Preclinical Pharmacokinetics of Ranibizumab
(rhuFabV2) after a Single Intravitreal Administration
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Purpost. Ranibizumab (rhuFab V2; Lucentis, Genentech, South
San Francisco, CA) is a humanized monoclonal antibody frag-
ment designed to bind all forms of VEGF, thereby blocking
vessel permeability and angiogenesis in neovascular age-related
macular degeneration. This study evaluated the pharmacoki-
netic (PK) and serum bioavailability of ranibizumab after a
single intravitreal ITV) or intravenous (IV) dose in cynomolgus
monkeys.

MEeTtHODS. Monkeys received ranibizumab as either a bilateral
ITV dose (500 or 2000 ug/eye; n = 6/group) or a single IV dose
(1000 or 4000 pg/animal; 7 = 4/group). After ITV administra-
tion, ranibizumab concentrations were measured in several
ocular compartments and in serum for 10 days and, after IV
administration, for 48 hours. Pharmacokinetic parameters
were estimated by compartmental and noncompartmental
methods.

ResuLts. Ranibizumab cleared in parallel from all ocular com-
partments, with a terminal half-life of approximately 3 days. It
distributed rapidly to the retina (6-24 hours), and concentra-
tions were approximately one third that in the vitreous. After
ITV injection, bioavailability (F) was 50% to 60%. Serum con-
centrations were very low, reflecting wider distribution and
faster clearance when ranibizumab reached the serum. After IV
administration, the terminal halflife was approximately 0.5
day.

Concrusions. This study demonstrates that ranibizumab has a
PK profile that is favorable for its clinical use in treating
neovascular AMD by monthly ITV injection. (Jnvest Opbthal-
mol Vis Sci. 2005;46:726-733) DOI:10.1167/iovs.04-0601

ge-related macular degeneration (AMD) is the most com-

mon cause of blindness in older adults in the Western
world"? and is classified into two forms®: nonexudative (dry)
and neovascular exudative (wet). Although the neovascular
form represents 20% of all cases, it accounts for approximately
80% to 90% of severe vision loss.

Although the pathogenesis of neovascular AMD has not
been completely elucidated, considerable evidence indicates
that vascular endothelial growth factor (VEGF) plays an impor-
tant role, by inducing both angiogenesis and microvascular
leakage. Preclinical and clinical findings strongly support VEGF
involvement in AMD, including VEGF expression in choroidal
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neovascular membranes of patients with AMD,>® VEGF-in-
duced neovascularization in primate eyes (Cui JZ, et al. IOVS
1997;38:ARVO Abstract 1670),* reduced neovascularization
and vessel permeability after VEGF inhibition in a primate
model of corneal neovascularization (CNV),” and increased
retinal and vitreous VEGF levels in patients and animals with
ischemic retinopathies.®~"!

To date, several forms of VEGF have been identified, most
produced by alternative splicing (VEGF,,,, VEGF, 45, VEGF 45,
VEGF, 43, VEGF 4o, and VEGF,), and VEGF,,,, produced by
plasmin cleavage of the six isoforms.'? Although the role that
each form plays in AMD remains unclear, retinal expression of
both VEGF,,, and VEGF, 45 has been documented in normal
eyes of rats, monkeys, and humans.'>"7

Ranibizumab (rhuFabV2, Lucentis; Genentech, South San
Francisco, CA), a humanized monoclonal antibody fragment, is
designed to bind all isoforms of VEGF and block vessel perme-
ability and angiogenesis. It binds and inhibits VEGF,,
VEGF,,,, and VEGF,,, (Lowe J, et al. IOVS 2003;44:ARVO
E-Abstract 1828) and has also been shown to penetrate all
layers of the rabbit retina—the first demonstration of retinal
penetration of an anti-VEGF therapy intended for AMD.'® This
ability has been attributed to the small molecule size (48 kDa),
because a full-length antibody (trastuzumab, 148 kDa) was not
able to penetrate all the retinal layers of rhesus monkeys."® The
small molecular radius of ranibizumab probably also contrib-
utes to its demonstrated ability to penetrate the retina. Al-
though intrascleral administration could be considered, be-
cause of the small size of ranibizumab, intravitreal injection
was selected to maximize the VEGF inhibitory effect in the
retina, while limiting systemic VEGF inhibition."® Thus, ITV
administration should minimize interference with the normal
extraocular roles of VEGF.?®

