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Purprosk. In a previous study, we documented that the Intravitreal injections (IVIs) of
bevacizumab in rats caused a retinal inflammatory response. We now study whether the
IVI of other humanized anti-VEGF: ranibizumab and aflibercept also cause an inflamma-
tory reaction in the rat retina and if it depends on the dose administered. Finally, we
study whether this reaction affects retinal ganglion cell (RGC) survival.

MetHoDps. Albino Sprague-Dawley rats received a single IVI of 5 pL of PBS or ranibizumab
or aflibercept at the concentration used in clinical practice (10 pg/pL or 40 pg/pL) or at
a lower concentration (0.38 pg/pL and 1.5 pg/pL) calculated to obtain within the rat eye
the same concentration as in the human eye in clinical practice. Others received a single
5 pL IVI of a polyclonal goat anti-rat VEGF (0.015 pg/pL) or of vehicle (PBS). Animals
were processed 7 days or 1 month later. Retinal whole mounts were immunolabeled
for the detection of microglial, macroglial, RGCs, and intrinsically photosensitive RGCs
(ipRGCs). Fluorescence and confocal microscopy were used to examine retinal changes,
and RGCs and ipRGCs were quantified automatically or semiautomatically, respectively.

Resurrs. All the injected substances including the PBS induced detectable side effects,
namely, retinal microglial cell activation and retinal astrocyte hypertrophy. However, there
was a greater microglial and macroglial response when the higher concentrations of
ranibizumab and aflibercept were injected than when PBS, the antibody anti-rat VEGF
and the lower concentrations of ranibizumab or aflibercept were injected. The higher
concentration of ranibizumab and aflibercept resulted also in significant RGC death, but
did not cause appreciable ipRGC death.

Concrusions. The IVI of all the substances had some retinal inflammatory effects. The
IVI of humanized anti-VEGF to rats at high doses cause important side effects: severe
inflammation and RGC death, but not ipRGC death.

Keywords: microglia, macroglia, retina, RGC, ipRGC, vascular endothelial growth factor,
inflammation

he VEGFs are a family of proangiogenic factors that play

a major role in vascular and retinal homeostasis.! When
acting upon their receptors, VEGFs enhance vessel endothe-
lial cell survival and vascular permeability and promote
endothelial cell proliferation and migration.> However, these
factors may also act as mediators in various diseases
that promote angiogenesis, blood-retinal barrier break-
down,? tumor growth, and activation of inflammation.>~’
In humans, several proteins that act as ligands for VEGF
receptors have been identified, including VEGF-A, VEGF-B,
VEGF-C, VEGF-D, and placental growth factor.>” VEGF-A is
considered the main factor in physiological and pathological
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angiogenesis.® Increased VEGF is believed to be impor-
tant in the pathogenesis of various eye diseases, includ-
ing neovascular AMD, posterior uveitis, endophthalmitis,
myopic choroidal neovascularization, macular edema, and
diabetic retinopathy, all of which are leading causes of irre-
versible blindness worldwide.”*

To counteract the deleterious effects of VEGF in various
diseases, factors that block VEGF by binding to or trapping
VEGF protein receptors on the surface of endothelial cells,
also known as anti-VEGF factors, have been synthesized
for clinical use and used in ophthalmic diseases. The first
was bevacizumab (Avastin, Roche, Basel, Switzerland),
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which impeded angiogenesis and was first approved
for cancer treatment.!1> Subsequently, pegaptanib
(Macugen, Bausch & Lomb, Laval, Canada) became the first
anti-VEGF drug specifically designed for ophthalmic use
and approved for AMD treatment.”> This anti-VEGF agent
selectively binds to and blocks the activity of the extracellu-
lar VEGF-A165 isoform, the most potent and abundant VEFG
A isoform.? However, it was later replaced by more effective
anti-VEGF drugs, such as ranibizumab and aflibercept,'*
which inhibit all VEGF-A isoforms. Ranibizumab (Lucentis,
Novartis, Camberley, UK) is a humanized monoclonal anti-
body derived from bevacizumab that has been approved
for wet AMD treatment.'>'® The recombinant VEGF-trap
aflibercept (Eylea, Bayer, SA, Barcelona, Spain) has greater
affinity for binding all forms of VEFG-A, P1GF-1, and P1GF2
when compared with ranibizumab and bevacizumab. At
present, other drugs such as brolucizumab are available.
All of these modern anti-VEGFs are humanized to mitigate
the antiglobulin response that could arise from interspecies
use,!”'1® thus improving their beneficial effects against
human diseases.'®1?

The intravitreal injection (IVI) of anti-VEGF factors has
become one of the most effective used treatments in reti-
nal vascular diseases.>?°~?* Intravitreal administration of
these factors allows their direct delivery to the retina while
partially avoiding systemic absorption, thereby minimizing
possible systemic side effects.?4-?” Although intravitreal anti-
VEGF therapy has been documented to have few adverse
effects,®?® both systemic and local, it is not risk free.?!:23:29-31
Additionally, given the limited duration of anti-VEGF drug
effects, ocular therapy typically requires repeated IVI32-3°
thereby increasing the likelihood of adverse effects.?3¢:37
However, little is known about the potential local side effects
of the IVI of different anti-VEGF drugs injected at different
doses.*® Although the IVI of humanized anti-VEGF factors in
humans is generally safe and nontoxic at standard therapeu-
tic doses,* %" preclinical studies have indicated that the IVI
of humanized anti-VEGF drugs in nonhuman subjects may
yield adverse retinal effects in a dose-related manner.?” A
previous study conducted in our laboratory*® demonstrated
that the IVI induces microglial and macroglial responses
in the rat retina, the severity of which varies with the
injected agent. Humanized anti-VEGF drugs may contribute
to metabolic and molecular changes in human Miiller cells
in vitro,*1%? glial fibrillary acidic protein (GFAP) overex-
pression in rabbits,** and rats eyes,*® and rat primary reti-
nal cultures.** This reaction may vary depending on the
specific drug used.>*%> However, it remains unclear whether
these potential side effects affect the survival of retinal
neurons.*~# This point raises the question of whether the
differences in retinal glial cell reactivity are attributable to
the use of humanized anti-VEGF in other animal species or
to the concentration used.

