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Purpose. We characterized the ocular pharmacokinetics of
bevacizumab in vitrectomized eyes with silicone oil tamponade.

MEeTHODS. A total of 18 pigmented rabbits underwent vitrecto-
my and silicone oil tamponade before an intra-silicone oil
injection of 1.25 mg bevacizumab. At post-injection days 1, 7,
14, 28, 42, and 56, 3 rabbits were sacrificed and enucleated,
and bevacizumab concentrations were measured in various
ocular tissues and plasma.

Resurts. The bevacizumab peak concentration was reached at
day 14 in the aqueous humor (4030.70 ng/mlL), retina
(42,171.7 ng/g), and choroid (56,243.33 ng/g). In the iris/
ciliary body and plasma, the peak concentration was reached
at day 7 with 52,648.30 ng/g and 197.70 ng/mL, respectively.
The choroid had the maximum exposure to bevacizumab with
an area under the curve calculated from time zero to the last
observed time (AUCs) of 1,151,633.40 ng/day/g and the
aqueous humor had the minimum exposure (AUCpy =
74,611.28 ng/day/g) among the ocular tissues, while the drug
exposure to the plasma was the smallest of all tissues studied
(AUCy,s; = 3795.17 ng/day/g). The terminal halflives and the
mean residence time of bevacizumab in the ocular tissues
ranged from 3-5 and 10-13 days, respectively.

Concrusions. The peak concentration of bevacizumab in
various ocular tissues and plasma was delayed and lower than
that found in normal rabbit eyes; however, the terminal half-
lives were similar to those found in the eyes with native
vitreous following an intravitreal injection. Oil may have
impacted the distribution of bevacizumab and led to an altered
profile of drug level in the ocular tissues. (Invest Ophthalmol
Vis Sci. 2012;53:5221-5226) DOI:10.1167/i0vs.12-9702
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he use of bevacizumab (Avastin) has experienced a rapid

proliferation since its introduction into the ophthalmologic
community in 2005." Many studies have demonstrated its
effectiveness in the treatment of vitreoretinal diseases follow-
ing intravitreal injections, including choroidal neovasculariza-
tions (CNVs) associated with various macular degenerations,
retinal vein occlusion, and diabetic retinopathy, including
proliferative vitreoretinopathy, which recently is being man-
aged by vitrectomy and a presurgical intravitreal injection of
bevacizumab as a surgical adjunct.?** An intravitreal bevacizu-
mab injection is administrated on a monthly basis, based on
earlier preclinical ocular pharmacokinetic studies of bevacizu-
mab and ranibizumab (Lucentis).>~7 Lucentis is an FDA-
approved monthly intravitreal injection treatment for the wet
form of age-related macular degeneration (AMD). A recent
clinical trial has shown that a monthly intravitreal injection of
bevacizumab has the equivalent therapeutic effect on the wet
form of AMD as a monthly intravitreal injection of Lucentis.®
The vitreous halflife of bevacizumab in rabbit eyes was
reported to be 4.32 or 5.95 days following a 1.25 mg
intravitreal injection and the drug elimination followed the
first order kinetics.>7-* These half-lives were shorter than the
bevacizumab halflife found in human vitreous, which was
reported to be 6.7 days.!?

In medical retinal practice, there are times that neovascu-
larization recurs on the retina or iris even after an aggressive
vitrectomy combined with an endolaser retinopexy and
silicone oil infusion.!! Recently, a study demonstrated that an
intra-silicone injection of bevacizumab is effective in the
treatment of patients with iris neovascularization (INV) and
neovascularization glaucoma (NVG) following vitrectomy for
advanced proliferative diabetic retinopathy.!? Silicone oil is an
important adjunct in the management of complex vitreoretinal
surgical procedures. In the presence of a silicone oil
tamponade, drug injected into the posterior segment of the
eye could behave significantly different compared to a vitreous-
filled eye or an eye following vitrectomy with fluid infusion.!3
Due to the increasing popularity of the intraocular bevacizu-
mab application for various chorioretinal diseases, there is an
unmet need to understand the ocular kinetics of bevacizumab
in silicone oilfilled eyes. Our current study was designed to
investigate the ocular pharmacokinetics of bevacizumab
following an intra-silicone oil injection. The study would
provide valuable information for the application of bevacizu-
mab in eyes with a silicone oil infusion.