The objective of this study was to investigate the systemic
(serum), vitreous, aqueous humor, and retinal pharmacokinet-
ics (PK) of ranibizumab, when administered as a single ITV
injection to monkeys, and to determine the systemic bioavail-
ability (F) after ITV and intravenous (IV) administration.

MATERIALS AND METHODS

Study Design

The study was conducted according to the ARVO Statement for the Use
of Animals in Ophthalmic and Vision Research. Cynomolgus monkeys
received either a single bilateral ITV dose of ranibizumab or a single IV
bolus dose. The eyes and serum samples were collected and analyzed
for drug concentration and for anti-ranibizumab antibody, for up to 10
days after administration.

Drug Administration and Sampling

Ten male and 10 female monkeys, 2.2 to 4.5 kg on the day before drug
administration, were assigned to four groups (7 = 6 in groups 1 and 2;
n = 4 in groups 3 and 4; Table 1). Group-1 and -2 animals received a
single bilateral ranibizumab ITV dose of 500 or 2000 ug/eye, respec-
tively (1000 or 4000 pg/animal), through a 30-gauge needle. Animals
were sedated (10 mg/kg ketamine HCI, 0.5 mg/kg diazepam) and
treated with topical proparacaine. Ranibizumab was then administered
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TasBLE 1. Treatment Groups Assignment

Pharmacokinetics of Single-Dose Ranibizumab 727

Number Dose
per Group Day Concentrations Dose
Group (M/F) Route  Administered Dose (mg/mL) Volume
1 3/3 ITv 1 500 pg/eye 10 50 pl/eye
2 3/3 ITv 1 2000 ug/eye 40 50 uL/eye
3 2/2 v 1 1000 pg/animal 1 1 mL
4 2/2 v 1 4000 pg/animal 4 1 mL

through the sclera and pars plana, 4 mm posterior to the limbus, with
the needle directed posterior to the lens into the midvitreous. Group-3
and -4 monkeys received a single IV bolus (1 mL) of drug at 1000 or
4000 pg/animal, respectively. Ranibizumab was formulated as 10 mM
sodium succinate, 10% trehalose, and 0.05% Tween-20 (pH 5.0).
Ocular tissues were collected from groups 1 and 2. One animal per
group was killed at the following times: days 1 (6 hours after the dose)
2, 3,5, 8, and 11. At death, both eyes were enucleated, and ranibi-
zumab concentrations were determined in the vitreous and aqueous
humor and retinal tissues. Retinal tissues were separated into two
layers—the neural retina (NR) and the retinal pigment epithelium/
Bruch’s membrane/choriocapillaris (RPE/Bruch’s), under a magnifying
device, with Ames solution used to facilitate layers separation. The
entire layers were collected without isolating specific regions (e.g., the
macula), and the ranibizumab concentrations represent the average for
the entire layer. Layers were analyzed separately, and ranibizumab
concentrations were also determined in the Ames solution used for
dissection. Dissections were completed within 30 minutes of euthanasia.
All blood samples (approximately 1 mL) were collected via a fem-
oral or cephalic vein. After ITV administration, samples were drawn
before the dose and at 2, 6, 12, 24, 36, and 48 hours and daily from days
4 to 11 after the dose (samples drawn from all available animals at each
time). After IV administration, samples were drawn at 5, 15, and 30
minutes; hourly from 1 to 10 hours; and at 16, 24, 36, and 48 hours
after the dose. For analysis of anti-ranibizumab antibodies, blood sam-
ples were collected from available animals at screening, before admin-
istration on day 1, and after on days 5, 8, and 11. Samples were also
collected from group-3 and -4 animals on days 15 and 30. Within 1 hour
of blood collection, samples were clotted at room temperature, and
serum was separated by centrifugation and stored at —60°C to —80°C.