In this study, we analyze the survival of two differ-
ent populations of retinal ganglion cells (RGCs), the
general population and the intrinsically photosensitive RGCs
(ipRGCs), and glial reactivity in rats following the IVI of
the two of the most commonly used human anti-VEGFs
at present: ranibizumab (Novartis), and aflibercept (Bayer)
at two different concentrations: the concentration used in
humans and a lower concentration calculated to obtain
within the rat eye the same concentration as in the human
eye in clinical practice. We also compared the effects of these
substances with those obtained after the IVI of a goat poly-
clonal anti-rat VEGF antibody or vehicle.
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METHODS
Animal Handling and Groups

Adult female albino Sprague-Dawley rats (n = 224) weigh-
ing approximately 180 to 220 g were used. The rats were
bred and maintained in the Experimental Animal Facil-
ity of the University of Murcia under controlled light
(12-hour light-dark cycles with light intensity within the
cages ranging from 5 to 30 lux) and temperature condi-
tions (23°C-24°C), and with access to food and water ad
libitum.

The animals were treated according to the current Euro-
pean and national regulations and, specifically, according
to Directive 86/609/EEC, 2010/63/EU on the protection of
animals used for scientific purposes, the R.D.1201/2005 on
the protection of animals used for experimental and other
scientific purposes, the Law 32/2007 for the care of animals,
in their exploitation, transport, experimentation, and slaugh-
ter, and the ARVO guidelines for the use of animals in
ophthalmic and visual system experimentation.

The IVIs (see IVIs) were performed under general anes-
thesia, for which a mixture of ketamine (70 mg/kg, Ketolar;
Parke-Davies, SL, Barcelona, Spain) and xylazine (10 mg/kg,
Rompun; Bayer) was injected intraperitoneally. After the
IVIs, the rats were placed in their cages, and tobramycin
ointment (Tobrex, Alcon S.A., Barcelona, Spain) was applied
over the cornea to prevent corneal desiccation.

The animals were divided into different experimental
groups. There were twelve animals in the naive group that
did not receive any treatment, twenty-four animals in the
PBS group and forty animals in each of the groups that
received IVI of the anti-VEGF factors. Half of the animals
in each group were processed 7 days or 1 month after the
IVI (Fig. 1; see IVIs). At each survival period, one-half of
the animals were immunolabeled with antibodies directed
to glial cells and half with antibodies directed to ganglion
cells (see below, Immunohistofluorescence).

IVIs

The IVIs were performed only in the left eye following
previously described methods.*-5°-52 Briefly, injections were
performed through the superotemporal sclera at approxi-
mately 1-2 mm from the limbus using a Hamilton microsy-
ringe (26G needle, Hamilton 701 N; Esslab, Benfleet, UK).
The needle was introduced into the eye and directed to the
vitreous core where, under direct visualization through the
operating microscope, 5 pL of different substances (see next
paragraph) were injected slowly to avoid injuring the lens
or other ocular structures.

The following substances were injected in the differ-
ent experimental groups: (1) PBS (Sigma Aldrich, Madrid,
Spain); (2) ranibizumab (humanized anti-VEGF, Lucentis,
Novartis) at two different concentrations: the human clinical
concentration (higher concentration: 10 pg/pL) and a lower
concentration (0.38 pg/pL) (see next paragraph); (3) afliber-
cept (humanized anti-VEGF, Bayer) at two different concen-
trations: the human clinical concentration (higher concen-
tration; 40 pg/pL) and a lower concentration (1.5 pg/pL; see
next paragraph); and (4) goat polyclonal anti-rat VEGFs4
diluted in PBS (15 pg/mL = 0, 015 pg/uL; MGC70609; Leinco
Technologies, Inc., St. Louis, MO, USA).

Although the IVI volume was kept constant at 5 pL in all
groups, two different concentrations of the two humanized
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Ficure 1. Experimental design. Diagram depicting the methods
used: groups, substances injected, concentrations, processing times
after the intravitreal injection (IVI) (days), and number of animals
analyzed at each survival time (7).

anti-VEGF agents ranibizumab and aflibercept were used:
the higher concentration that is the concentration used in
clinical practice and a lower concentration diluted in PBS
and calculated to obtain in the rat vitreous a concentration
of the agent similar to that achieved in the human vitreous in
clinical practice. To calculate the lower dose, we considered
that the human vitreous had a volume of 4 mL>® and the rat
vitreous a volume of 15 pL.5*5

Tissue Processing

Animals were first sedated with an intraperitoneal injec-
tion of sodium pentobarbital (Dolethal Vetoquinol, S.A.,
Lure, France), and then euthanized with a lethal dose
of sodium pentobarbital. Next, they were perfused tran-
scardially through the ascending aorta first with saline
and then with 4% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.4). The eyes were enucleated and the reti-
nas were dissected as whole mounts by making four
radial cuts in the superior, inferior, nasal, and tempo-
ral retinal quadrants. The cut in the superior quadrant
was longer to maintain retinal orientation.’®-5® Retinas
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were post-fixed flat on filter paper in 4% paraformalde-
hyde for 1 hour, washed in PBS, and processed for
immunofluorescence.

Immunohistofluorescence

Retinas were processed for immunohistofluorescence
following a protocol previously described in detail by our
group.’®-%! Briefly, retinas were permeabilized and incu-
bated overnight at room temperature with a mixture of
primary antibodies (see Primary Antibodies) diluted in
blocking buffer (PBS containing 2% Triton X-100 and
5% normal donkey serum; Jackson ImmunoResearch, Inc.,
Cambridge, UK). The next morning, the retinas were incu-
bated for 1 h at room temperature with a mixture of
secondary antibodies (discussed elsewhere in this article)
diluted in PBS containing 2% Triton X-100. Finally, the reti-
nas were washed with PBS, mounted on subbed slides with
the vitreous side up, and covered with an antifade mounting
medium (M1289; Sigma-Aldrich).