METHODS

Experimental Animals

An approval of animal use was granted by the Animal Care and Use
Committee at WenZhou Medical College. All animal management
followed the ARVO Statement for the Use of Animals in Ophthalmic
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and Visual Research (ARVO Animal Policy). We used for this study 18
adult chinchilla pigmented rabbits, with a mean body weight of 2.65
* 0.42 kg. Only the right eye of each rabbit was used for the
vitrectomy procedure and the later bevacizumab intra-silicone
injection, while the left eye was left untouched and served as an
internal control. All animals underwent a baseline examination using
slitlamp, indirect ophthalmoscopy, and tonometer (Tono-Pen XL,
Medtronic Solan). All the right eyes were operated on by an
experienced retinal surgeon (YSY) for a standard three-port vitrecto-
my and silicone oil infusion (Tono-Pen XL; Medtronic Solan, Jackson-
ville, FL).

Vitrectomy Procedure

Rabbits were anesthetized using an intramuscular injection of ketamine
(21 mg/kg) and xylazine (5.25 mg/kg). The surgical field was draped
for sterilization following a topical application of proparacaine 0.5%.
The eye surface and conjunctival sacs were prepared with 5%
povidone iodine. A standard three-port pars plana vitrectomy was
done using a Midlab 20-gauge cutter. Following a core vitrectomy, the
posterior hyaloid was removed using indocyanine green for visualiza-
tion. The air-fluid exchange was done when most of the vitreous was
removed. Then, air-silicone oil exchange was performed using 1.2-1.5
mL of silicon oil (Acri. Sil-ol 5000, Acri. Tec GmbH, Germany).
Following the vitrectomy, the rabbit eyes were ensconced with a
tobramycin and dexamethasone ophthalmic suspension (Qilu Pharma-
ceutical Co. LTD, Shandong, China) and ofloxacin eye ointment (Sinqi
Pharmaceutical Co. LTD, Liaoning, China) for the duration of the
recovery period from the anesthesia.

Bevacizumab Administration

After the surgery, the rabbit eyes were monitored weekly using slit-
lamp, indirect ophthalmoscope, and tonometer. Two rabbits showed
retinal detachment from surgery, and were excluded and replaced with
rabbits that had undergone successful operations. A minimum 4 weeks
of observation was performed before an intraocular injection of
bevacizumab using a criterion of no circulating cells in the aqueous
humor. We reasoned that the ocular pharmacokinetics of a drug would
be distorted by surgery-related inflammation if the drug was
administered immediately following vitrectomy. The purpose of our
study was to model the pharmacokinetics of bevacizumab in a silicone-
filled eye, in which retinal or choroidal neovascularization might have
developed following successful vitrectomy. Retinal regularity was
confirmed using indirect ophthalmoscopy. The rabbits received a
single intravitreal injection of 1.25 mg/0.05 mL bevacizumab (Gen-
entech, San Francisco, CA; packaged and distributed by Franck’s
Compounding Lab, Ocala, FL) into the right eye under general
anesthesia. After the drug injection, rabbits were monitored daily for
three days, then weekly using slit-lamp, indirect ophthalmoscopy, and
tonometer until the scheduled sacrifice.