Measurements and Evaluations

Animals were observed twice daily for signs of potential adverse
events, and once daily for qualitative assessment of food consumption.
Body weight was determined before administration and at necropsy for
groups 1 and 2. Ophthalmic evaluations on ITV-group animals were
conducted once during the screening period, before the dose and on
days 2, 8, and 11 after drug administration.

Ranibizumab concentrations in the ocular compartments, serum,
and Ames solution were determined by a validated enzyme-linked
immunosorbent assay (ELISA) developed at Genentech, Inc., using
recombinant human VEGF, 4 for capture and a goat anti-human F(ab"),
fragment conjugated with horseradish peroxidase (HRP) for detection.
Assay performance is summarized in Table 2. VEGF concentrations in
the ocular compartments were determined by a fluorometric bridging
ELISA, with a monoclonal mouse antibody to rhVEGF (3.5F8) used for
capture and the same antibody, conjugated with biotin, for detection.
This assay measures free VEGF and ranibizumab-bound VEGF. The
minimum quantifiable concentration of VEGF in the vitreous and aque-
ous humors was =20 pg/mL and =0.02 pg/mg of retina dry weight.
Assay accuracy ranged from 90% to 109% (n = 16) with intra- and
interassay coefficients of variation ranging between 11% and 26% and
12% and 28%, respectively. Serum antibodies against ranibizumab were
measured with a sandwich ELISA, using ranibizumab as the capturing
agent and protein A/G conjugated with HRP for detection. Samples
were screened at 1:100 dilution. Samples above the cutoff point, based
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on a pool of naive monkey serum, were then titered. Titers <2.0 log
titer units were considered negative.

Pharmacokinetic Analysis

Ranibizumab concentrations in the vitreous and aqueous humor and
retinal layers were analyzed with a naive-pooled approach. Total ranibi-
zumab in the retina (the sum of the amount detected in the retinal
layers and the Ames solution) was calculated and then divided by the
net dry weight (in milligrams) of the NR and RPE/Bruch’s layers. The
resultant retinal ranibizumab concentrations, reported as nanograms
per milligrams, were used for analyses. Vitreous parameters, after ITV
administration, were determined with a one-compartment model, us-
ing individual concentrations. This analysis method assumes that
ranibizumab clears from the eye monoexponentially. The pharmaco-
kinetics of ranibizumab in aqueous humor, retina, and serum after ITV
administration were determined by a noncompartmental method, us-
ing mean concentrations. Areas under the curve (AUC) were estimated
by a linear-trapezoidal method, and the terminal halflife (¢:2) was
estimated by linear regression, using at least three concentration time
points. In comparison to the compartmental method, the noncompart-
mental method does not require any assumption on the shape of the
curve (i.e., mono- or multiexponential decline). All analyses were
performed using WinNonlin Pro, ver. 1.5 (Pharsight Corp., Mountain
View, CA).

Ranibizumab serum pharmacokinetics after IV administration were
determined with a two-compartment model, because the concentra-
tion-time profiles declined rapidly at the beginning and more slowly
thereafter (biexponential profile). AUC, .4, was determined for indi-
vidual animals by using the linear-trapezoidal method. After ITV injec-
tion, drug bioavailability (F) was estimated by using the AUC, 54 rrvy/
AUC 54, 1vy ratio, because day 2 was the last time point when
ranibizumab was detected after IV administration. Values below the
sensitivity limit of the assays were excluded from all analyses and
displays.