Primary Antibodies

Two primary antibodies were used to label different popu-
lations of RGCs. The general population was labelled using
a mouse anti-Brn3a antibody (1:500; mouse anti-Brn3a,
MAB1585 Millipore, Madrid, Spain), and the ipRGCs were
labelled with a rabbit anti-melanopsin antibody (1:500;
rabbit anti-melanopsin; Invitrogen, Carlsbad, CA, USA).
Microglial and macroglial (Miiller cells and astrocytes) cells
were labelled with rabbit anti-Iba 1 antibody (1:500; rabbit
anti-Ibal; Abcam, USA, Waltham, MA, USA), goat anti-GFAP
antibody (1:500; goat anti-GFAP; Abcam, USA) and goat anti-
vimentin antibody (1:250, C-20, sc-7557; Santa Cruz Biotech-
nology, Dallas, TX, USA).

Secondary Antibodies

Goat anti-mouse IgG1 antibody Alexa Fluor 594, donkey
anti-goat antibody Alexa Fluor 594, donkey anti-goat anti-
body Alexa Fluor 488 and donkey anti-rabbit antibody Alexa
Fluor 488 were used, all diluted 1:500 (Molecular Probes,
Invitrogen, Inc., Madrid, Spain).

Image Acquisition and Analysis

Retinal whole mounts were examined and photographed
using a motorized Leica DM6 B fluorescence micro-
scope (Leica, Wetzlar, Germany) equipped with vari-
ous filters and magnifications (20x, 40x, or 63x, Leica
Microsystems) and a Leica SP8 confocal microscope (Leica
Microsystems), as previously described in detail.>2:56,62-65
Images were processed using Adobe Photoshop CS
6 (Adobe Systems, Inc., San Jose, CA, USA) when
necessary.

Quantification of Brn3at and Melanopsin®™ RGCs

Image-Pro Plus image analysis software (Image-Pro Plus 5.1
for Windows Media Cybernetics, Silver Spring, MD, USA) was
used to quantify the total number of Brn3a®™RGCs using a
specific macro protocol previously developed in our labora-
tory for the specific counting of RGC nuclei immunodetected
with Brn3a in retinal whole mounts.””->%:¢1:% The obtained
numerical data were exported to a spreadsheet (Microsoft
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Office Excel 2003, Microsoft Corporation, Redmond, WA,
USA) for further analysis. The melanopsin+RGC (ipRGC)
population was quantified following a semiautomatic proto-
col previously described by our group.57-65-¢7

Spatial Distribution of Brn3atRGCs and ipRGCs
Density Distribution

The spatial distribution of the studied populations in each
retina was depicted using isodensity maps for Brn3a*RGCs
and neighborhood maps for ipRGCs, following previ-
ously described methods that are standard in our labo-
ratory.>:38:95,67.68 Both isodensity and neighborhood maps
allowed the visualization of the distribution and density
of these populations in a user-friendly manner, and were
constructed using SigmaPlot 9.0, for Windows (Systat Soft-
ware, Inc., Richmond, CA, USA).

Statistical Analyses

The GraphPad Prim software (GraphPad Prism 6, GraphPad
Software, La Jolla, CA, USA) was used for statistical analy-
sis. Numerical data are presented as mean + SD. The data
were assessed for normality and then analyzed with para-
metric tests. The ¢ test was used for comparisons between
two groups, and the one-way ANOVA (Tukey’s test) or the
two-way ANOVA tests were used for comparisons between
several groups when one or two variables (time and different
substances or concentrations used) were considered. Differ-
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ences were considered significant when the P value was
<0.05.

REsuLTS

First, we describe the glial cell reaction after the IVI with
different substances and later the survival of the RGC popu-
lations studied. In each section, we first describe the findings
in naive animals, in PBS-injected animals, and in the animals
that received anti-VEGF substances.

Microglial Cells

In naive animals, microglial cells in the right and left eyes
showed ramified morphology, characteristic of resting or
quiescent cells, both at 7 and 30 days (Figs. 2A, 2B). In
PBS-injected animals, we observed shortening of microglial
cell processes and slight thickening of the soma in the left
injected eyes both at 7 and 30 days after the IVI (Figs. 2C, 2D),
indicating that the IVI of PBS caused a mild activation of
microglial cells.

The animals that received an IVI of ranibizumab at the
higher concentration (10 pg/pL) showed marked activation
of microglial cells, which increased in number and had a
more amoeboid form in the left retina, both at 7 and 30 days
after the IVI, although these changes were more noticeable
30 days after the IVI (Figs. 2D, 2J). We could not quantify
the microglial cells in this group of animals because the
cells processes overlapped and thus, could not be individu-

Naive

30d | Right Eye

PBS Ranibizumab

10 30d

7d |10 pg/pl 7d| 0.38 pgfjil

Left Eye

30d [ 10-pglul 30d | 0,38 pg/pl <

“7d | 40 pg/ul

", '30d | 40 pg/ul

Aflibercept

Anti-Rat-VEGF
5 c TR

7d [ 1.5 pg/pl 7d|0.015 pgipl

30d | 0.015 pg/fil .

30d | 1.5 pg/pl

Ficure 2. Microglial cell reactivity. Representative magnifications taken from the retinal flat mounts of naive left retinas (A) and right retinas
(B), and from the left retinas of the different experimental groups that received an intravitreal injection of PBS (C, I), ranibizumab 10 pg/pL
(D, J) Ranibizumab 0.38 ng/uL (E, K), aflibercept 40 pg/pL (F, L), aflibercept 1.5 ng/pL (G, M) and anti-rat VEGF (H, N) showing the Iba-1t
immunoreactive cells (green) at 7 (second row) and 30 (third row) days after the intravitreal injection (IVI). Scale bar, 100 pm.