After an intra-silicone injection of bevacizumab, migration of the
bevacizumab fluid droplet in the silicone oil was documented using
indirect ophthalmoscopy and then recorded by fundus photography
on some rabbit eyes. Three rabbits were sacrificed at each of the 6
predetermined time points (1 day, and 1, 2, 4, 6, and 8 weeks)
following the bevacizumab intra-silicone injection. Before sacrifice, 1
mL blood samples were collected into vials containing 250 pL 3.8%
citrate. Blood samples were centrifuged for 10 minutes at 1258 X g
(Centrifuge 5810R, Eppendorf, Germany) at room temperature, and
the plasma was collected and stored under —80°C for analysis. After
sacrifice, both eye globes of each rabbit were enucleated. The left eye
was snap frozen and dissected into aqueous humor, iris/ciliary body,
vitreous body, retina, and choroid as described previously.!%!> The
ocular samples were collected in individual vials and kept at —80°C
until a drug analysis was performed. For the right eye, the aqueous
was sampled first through a 30-gauge needle, and then the silicone oil
was collected through an air-oil exchange. The globe then was cut into
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two halves along the medullary ray, which divides the retina into
superior and inferior portions. The superior and inferior retina was
collected separately into individual vials. In addition, the iris/ciliary
body and choroid were dissected and collected into individual vials for
further drug analysis. All samples were kept under —80°C until drug
analysis.

ELISA for Bevacizumab

The iris/ciliary body, retina, choroid, and collected silicon oil/vitreous
first were individually homogenized with deionized water and then
centrifuged for 10 minutes at 20,817g (Centrifuge 5810R, Eppendorf,
Germany) at 4°C. The supernatant then was collected from all samples
with the exception of the oil/vitreous. For the oil/vitreous sample, the
fluid phase at the bottom was collected and sampled for further
analysis. All samples were diluted as necessary in 1% bovine serum
albumin (BSA; Roche, Switzerland) in 1X tris-buffered saline (TBS;
Dycent Biotech, Shanghai, China) before the immunoassay, and all
samples were analyzed in triplicate. Bevacizumab concentrations were
measured using ELISA. The minimum detection limit of the assay is 0.1
ng/ml. Human recombinant VEGF-165 (Sino Biological Inc, Beijing,
China) was diluted to a concentration of 1 pg/mL in 1X Dulbecco’s
phosphate buffered saline (DPBS; Gibco, Invitrogen, Carlsbad, CA), and
50 pL were aliquoted into 96-well high-binding ELISA plates (Costar).
The plates were incubated in a light-blocking plastic box at 4°C, using
wet paper towels to maintain proper humidity overnight. The plates
were washed with 1X PBS and blocked for 4 hours with 1% BSA in 1X
TBS. The plates were washed again with 1X PBS and the study samples
were aliquotted into plates with a volume of 50 pL/well. For each
individual assay, a standard curve was constructed using bevacizumab
of known concentrations, ranging from 0.1-500 ng/ml. After 1 hour of
incubation at room temperature, the plates were washed 5 times with
1X PBS. Goat anti-human IgG-Fc-HRP (Chemicon, Millipore) was
diluted to 1 pg/mL in 1% BSA in 1X TBS and 50 pL were aliquotted
into each well. After 1 hour of incubation at room temperature, the
plates were washed with 1X PBS 5 times. A 50 pL supersignal ELISA
Pico chemiluminescent substrate (Thermo, IL) was aliquotted onto the
plates at 50 pL/well. Once aliquoting was complete, plates were
covered with a lid and shaken for 1 minute. The plates then were read
in a microplate reader (SpectraMax M5, Molecular Devices) at 425 nm.

Pharmacokinetic Analysis

For pharmacokinetic data analysis, the bevacizumab concentration-
time data in various ocular tissues and plasma were analyzed using
Phoenix WinNonlin 6.2 (Pharsight - A Certara Company, St. Louis, MO)
by fitting the data to the extravascular input model, and the non-
compartmental parameters of the bevacizumab elimination were
estimated and reported.