RESULTS

General Health and Clinical Findings

Ranibizumab was well tolerated. No clinical signs or changes in
food consumption or body weight attributable to the drug
were observed. After ITV administration, transient ocular in-
flammation, primarily vitreous cloudiness, ranged from absent
to moderate (500 ug/eye) and moderate to severe (2000 ug/

TABLE 2. Ranibizumab ELISA Performance

LLOQ Assay Range Accuracy
Matrix (ng/mL) (ng/mL) (%)
Serum 15.6 0.156-5.00 88-114
Vitreous humor 1.56 0.156-5.00 99-109
Aqueous humor 1.56 0.156-5.00 N/A
Retina 0.78 0.156-5.00 83-99
Ames solution 15.6 0.156-5.00 85-111

LLOQ, lower limit of quantitation.
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TABLE 3. Ranibizumab Ocular Pharmacokinetics after ITV Administration

IOVS, February 2005, Vol. 46, No. 2

Vitreous Aqueous Humor Retina*
Group 11 Group 2t Group 1t% Group 2% Group 1% Group 2%
Crax (ug/mL) 169+ 6124 116 478 78.6 227
Lnax (D 0.25% 1% 0.25 1 0.25 1
Terminal t» (day) 2.63§ 3.95§ 2.54 2.63 2.60 2.28
CL (mL/d) 0.671§ 0.517§ —_ —_ —_ —_
V. (mL) 2.55§ 2.95§ — — — —
MRT (d) 3.80§ 5.69§ 3.17 3.66 3.26 3.51
AUC_, (d * pg/mL) 689+ 3110% 231 1500 221 866
AUC_.., (d * pg/mL) 727% 33004 242 1560 236 909
Chaxo Observed maximum concentration; .., time to C,,..; CL, clearance; V., central volume of distribution; MRT, mean residence time;

AUC, ), area under the curve until the last measurable concentration (~10 days); and AUC, _..,, area under the curve from O to infinity.
* Ranibizumab concentrations in the retina determined as nanograms per milligram of tissue, which is equivalent to micrograms per milliliter.
T Group 1 received ranibizumab, 500 ug/eye; group 2, ranibizumab 2000 ug/eye.

F Determined using a noncompartmental method.
§ Determined using a one-compartment model.

eye). The inflaimmation was present at day 2 but had com-
pletely resolved by day 8.

Ranibizumab Ocular Pharmacokinetics after
ITV Administration

In group 1, ranibizumab peak vitreous concentration (C,,,,)
was 169 pug/mL 6 hours after ITV administration (Z,,,,.; Table
3). In group 2, C,,.. was 3.6-fold higher (612 pug/mL), and ¢,
was 24 hours. Ranibizumab concentrations in both groups
declined with similar #s of 2.6 and 4.0 days for group 1 and 2,
respectively (Fig. 1, Table 3), and comparable clearances
(0.671 mL/d for group 1, 0.517 mL/d for group 2). Likewise,
dose-adjusted AUCs, were similar in both groups, suggesting
dose-linear vitreous pharmacokinetics.

The distribution of ranibizumab from the vitreous, either to
the aqueous chamber or to the retina, was very rapid (Table 3).
In both the retina and the aqueous chamber, £, was 6 hours
and 1 day in groups 1 and 2, respectively. Ranibizumab termi-
nal £ in the aqueous and the retina was 2.3 to 2.6 days, similar
to that in the vitreous (2.6 - 4.0 days). Exposure to ranibizumab
in the aqueous and the retina was 2- to 3.3-fold lower than in
the vitreous, when comparing AUC, _..,. Figure 1C shows the
ranibizumab concentrations in both retinal layers and in Ames
solution after administration of 2000 ug/eye. Concentrations
declined in parallel in both retinal layers and were approxi-
mately twofold greater in the NR than in the RPE/Bruch’s.
Ranibizumab concentrations also declined in parallel for the
500-ug/eye group (data not shown) and were approximately
fourfold larger in the NR than in the RPE/Bruch’s.