Downloaded from iovs.arvojournals.org on 04/24/2024



Investigative Ophthalmology & Visual Science

Side Effects of IVI of Humanized Anti-VEGF in Rats

IOVS | April 2024 | Vol.65 | No.4 | Article 10 | 5

Naive

Left eye

PBS Ranibizumab

30d | Right Eye

100um_ 30d

Aflibercept Anti-Rat-VEGF

D E
7d [ 10 pg/pl 7d | 0.38 pg/pl

Left Eye

J
10 pg/pl 30d| 0.38 pg/pl

Ficure 3. Macroglial cell reactivity. Representative magnifications taken from the retinal flat mounts of naive left retinas (A) and right
retinas (B), and from the left retinas of the different experimental groups that received intravitreal injections of PBS (C, I), ranibizumab
10 pg/pL (D, )), ranibizumab 0.38 pg/pL (E, K), aflibercept 40 ng/pL (F, L), aflibercept 1.5 pg/pL (G, M), and anti-rat VEGF (H, N) showing
the GFAP immunoreactivity (red) at 7 days (second row) and 30 days (third row) after the intravitreal injection (IVI). Scale bar, 100 pm.

alized. The animals that received an IVI of ranibizumab at
the lower concentration (0.38 pg/pL) showed some signs
of microglial cell activation in the left eye: shortening of
processes and more amoeboid form (Figs. 2E, 2K), similar to
those found in the left eyes of the PBS group (Figs. 2C, 2D);
therefore, ranibizumab at the lower concentration had
a much smaller microglial reaction than at the higher
concentration.

The animals that received an IVI of aflibercept at the
higher concentration (40 pg/pL) showed, both at 7 and
30 days after the IVI, an increase in the number and
a marked activation of microglial cells in the left eye
(Figs. 2F, 2L), which resembled the microglial reaction
observed in the animals that had received the higher concen-
tration of ranibizumab (Figs. 2D, 2J). We could not quantify
the number of microglial cells in these retinas because their
processes overlapped. The animals that received an IVI of
the lower dose of aflibercept (1.5 ng/pL), showed a much
smaller microglial cell activation that resembled that found
in the left eyes of the PBS group (Figs. 2G, 2M), indicating a
much smaller microglial reaction with the lower dose.

The animals that received an IVI of the goat polyclonal
anti-rat VEGF at the recommended dose for use in rats
(0.015 pg/ul*®) showed mild signs of microglial cell acti-
vation in the left retina: the cells had a more amoeboid
shape and showed process retraction, similarly to those in
the left eyes of the PBS group and in the animals that had
received the lower concentration of ranibizumab or afliber-
cept (Figs. 2H, 2N).
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In the right retinas (contralateral to the injection) of
all the experimental groups, including the PBS group, we
observed signs of a very subtle activation of a few microglial
cells that showed a retraction of their processes (data not
shown).

Macroglial Cells

The right and left retinas of the naive animals showed a
normal three-dimensional network of GFAP-labelled astro-
cytes in the retinal nerve fiber layer (Figs. 3A, 3B). This
normal astrocyte network was observed also in the right
retina of all the other groups (not shown). The animals
that received a PBS injection showed slight hypertrophy of
GFAP-labelled astrocytes in the left retina (Figs. 3C, 31).%
The animals that received an IVI of ranibizumab or
aflibercept at the higher concentration (10 pg/pL or 40
pg/pL, respectively) showed an important change in GFAP
expression in the injected left retinas. There were arrow-
shaped areas of increased GFAP immunoreactivity both
7 and 30 days after IVI (Figs. 3D, 3F, 3], 3L) that were also
vimentin immunoreactive and thus correspond to the end
feet of Miiller cells (Fig. 4). The astrocyte cell bodies could
not be individualized in the areas of higher GFAP expres-
sion because they were obscured by the higher immunore-
activity, but could be seen outside these areas (Fig. 4). The
animals that received an IVI of the lower concentration
of ranibizumab or aflibercept (0.38 ng/pL and 1.5 pg/pL,
respectively) showed in the left retinas only a slight hyper-
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Ranibizumab

10 pg/pl

10 pg/pl

Ficure 4. Confocal photomicrographs of the same retinal area of a left retina of one animal that had received an intravitreal injection (IVI)
of ranibizumab at the 10-pg/pL concentration and was processed 7 days later. The micrographs were taken with different fluorescence filters
to show the glial fibrillary acidic protein (GFAP) immunoreactivity (A), the vimentin immunoreactivity (B), or a merged image (C). GFAP
and vimentin immunoreactivity colocalize in the hyperfluorescent areas of the inner retinal surface, indicating that they correspond to the

end feet of Miiller cells. Scale bar, 50 pm.

trophy of the astrocytes (Figs. 3E, 3G, 3K, 3M), similar
to that found in the left eyes of the PBS-injected animals
(Figs. 3C, 3D. The animals that had received IVI of the
polyclonal anti-rat VEGF antibody showed in the left reti-
nas a slight thickening and shortening of the astrocyte
processes (Figs. 3H, 3N), similar to that found in PBS-
injected animals and in animals that had received the lower
dose of ranibizumab and aflibercept.

RGC Survival

In naive animals, the mean number + SD of Brn3a™RGCs per
retina (81,022 + 3883; n = 6) (Fig. 50; Table) was similar
to that reported in previous studies by our group.’”-°! In the
PBS group (Figs. 5C, 51, 50), the numbers of Brn3a*RGCs in
the left (injected) retinas at 7 days (81,175 + 942; n = 6) and
30 days (80,935 + 2325; n = 6) after the IVI were similar to
those found in the retinas of naive animals and in the right
(uninjected) retinas of the same group at 7 days (80,117 £+
2158; n = 10) and 30 days (80,900 + 2100; n» = 10) after
the IVI. Thus, the IVI of PBS had no effect on Brn3a™RGCs
survival during the first month after the IVI (Table).