RESULTS

Clinical Observation

Before vitrectomy, the mean difference of intraocular pressure
between the right and left eyes was 0.33 mm Hg, and the
difference was 0.30 mm Hg before sacrifice. There was no
significant difference between the study eyes and their fellow
eyes at each time point, or between pre-vitrectomy and pre-
sacrifice (P =0.95, paired #-test). Following an intra-silicone oil
injection of 0.05 mL bevacizumab, a fluid droplet or multiple
droplets were formed in the oil (Fig. 1). The droplet or droplets
were observed in all eyes during the first 24 hours, in 25% of
eyes during the second day, and in only 8.3% of eyes on the
third day. On the fourth day, no fluid droplet was observed
using indirect ophthalmoscopy.
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Ficure 1. Fundus photograph demonstrates a bevacizumab droplet in a silicone oil-filled vitreous cavity, taken 18 hours after an intra-silicone oil
injection. The droplet was floating in the vitreous cavity, and the optic nerve head and medullary ray show normal appearance. The droplet looked

larger than its actual size because of eye refraction and camera focusing.

Bevacizumab Levels and Clearance in Various
Ocular Tissues

The Injected Eyes. The bevacizumab peak concentration
was reached at day 14 in the aqueous humor, retina, and
choroid with concentrations of 4030.7 ng/mL, 42,171.7 ng/g,
and 56,243.33 ng/g, respectively. In the iris/ciliary body and
plasma, peak concentration was reached at day 7 with
52,648.30 ng/g and 197.70 ng/mlL, respectively. Bevacizumab
clearance from the oil of the injected eyes followed a first-order
kinetics with a halfllife of 3.3 days and a maximum
concentration observed (Cy,y) of 280 pg/mL at a time when
the maximum concentration is reached (T, of 1 day, which
was the first sampling time point. Bevacizumab in plasma was
cleared much slower with a longer halflife of 8 days (see
Table). The other ocular tissues, including the retina, choroid,
and aqueous, demonstrated an absorption phase in the first
week, with a sustained drug level in the second week followed
by a first-order elimination course (Fig. 2). For the iris-ciliary
body, the first week absorption was followed by a first-order
elimination, without a sustained drug level in the second week
(Fig. 2). The ocular tissue with the maximum drug exposure
was the choroid, with an area under the curve calculated from
time zero to the last observed time (AUC,,,p) of 1,151,633.4 ng/
day/g while the aqueous humor had the lowest exposure
(AUCs; = 74,611.28 ng/day/g) among the ocular tissues (see
Table); systemic exposure (plasma) to bevacizumab was
minimal (AUCp, = 3795.17 ng/day/g, see Table). The
pharmacokinetic parameters from the upper and lower retina
as well as the concentration-time profiles were similar during
the first 4 weeks, then the drug concentrations in the upper

retina at weeks 6 and 8 were lower (Fig. 2, see Table). The
mean residence time of bevacizumab in the ocular tissues and
plasma ranged from 10.09-12.90 days (see Table).

The Fellow Eyes. In the non-injected left eyes, bevacizu-
mab levels in the solid tissues (iris-ciliary body, retina, and
choroid) demonstrated a similar concentration-time profile to
that of the plasma, with the drug levels being 100-500 ng/g
during the first 4 weeks before an elimination phase began
(Fig. 3). In contrast, bevacizumab levels in the aqueous and
vitreous were much lower, ranging from 1-10 ng/mL (Fig. 3).

DISCUSSION

To our knowledge, there is no previous study characterizing
the ocular pharmacokinetics of bevacizumab in silicone oil-
filled eyes. In two prior reports of intravitreal bevacizumab
pharmacokinetics in rabbit eyes, Bakri et al. studied the
bevacizumab levels in the vitreous, aqueous, and plasma;6 and
additionally, Nomoto et al. studied the drug level in retina/
choroid and iris/ciliary body.® In our study, the vitreous cavity
was filled with at least 1.2 mL of silicone oil. From clinical
observation, during the first 48 hours following an intra-
silicone oil injection, the bevacizumab fluid droplet disap-
peared from the oil phase in over 90% of the eyes. The
bevacizumab migration in the oil phase and its gradual
integration into the vitreous fluid phase could be a complex
process. There may be emulsification at the interface of
vitreoretinal surface,'® which provided a slower penetration of
bevacizumab into the ocular tissues. However, once bevacizu-
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Individual bevacizumab concentration-time profile for plasma as well as the aqueous humor, iris/ciliary body, vitreous humor (oil), retina,

and choroids of the right eyes following a 1.25 mg/eye intra-silicone oil administration in the right eyes.

mab reaches an ocular tissue, its clearance is expected to be
the same as that following an intravitreal injection.