Ranibizumab Serum Pharmacokinetics after ITV
and IV Administration

After ITV administration of 500 or 2000 ug/eye, ranibizumab
serum Z_,, was 6 hours (Fig. 1) and declined thereafter. The £
was approximately 3.5 days, which is comparable to the 7 in
the ocular compartments (Table 4). Serum ranibizumab con-
centrations were low (Table 4): Group 1 and 2 serum C,,,, Was
150 and 616 ng/mL, respectively. The overall ranibizumab
concentration after ITV administration was >1500-fold lower
than the corresponding vitreous concentration, based on
AUC g oy

Ranibizumab serum PK in group-3 and -4 animals was ana-
lyzed after IV administration of identical total ranibizumab
doses that were administered in groups 1 and 2 (i.e., 500 and

2000 pg/eye bilaterally equals 1000 and 4000 ug/animal, re-
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spectively). Clearance was approximately 40 mL/kg per hour.
Ranibizumab terminal #.. after IV administration was shorter
than after ITV injection (14-15.5 hours versus 3.5-3.6 days;
Table 5, Fig. 2). Bioavailability after ITV administration at 500
ug/eye and 2000 ug/eye was 50% and 60%, respectively.

Immunologic Response

No antibodies against ranibizumab were detected in the serum
of any animals, indicating that ranibizumab was not immuno-
genic during the study period.

VEGF Ocular Concentrations

VEGF ocular AUC, _,,, after ITV administration of ranibizumab,
are presented in Table 6 and Figure 3. Although retinal VEGF
concentrations could not be determined at baseline, at both
doses, VEGF concentrations did not change consistently after
ranibizumab administration, suggesting no effect of the drug
on VEGF. Vitreous VEGF concentrations were approximately
2.4- to 5.7fold larger than in the aqueous, whereas retinal
concentrations were approximately 2-fold greater than in the
vitreous.

DI1SCUSSION

The objective of this study was to characterize the ranibizumab
PK profile in monkeys, a drug in phase III clinical trials for the
treatment of neovascular AMD (Heier JS. IOVS 2003;44:ARVO
E-Abstract 972). Cynomolgus monkeys were selected, because
this species was used to characterize the ranibizumab toxicol-
ogy profile. To characterize ranibizumab concentrations in the
vitreous and the retina, the animals could be sampled once
only (as opposed to several samples/animal), and thus multiple
animals were used. Our findings indicate that ranibizumab
clears in parallel from all ocular compartments, with terminal
tw of 3 days. Ranibizumab #» in the aqueous chamber and
vitreous body was similar to the terminal #» in the rabbit
vitreous body and aqueous chamber (2.1-3 days).'® The im-
pact of the mild ocular inflammation on ranibizumab disposi-
tion was not specifically addressed in the present study. How-
ever, in previous studies, when rabbits received 25 or 625 ug
ranibizumab per eye, the terminal 72 was similar in both
groups, whereas more pronounced ocular inflammation was
observed in the 625-ug/eye group, suggesting that inflamma-
tion did not significantly affect the clearance of ranibizumab
from the vitreous.'®
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Time Post ITV Administration of

Ranibizumab 2,000 pg/eye (days)

Ranibizumab 2,000 ug/eye (days)

Ranibizumab 500 pg/eye (days)

tration-time profiles for the NR, RPE, and Ames solution after ITV administration of 2000 ug/eye.

NR, neural retina; RPE, retinal pigment epithelium.

Individual ranibizumab concentration-time profiles for the vitreous humor, aqueous
humor, retina, and serum after 500 (A) or 2000 (B) pg/eye ITV administration. The vitreous

humor compartmental fit is superimposed on the observed data. (C) Mean ranibizumab concen-

FIGURE 1.

Pharmacokinetics of Single-Dose Ranibizumab 729

TABLE 4. Ranibizumab Serum Pharmacokinetics after ITV
Administration (Noncompartmental Model)

Group 1 Group 2
(500 pg/eye) (2000 pg/eye)
Cax (ng/mL) 150 616
Fnax (@ 0.25 0.25
CL/F (mL/d) 2,310 2,760
Terminal £+ (d) 3.59 3.47
MRT (d) 5.19 4.48
AUC_»q, (d - ng/mL) 147 586
AUC.,, (d * ng/mL) 315 1270
AUC_.., (d * ng/mL) 433 1450

Crax, Observed maximum concentration; £, time to C,..; CL,
clearance; F, bioavailability; MRT, mean residence time; AUC, _,,, area
under the curve up to 2 days; AUC,_,,, area under the curve until the
last measurable concentration (~7 days); and AUC, _..,, area under the

curve from O to infinity.