In the animals that received ranibizumab at the higher
concentration, the mean numbers of Brn3a*RGCs in the left
(injected) eyes were 71,947 £ 2889 (» = 10) at 7 days and
71,135 =+ 3866 (n = 10) at 30 days (Figs. 5D, 5], 50; Table),
whereas the mean numbers of Brn3a™RGCs in the contralat-
eral right eyes were 79,214 £ 2508 (n = 10) and 78,152 £+
3028 (n = 10) at 7 and 30 days after the IVI, respectively. The
numbers found in the right retinas of this group were similar
to those observed in the left and right retinas of the naive
and PBS groups (Figs. 5B, 50), but the numbers found in the
left retinas were significantly smaller than those found in the
right retinas (P < 0.001) and represented a decrease of 11%
and 12% of the Brn3a*RGC population at 7 and 30 days after
the IVI, respectively (Fig. 50; Table). However, there were no
significant differences between the numbers of Brn3a™RGCs
found in the left retinas of this group 7 and 30 days after the
IVI (Table).

In the animals that received the lower concentration of
ranibizumab, the mean numbers of Brn3a*RGCs in the left
(injected) retinas were 78,530 £+ 4240 (n = 10) and 78,914
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£ 4900 (n = 10) 7 and 30 days after the IVI and in the right
uninjected eyes 76,822 + 2959 (n = 10) and 78,974 + 4911
(n = 10) at 7 and 30 days after the IVI, respectively (Table).
The numbers of Brn3a*RGCs were similar between the left
and right retinas and comparable to the numbers found
in the retinas of naive and PBS animals (Figs. 5E, 5K, 50;
Table).

The animals that received aflibercept at the higher
concentration had mean numbers of Brn3a*RGCs in the left
(injected) eyes of 73,533 + 2096 (n = 10) and 71,523 £
3171 (n = 10) at 7 and 30 days after the IVI, respectively
(Figs. 5F, 5L, 50), and in the uninjected right eye of 81538
+ 1,314 (n = 10) and 80579 + 1,519 (n = 10) 7 and 30 days
after IVI, respectively. The numbers found in the right reti-
nas of this group were similar to those found in the retinas
of naive and PBS-injected animals (Figs. 5B, 50; Table). The
numbers found in the left retinas were significantly smaller
than those found in the right retinas (7 < 0.001) both 7
and 30 days after the IVI (Fig. 50; Table) and represented
a loss of 9.8% and 11.0% of the Brn3a™RGC population,
respectively. However, there were no significant differences
between the numbers found in the left retinas at days 7 and
30 after the IVI.

In the animals that received aflibercept at the lower dose,
the mean number of Brn3a™RGCs in the left eye was 76,916
+ 5666 (n = 10) and 79,454 + 4420 (z = 10) at 7 and 30 days
after the IVI, respectively (Figs. 5G, 5M, 50), and the mean
numbers found in the right (uninjected) eyes were 77,678 +
5179 (» = 10) and 79,504 £ 5058 (nz = 10) at 7 and 30 days
after the IVI, respectively (Figs. 5B, 50; Table). In this group,
there were no statistically significant differences between the
right and left eyes at any of the time points studied and thus,
we could not document RGC loss (Fig. 50; Table).

The animals that received an IVI of the polyclonal anti-
rat VEGF antibody had numbers of Brn3a"RGCs in the left
eye of 80,375 + 1369 (# = 10) and 80,083 + 1041 (= = 10),
7 and 30 days after the IVI, respectively (Figs. 5G, 5M, 50;
Table). These animals had numbers of Brn3a*RGCs in the
right (uninjected) eyes of 80,231 £ 833 (» = 10) and 81,519
+ 1798 (n = 10) at 7 and 30 days after the IVI, respectively
(Figs. 5B, 50; Table). There were no statistically significant
differences between the numbers found in the left and right
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FiGure 5. Brn3atRGC survival. Representative magnifications taken from the retinal flat mounts of the naive left retinas (A) and right
retinas (B), and from the left retinas of the different experimental groups that received an intravitreal injection of PBS (C, I), ranibizumab
10 pg/pL (D, J), ranibizumab 0.38 pg/pL (E, K), aflibercept 40 pg/pL (F, L), aflibercept 1.5 pg/pL (G, M), and anti-rat VEGF (H, N), showing
Brn3at cells (red) at 7 days (second row) and 30 days (third row) after the intravitreal injection (IVD). Scale bar, 100 ym. (O) Bar graph
showing mean numbers + SD of Brn3a™RGCs per retina in naive animals (N, grey; n = 3 animals: 6 retinas, 3 left retinas and 3 right
retinas), right retinas of the experimental animals (right eyes, red; n = 106 retinas), and left retinas of eyes of experimental animals that
received IVI of PBS (purple; n = 6 at each survival time), ranibizumab 10 pg/pL (Rbz, dark blue; n = 10 at each survival time), ranibizumab
0.38 pg/pl (Rbz, light blue; 7z = 10 at each survival time), aflibercept 40 pg/pL (Afbt, dark green; 7 = 10 at each survival time), aflibercept
1.5 pg/pL (Afbt, light green; 7 = 10 at each survival time), and anti-rat VEGF (orange; n = 10 at each survival time). *Statistically significant
differences between the left injected retinas and the naive eyes, the right eyes, and the other experimental groups at the same survival time
(P < 0.0001; one-way- ANOVA, Tukey’s test). 1 Statistically significant difference with the lower dose of the same substance (ranibizumab)
at 7 days (P < 0.0001; ¢ test). fStatistically significant difference with the lower dose of the same substance (ranibizumab) at 30 days (P
< 0.0001; ¢ test). § Statistically significant difference with the lower dose of the same substance (aflibercept) at 7 days (P = 0.0018; ¢ test).
# Statistically significant difference with the lower dose of the same substance (aflibercept) at 30 days (P < 0.0001; ¢ test).
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retinas of this group of animals or between the numbers
found in this group and the numbers found in the retinas of
the naive and PBS groups (Fig. 50; Table).

