug ramucirumab at 24 h and seven days. a—d Control. e-h 24 h-treated retina. i-I
7 day-treated retina. All experimental conditions showed retinal layers with normal appearance, without signs of apoptosis. GCL ganglion cell layer,
INL inner nuclear layer, ONL outer nuclear layer. In the inner photoreceptor segment (IS), notice the presence of mitochondria (Mi), while outer

Conclusion

Ramucirumab is an anti-VEGF drug used in the treat-
ment of several types of adenocarcinomas, and its repur-
posing to treat neovascular eye disease is promising
since it binds to VEGFR-2 and not only with its ligands.
Our work presents evidence that this drug can be safely
injected in the eyes of rabbits at a dose of 250 pg.
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