In our study, the bevacizumab half-life in the various ocular
tissues and the plasma was very similar to that reported from
an intravitreal injection. The half-life of bevacizumab in the oil/
vitreous fluid mixture in our study was 3.35 days and in the
study of Bakri et al. it was 4.32 days.° For the aqueous and
plasma, the halflife in our study versus the Bakri et al study®
was 4.5 vs. 4.88 and 7.98 vs. 6.86 days, respectively.
Comparing our study to that of Nomoto et al., which also
evaluated the bevacizumab level in iris/ciliary and retina/
choroid,® the drug terminal halflife in the iris/ciliary also was
comparable (5.74 vs. 5.02 days). We studied the retina and
choroid separately, while Nomoto et al. studied a mixture of
retina and choroid.” The terminal half-life is a better parameter
for comparison of drug handling systems because, to a certain
extent, the halflife is independent of dosing or systemic error
of drug detecting, which often is present from one study to the
next. The similarity of bevacizumab half-ife in various ocular
tissues between our study and the previous studies is expected
because once bevacizumab migrates from oil/vitreous fluid to
the ocular tissues, its rate of clearance should be the same.

Bevacizumab pharmacokinetics also was studied in human
aqueous and vitreous following an intravitreal injection of 1.25
mg.1%17:18 The reported vitreous halflife was 6.7 days!'© and
the halflife in the aqueous humor was 8.2-11.17 days.!7-!8
From the perspective of species scaling (eye scaling), the drug
half-life should be shorter in a rabbit than in a human,'® which
was the case when reviewing studies involving the rabbit and
human eye, including our current study, in which the

bevacizumab halflives in ocular tissues were 5 days or
ICSS.6’10’17’18

There also was some marked difference between our study
(intra-silicone oil injection of bevacizumab) and previously
reported pharmacokinetic studies using intravitreal injec-
tion.%° In our study, Th.x Was delayed in all kinds of ocular
tissues except for in the oil/vitreous fluid mixture. For
example, the Ty, for the aqueous in the study of Bakri et al.
was day 3 (second sampling time point),® while it was day 14
(third sampling time point) in our study. In the Nomoto et al
study, the T,,,x for the aqueous, iris/ciliary body, and retina/
choroid all came in the first sampling, which was one day after
the drug administration.® In contrast, the Ty, for the iris/
ciliary body and retina/choroid in our study was days 7 and 14,
respectively. These delayed peak concentrations may stem
from an initial gradual integration of the droplets of bevacizu-
mab solution in the oil phase into the fluid phase in the
vitreous cavity. This assumption also is supported with a lower
Cax Of various ocular tissues and plasma in our study than the
Cmax reported in the other comparable studies. For instance,
the C,,,« for aqueous and plasma in the study of Bakri et al was
37,700 and 3330 ng/mlL, respectively,® compared to 4031 and
198 ng/mL, respectively, in our study. Lower concentrations of
bevacizumab in plasma may induce less systemic physiologic
changes and minimize possible systemic side effects. The C,,x
of the iris/ciliary body and the retina/choroid in the study of
Nomoto et al. was 109,192 and 93,990 ng/g, respectively,” but
the Cp,,x for those two types of eye tissues in our study was
52,648 and 46,863 ng/g, respectively, which is roughly 50%
lower. These differences suggest that the silicone oil slowed