TABLE 5. Ranibizumab Serum Pharmacokinetics after IV
Administration (Compartmental Model)

Group 3 Group 4
(1000 pg/animal) (4000 pg/animal)

Initial £» (h) 0.44 = 0.068 0.45 * 0.11
Terminal . (h) 155 £ 11.5 14.0 5.6
CL (mL/kg per h) 41.1 6.3 46.0 £ 125
V. (mL/kg) 430*+73 32.2*32
Vs (mL/kg) 431 + 393 213 = 111
MRT (h) 10.1 = 9.6 6.0+38
AUC,q_, (day - ng/mL)* 246 = 9.17 1,180 =+ 276

CL, clearance; V., central volume of distribution; V, volume of
distribution at steady state; MRT, mean residence time; and AUC, _,,,
area under the curve until the last measurable timepoint.

*AUC, _, is equivalent to AUC, -

100

- - Ranibizumab 1,000 ug/animal IV
—4— Ranibizumab 4,000 pg/animal IV

25

Serum Ranibizumab Concentration (ug/mL)

Time Post IV Administration (days)

FIGURE 2. Mean ranibizumab concentration-time profile in serum af-
ter IV administration. A two-compartmental fit is superimposed on
observed data.
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TaBLE 6. VEGF Ocular AUC,_,, of Ranibizumab after ITV
Administration

Group 1 Group 2
500 pg/eye 2000 pg/eye
(day - ng/mlL) (day - ng/mL)
Vitreous humor 34.9 27.8
Aqueous humor 5.13 11.6
Retina 60.1 73

*AUC _y, is equivalent to AUC, -

Studies conducted in rabbits indicate that drug clearance
from the vitreous depends on molecular size.*! Small mole-
cules, such as fluconazole and ciprofloxacin (<350 Da), have a
terminal #1» of 2 to 3 hours when administered ITV.?*?® In

12

10

Vitreous and Aqueous Humor
VEGF Concentrations (ug/mL)

IOVS, February 2005, Vol. 46, No. 2

contrast, the 7. of albumin (67 kDa) is 4.3 dzlys,24 and the

terminal 7+ of the full-length antibody trastuzumab (148 kDa) is
5.6 days.*® Consistent with this principle, the vitreous t1. of
ranibizumab (48 kDa) was 2.6 to 4.0 days. Because the rate of
intraocular drug loss appears to be partly controlled by diffu-
sion, it is sensitive to ocular geometry.?' Thus, species with
bigger eyes and longer diffusion paths would be expected to
have slower vitreous clearance. Other mechanisms, such as
convection, may play a role in vitreous clearance; therefore,
the #:- of ranibizumab in humans is difficult to predict and may
be longer than in animals, because the human eye is larger
(human vitreous, 4.5 mL versus 1.5 mL in rabbits and mon-
keys).Z(’ However, data from clinical trials are needed to char-
acterize the human #.

Ranibizumab distributed rapidly to the retina, and retinal
concentrations were approximately one third of the vitreous
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FIGURE 3. VEGF concentration-time profiles for the vitreous humor, aqueous humor, and retinal com-
partments after ITV injection of ranibizumab at 500 (A) or 2000 (B) ug/eye.
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ranibizumab. The linear curves represent the predicted ranibizumab concentration in the vitreous humor,
and the sigmoidal curves represent the time course of ranibizumab inhibition of VEGF, based on in vitro

inhibition studies.

concentrations at both doses. The ability of ranibizumab to
penetrate the retina in monkeys is consistent with previous
observations in rabbits'® and with those of a study investigat-
ing the ocular distribution of rhuFabV1, a first-generation anti-
VEGF antibody fragment, in rhesus monkeys.'® Notably, pen-
etration of ranibizumab into the retina is critical for its clinical
use. Retinal penetration suggests the availability of ranibi-
zumab to inactivate VEGF at the site of AMD, leading to inhi-
bition of CNV and vessel permeability reduction. In our study,
the eyes were not immediately flash frozen after euthanasia.
Therefore, ranibizumab may have redistributed between the
retinal layers, which may affect its distribution. However, dis-
section was completed shortly after euthanasia, and the data in
Figure 1C also suggest that redistribution did not play a signif-
icant role, because concentrations declined in parallel in all
three matrices.