We also compared the mean numbers of Brn3aTRGCs
in the left eye between the different experimental groups
and found that the groups that showed significant decreases
in RGCs numbers were those that received ranibizumab or
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aflibercept at the higher concentration when compared with
naive animals, both 7 days (P < 0.001 and P = 0.02, respec-
tively) and 30 days (P < 0.001) after the IVI (Fig. 50; Table).
However, no significant difference was found between the
numbers of Brn3a*RGCs in the left eyes of animals that
received the IVI of ranibizumab or aflibercept at the lower
concentration and the naive animals (Table). Finally, both in



Investigative Ophthalmology & Visual Science

Side Effects of IVI of Humanized Anti-VEGF in Rats

TABLE.
Melanopsin™
Brn3a"™RGCs RGCs

Naive

7 days 81,021 + 3883 2190 + 138

30 days 80,954 + 3657 2124 + 119
Right eyes

7 days 80,505 + 3482 2190 + 138

30 days 81,684 + 3278 2098 + 109
PBS

7 days 81,175 + 942 2155 + 159

30 days 80,934 + 2325 2150 + 334
Ranibizumab (10 pg/pD

7 days 71,947 + 2889"-F 1977 + 251

30 days 71,134 + 3866"% 2154 + 211
Ranibizumab (0.38 ug/pl)

7 days 78,530 + 4240" 2078 + 175

30 days 78,913 + 4899* 2199 + 133
Aflibercept (40 pg/pb

7 days 73,533 + 20968 2168 + 101

30 days 71,523 + 31717 2153 + 336
Aflibercept (1.5 pg/pD

7 days 76,916 + 5666 2021 + 334

30 days 79,453 + 44207 2119 + 110
Anti-rat-VEGF

7 days 80,375 + 1369 2117 + 102

30 days 80,083 + 1041 2036 + 107

Mean numbers (£SD) of Brn3a+ and melanopsin+RGCs per
retina in the different groups at different survival times.

" Statistically significant differences between the Naive, Right eye,
and other experimental groups at the same time point (P < 0.0001;
One Way-ANOVA, Tukey’s test).

T Statistically significant differences with the animals that
received the same substance (ranibizumab) at a lower dose at 7
days (P < 0.0001; #-test).

¥ Statistically significant differences with the lower dose of the
same substance (ranibizumab) at the same time point (P < 0.0001;
I-test).

§ Statistically significant differences with the lower dose of the
same substance (ranibizumab) at 30 days (P = 0.0018; #-test).

” Statistically significant differences with the lower dose of the
same substance (aflibercept) at 7 days (P < 0.0001; #-test).

the ranibizumab and in the aflibercept groups, there were
significantly lower numbers of Brn3a* RGCs in the left eyes
that had received the higher concentration than in the left
eyes that had received the lower concentration (Fig. 50;
Table).

RGC Distribution

In naive animals, the Brn3a™RGC isodensity maps showed
a higher density of RGCs in the superotemporal region
of the retina (Figs. 6A, 6B), as described previously by
our group.’’-58-% In PBS-injected animals, the spatial distri-
bution of Brn3a+RGCs was similar to that observed in
the naive group (Figs. 6C, 6I). The groups that received
ranibizumab or aflibercept at the higher concentration
showed a diffuse decrease of the warm colors in the left
(injected) eyes at 7 and 30 days after the IVI indicating RGC
loss (Figs. 6D, GF, 6], 6L). However, the animals that received
an IVI of ranibizumab or aflibercept at the lower concentra-
tion and the animals that received an IVI of the rat-specific
anti-VEGF showed in the left and right eyes RGC isoden-
sity maps similar to those of naive and PBS-injected animals
(Figs. GE, 6G, 6H, 6K, 6M, 6N).
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ipRGC Survival

ipRGC Numbers. In naive animals, the mean numbers
of ipRGCs in the retinas (2190 + 138, n = 6)
(Figs. 7A, 7B, 70; Table) were similar to that reported in
previous studies by our group®”®” and to that found in
the retinas of PBS-injected animals (2,155 + 333; n = 6)
(Figs. 7C, 71, 70; Table).

The groups that received the IVI of ranibizumab, afliber-
cept or polyclonal anti-rat VEGF, also showed similar mean
numbers of ipRGCs in the left retinas, irrespective of the
substance or dose used (Fig. 70; Table). The mean numbers
of ipRGCs in the left retina of the animals that received
ranibizumab or aflibercept at the higher concentration were
2154 £ 211 and 2153 £ 335, respectively, at 7 days, and
2078 £ 175 and 2021 + 3306, respectively, at 30 days after the
injection (Table). In the animals that received ranibizumab or
aflibercept at the lower concentration these numbers were
2199 £ 133 and 2120 + 110, respectively, at 7 days, and
2168 + 101 and 2117 + 102, respectively, at 30 days after
the injection (Table). The animals that received an IVI of the
polyclonal anti-rat VEGF antibody had numbers of ipRGCs in
the left retina of 2036 &+ 117and 1825 + 232 at 7 and 30 days
after the injection, respectively. These numbers were similar
to those found in naive and PBS-injected animals (Figs. 7D-
7H, 7J-7N; Table). See Supplementary Figure S1 for ipRGCs
distribution.

ipRGC Distribution. The spatial distribution of
ipRGCs in neighborhood maps was in naive animals simi-
lar to that found in previous studies of our group®’-®5¢7
(Supplementary Figs. S1A, S1B), with a higher density of
ipRGCs in the superotemporal region of the retina. This
distribution did not change in the left and right eyes of the
animals that received PBS or anti-VEGF substances and was
thus similar to the observed naive animals (Supplementary
Figs. SIC-S1IN).