Tasre. Pharmacokinetic Parameters of Bevacizumab in Right Eyes and Plasma

Terminal AUCpag
Sample Rsq Adjusted Half-Life (days) Tmax (days) Cmax (ng/g) (ng-day/g) Mrty,, (days)
Plasma 0.94 7.98 7.00 197.70 3,795.17 11.54
Aqueous 0.98 4.50 14.00 4,030.70 74,611.28 12.90
Iris ciliary 0.94 5.02 7.00 52,648.30 587,558.32 10.09
Vitreous (oil) 0.83 3.35 1.00 280,015.37 1,063,956.50 1.65
Upper retina 0.87 2.70 14.00 40,003.57 786,518.40 11.87
Lower retina 0.88 3.45 14.00 44,279.83 743,948.37 12.70
Choroid 0.93 3.58 14.00 56,246.33 1,151,633.40 12.50

Rsq adjusted, R square adjusted; MRTj,s, mean residence time calculated to the last observed time.
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down the initial drug distribution to the ocular tissues, though
the terminal half-life in these tissues was not affected
significantly. In addition, it also is interesting to note that in
our study, bevacizumab was found in the contralateral eyes at a
level that may induce a physiologic change. Indeed, it has been
reported that regression of rubeosis or reduced VEGF levels in
the contralateral eye was observed when bevacizumab was
injected intravitreally.2%-2!

In our study, the retina in the right eye was divided into
upper and lower portions from the medullary ray, and sampled
separately. We hypothesized that after the bevacizumab enters
the limited vitreous fluid between the oil and retina, the gravity
could lead to a higher drug concentration in the inferior fluid
body and inferior retina. This hypothesis is supported by the
current data at the later (6-8 weeks) pharmacokinetic process
of the study. It is expected that the difference that originated
from an uneven distribution of drug in the vitreous fluid would
become prominent when the total drug level became low.
Perkins et al. found that the vitreous ganciclovir levels at days
21 and 42 were similar in the saline-filled and silicone oil-filled
eyes, but that at day 70 the drug levels in the saline-filled eyes
were significantly lower than in the silicone-filled eyes.??

In summary, following an intra-silicone oil injection of
bevacizumab, the visible bevacizumab droplets migrated in
silicone oil for 24-72 hours before integrating into the vitreous
fluid existing between the silicone oil body and retina surface.
This integration process could be gradual, which would slow
down the distribution of bevacizumab into various ocular
tissues, resulting in a longer T,x, smaller C,,x, and relatively
sustained bevacizumab levels in the ocular tissues. The process
of integrating from oil into vitreous fluid, then into solid ocular
tissues could be complex due to the possibility of oil
emulsification at the interface of vitreoretinal surface'® and
the details must be studied further. It is possible that an
increased exchange of drug solution or crystals from oil phase
into fluid phase on the retina could lead to retinal toxicity due
to high drug concentration in the reduced volume of vitreal
fluid or due to direct contact between the drug crystals and
retina.'23 The toxicity will depend on the drug and the dose
used. Hegzy et al. demonstrated that a previously determined
nontoxic dose of ganciclovir in normal rabbit eyes was toxic in
oilfilled rabbit eyes, and that 25% of the dose was not toxic.!?
In contrast, 2.5 mg bevacizumab were injected into human
eyes, which later had INV under a silicone oil tamponade, and
all five eyes had improved visual acuity and a regression of INV

without retinal toxicity.?* In the current ocular pharmacoki-
netic study, the rabbit eye was used as a model, and we
acknowledge that the rabbit eye differs from the human eye.
However, a preclinical study of the ocular pharmacokinetics of
bevacizumab was conducted in rabbit eyes,® and subsequent
studies in nonhuman primates and in human eyes did reveal a
considerable similarity.!”2> Our study suggested that an intra-
silicone oil injection of bevacizumab can be an alternative
treatment modality for those eyes in which new neovascular-
ization or neovascular glaucoma develops under a silicone oil
tamponade.
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