DISCUSSION

In this study, we analyzed the effects of a single IVI of
two different concentrations of two of the most commonly
used humanized anti-VEGF drugs in clinical practice: the
monoclonal antibody ranibizumab and the fusion protein
aflibercept, as well as a rat-specific monoclonal anti-VEGF
antibody, in the rat retina. We have used two different
concentrations of the anti-VEGF substances (the one used
in humans and a lower concentration calculated for the rat
eye) because, in previous published studies, the human-
ized anti-VEGF had been used in rats at the concentrations
used in clinical practice®® 7! and also because, in a previ-
ous study, we had observed a marked glial cell reaction in
the rat retina after single and multiple IVIs of bevacizumab
at the concentration used in humans.3® Therefore, in this
study, we aimed to analyze the interspecies immunological
tolerance and responses to the two most commonly used
drugs in clinical practice, ranibizumab and aflibercept. We
have analyzed glial reactivity and RGC survival and whether
they were concentration and/or substance dependent.
Animals injected with PBS exhibited microglial cell acti-
vation in the left-injected retina, as indicated by the retrac-
tion of microglial cell processes and a more amoeboid shape.
Microglial cells are first responders to retinal insults®?:72.73
and play a crucial role in mediating inflammatory responses
and maintaining retinal homeostasis.’!>%:62:63,74-76 e did
not quantify the microglial cells in these retinas because
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FiGure 6. Topography of Brn3a*RGC after intravitreal injection (IVD) of different anti-VEGF agents. Representative isodensity maps showing
the topography of Brn3aTRGC in naive left retinas (A) and right retinas (B), and the left retinas of the experimental groups that received
an intravitreal injection of PBS (C, I), ranibizumab 10 pg/pL (D, J), ranibizumab 0.38 ng/pL (E, K), aflibercept 40 pg/pL (F, L), aflibercept
1.5 pg/pL (G, M), and anti-rat VEGF (H, N). The color scale bar at the bottom of (B) indicates cell density from 0 (purple) to £3500 (red).

Scale bar, 100 pm.

we had previously documented that in the rat the IVI of
PBS causes an increase in microglial cell density3® In the
right eye, a subtle activation of some microglial cells was
observed after PBS injection in the left eye (data not shown),
which is consistent with the results of a previous study by
our group.3

Animals that received an IVI of ranibizumab and afliber-
cept also exhibited a microglial cell reaction in the left
eye, but its degree differed depending on the administered
concentration. Injection of the lower concentration, calcu-
lated to obtain in the rat eye the same concentration as
in the human eye in clinical practice, resulted in a slight
activation of microglial cells, similar to that observed in
the left eye of the PBS-injected animals. In contrast, injec-
tion of the higher concentration, the dose used in human
clinical practice, led to a more pronounced microglial cell
reaction, characterized by increased microglial cell numbers
in the left retinas that could not be quantified because
of their overlapping processes. Ranibizumab is the trun-
cated form of bevacizumab, a humanized monoclonal anti-
body,”” and aflibercept is an RNA trap, a fusion protein that
contains portions of the extracellular domains 1 and 2 of
the human VEGF receptor.”” Therefore, both could cause
an immunological response in rats. We document that the
lower concentration causes a mild microglial cell activation,
but that the higher concentration elicits a strong microglial
cell reaction, similar to that observed by our group previ-
ously with the IVI of bevacizumab at the human clinical
concentration.*
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The IVI of the polyclonal anti-rat VEGF antibody also
resulted in a minor microglial cell reaction in the left
retina, resembling the response observed in PBS-injected
animals and in those injected with the lower concentration
of ranibizumab and aflibercept. Thus, in all the left-injected
eyes we have documented a mild activation of microglial
cells throughout the retina, evidenced by a transition from
their typical branched morphology to an amoeboid shape,
accompanied by shortening of their processes. This find-
ing is in accordance with previous studies showing in the
rat retina microglial activation following IVI of humanized
anti-VEGF or other substances.>*48:78.7 This activation was
in this study influenced by the concentration of the anti-
VEGF substance employed, because it was more pronounced
with the higher concentrations. In the retinas injected with
the higher concentration it was not possible to quantify the
numbers of microglial cells because their processes over-
lapped and therefore we cannot document increased densi-
ties of microglial cells. Our results are in contrast with those
of another study that reported a decrease in microglial cell
activation following IVI of ranibizumab at the higher concen-
tration used in our study in a rat ischemia-reperfusion
model® However, the same study showed an increase in
microglial activation after IVI of bevacizumab.®° In human
patients, there is an ongoing debate regarding the role
of anti-VEGF in ocular inflammation because ranibizumab
or aflibercept could decrease inflammatory factors (i.e.,
cytokines) related to microglial activation.®-8 However,
whether the decreased cytokine levels result from VEGF
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Ficure 7. Intrinsically photosensitive retinal ganglion cell (ipRGC) survival. Representative magnifications taken from retinal flat mounts of
naive: left eyes (A) and right eyes (B), and the different experimental groups that received an intravitreal injection of PBS (C, D), ranibizumab
10 pg/pL (D, J), ranibizumab 0.38 ng/pL (E, K), aflibercept 40 pg/uL (F, L), aflibercept 1.5 pg/pL (G, M), and anti-rat VEGF (H, N) showing
IpRGC™ cells (green). Scale bar, 100 pm. (O) Bar graphs showing mean + SD of Brn3a™RGCs in naive animals (N, grey; n = 3 animals:
6 retinas, 3 left retinas and 3 right retinas). Right retinas of the experimental animals (right eyes, red; 7 = 106 retinas), and left retinas of
experimental animals that received intravitreal injection (IVD) of PBS (purple; #z = 6 at each survival time), ranibizumab 10 pg/pL (Rbz, dark
blue; n = 10 at each survival time), ranibizumab 0.38 pg/pL (Rbz, light blue; 7 = 10 at each survival time), aflibercept 40 pg/pL (Afbt, dark
green; n = 10 at each survival time), aflibercept 1.5 ng/uL (Afbt, light green; 7 = 10 at each survival time), and anti-rat VEGF (Orange; n =
10 at each survival time). There were no significant differences between the groups.

signaling suppression or are an indirect consequence of
decreased vascular disease remains unclear.” Indeed, it has
been documented that patients affected by retinal diseases
who do not respond to ranibizumab show increased levels
of proinflammatory factors.®

We also observed astrocyte hypertrophy and marked
GFAP overexpression in the rat retina after IVI. Astro-
cyte hypertrophy was observed in the left eyes of PBS-
injected animals and those injected with the lower dose of
ranibizumab or aflibercept, whereas areas of marked GFAP

Investigative Ophthalmology & Visual Science

Downloaded from iovs.arvojournals.org on 04/24/2024

immunoreactivity were observed in the inner surface of the
retina in the animals injected with ranibizumab or afliber-
cept at the higher dose. These areas exhibited distinct curved
arrow-shaped patterns, which we document here and we
have shown previously, using double labeling with vimentin
that is specific for Miiller cells that correspond with GFAP
upregulation in Miiller cell peduncles.3® Within these areas
of increased GFAP immunoreactivity, the normal network
of astrocytes cannot be seen, but previous studies of our
laboratory and other groups have shown the persistence
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of the macroglial cell network in these areas.*7® Our find-
ings are in agreement with previous studies showing that
the IVI elicit astrocyte hypertrophy and Miller cell hyper-
reactivity, and that the substance injected influences their
extent 30-45-48.78.87 Finally, although in vitro studies using
ocular cell lines from different species for toxicology test-
ing (ARPE19 cells and 661W cells) have suggested minimal
toxicity for aflibercept, ranibizumab, and bevacizumab,®
other studies have demonstrated that these substances cause
metabolic and molecular changes in human Miiller cells
in vitro*"*2 and GFAP overexpression in rabbits*> and rats
primary retinal cultures.* Glial cells are the first cells to
react to an insult or stress in the retina,!-5¢58,62,74,76,89,90 4q
their activation is, therefore, a good indicator of drug- or
treatment-induced retinal changes.

We have also studied the impact of IVI on the survival of
the general population of RGCs and the ipRGCs. The higher
dose of ranibizumab and aflibercept resulted in RGC loss
in rats at the time points examined. This finding suggests
that the above-mentioned glial reaction that occurs after IVI
of humanized anti-VEGF in rats®® can result in RGC death.
However, the contrary is also possible, that this reaction may
be due to a direct toxic effect of the anti-VEGF substances on
RGCs. Our findings contradict, however, previous research
that reported that the IVI of pegaptanib, ranibizumab, and
bevacizumab in rats had no toxic effects on the retina and
did not affect RGC survival.®®47:% Furthermore, our results
support those of another study that documented apoptosis
in the ganglion cell layer following IVI of anti-VEGF antibody
in diabetic rats.”! The IVIs of humanized aflibercept, beva-
cizumab, and ranibizumab have also been reported to induce
apoptosis in various retinal layers of the rabbit retina.”?
Consistent with our results, a recent study has shown that
the IVI of ranibizumab causes dose-dependent apoptotic
RGC death in the rat retina’” and that repeated IVIs further
increased RGC apoptosis.’’ In this study, we document that
approximately one-eighth of the general RGC population
was lost in the first 7 days after the injection of ranibizumab
or aflibercept at the higher dose. However, we do not know
whether this diffuse RGC loss has an impact in visual func-
tion.

Finally, we found that the IVI of ranibizumab or afliber-
cept, even at higher concentrations, did not affect the
number of ipRGCs at the doses administered, suggesting that
the ipRGCs may be more resistant to the toxic effects of the
anti VEGF factors or to inflammation than the general popu-
lation of RGCs. This resilience of the ipRGCs to different
noxious stimuli has been demonstrated in various patholog-
ical and experimental conditions.>”-%5:93-97

This study has some limitations. For example, PBS was
used as a diluting agent and it would have been more correct
to use an isotype control antibody. Thus, we cannot ascer-
tain if the results observed are due to anti-VEGF binding in
an antigen-specific manner or to non-antigen-specific bind-
ing or other nonspecific interactions. Another limitation is
that we have not carried out repeated injections, which
would better simulate clinical practice. Thus, it is possible
that the loss of RGCs could be greater after multiple injec-
tions, but we cannot confirm it. Last, another limitation of
our model might be that we have used healthy animals.
Although the primary objective of the study was to exam-
ine the potential deleterious consequences of these injec-
tions on the healthy retina, we could have used animals
with photoreceptor degenerations or resembling age related
macular degeneration to better match the clinical prac-
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tice. Because AMD is a degenerative disease characterized
by inflammation,”® it is possible that the anti-VEGF injec-
tions may increase retinal inflammation, but many clini-
cal studies have documented that their beneficial effects
in the neovascular form prevail over their possible adverse
effeCtS.l6’86’98’99

In summary, our findings reveal in the rat retina,
microglial activation, and astrocyte hypertrophy after IVI
of different substances, even after PBS injection, and a
stronger microglial and macroglial cell response after IVI
of ranibizumab and aflibercept at the higher concentration
that is accompanied of RGCs death but not ipRGC death.
It remains to be shown whether this RGC death is a direct
toxic effect of the humanized ranibizumab or aflibercept on
RGCs or an indirect effect, consequence of glial cell activa-
tion in the retina triggered by an immunological response.
Therefore, our results highlight the potential inflammatory
and death-promoting effects of the interspecies use of anti-
VEGF agents at high doses, and also the resilience of the
ipRGCs.
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