Experiments in rabbits showed the existence of two exit
pathways for ranibizumab: one through the anterior chamber
and aqueous drainage and the other through the retina.'® In
keeping with these findings, our study demonstrates the exis-
tence of an anterior exit pathway and supports the possibility
of a retinal exit pathway, as ranibizumab was found in both
retinal layers.

We also investigated the systemic bioavailability of ranibi-
zumab after ITV administration. Fifty percent of the dose
reached the circulation after 2 days, consistent with the vitre-
ous v of 3 days. These data suggest that intraocular metabo-
lism does not play a significant role in elimination of ranibi-
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zumab from the vitreous. For most intraocularly administered
drugs, the metabolic pathways remain unknown. To the best of
our knowledge, the only drug for which ocular metabolism has
been elucidated is fomivirsen, an antisense oligonucleotide
metabolized by exonuclease digestion.>”

The serum #:» of ranibizumab after ITV and IV administra-
tion were also compared. Ranibizumab’s terminal #- after ITV
injection was 5.4- to 6.2-fold longer than after IV administra-
tion. The longer terminal #» after ITV administration most
likely reflects the slow egress of drug from the eye into the
serum, rather than the rate of elimination from the serum.
Therefore, monitoring serum ranibizumab concentrations after
ITV administration may provide insight into its ocular clear-
ance.

Measurement of tissue ranibizumab concentrations after
ITV administration was not a study objective, and the levels are
unknown, because serum concentrations after I'TV administra-
tion were low, and tissue concentrations would be too low for
quantification by ELISA. The low circulating concentrations of
ranibizumab after ITV administration may be important in the
clinical setting, because VEGF is necessary for normal physio-
logical functions such as tissue repair and reproduction.*®
Furthermore, VEGF is believed to be involved in attenuating
ischemia in the brain, myocardium, and skeletal muscle,?®~3°
maintenance of adequate VEGF systemic concentration is par-
ticularly important in the elderly, who constitute most of the
AMD patient population. Notably, differences in the size of the
serum compartments between monkeys and humans, lead to
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different rates of elimination. This suggests that circulating
exposure to ranibizumab in humans would be even lower than
in monkeys and may reduce the likelihood of pharmacologic
effects. This expectation is consistent with the initial trials
investigating ITV administration of ranibizumab in patients
with AMD, as serum ranibizumab concentrations were gener-
ally undetectable (sensitivity limit, 20 ng/mL) and systemic
adverse events were rare (Heier JS. IOVS 2003;44:ARVO E-Ab-
stract 972).'°

After administration of ranibizumab, VEGF was detected in
retinal layers and in the vitreous and aqueous humors ¢higher
in the vitreous than in the aqueous humor). These findings are
consistent with those reported for healthy human eyes, in
which vitreous VEGF concentrations (8.8 = 9.9 ng/mL) were
consistently higher than in the aqueous humor (5.6 = 9.9
ng/mL).9 VEGF was also detected in the NR and the RPE/
Bruch’s layers, consistent with previous studies in healthy
monkeys and in humans that demonstrated VEGF expression in
the retina.'>>' VEGF production has been found in several
types of retinal cells, including the retinal vascular endothelial
cells, pericytes, glial and RPE cells, and invasive leuko-
cytes.>*73° After administration of 500 ug/eye, retinal exposure
to ranibizumab was >3000-fold larger than retinal exposure to
VEGF, suggesting that this ranibizumab dose provides maxi-
mum inhibition of VEGF.

Ocular VEGF inhibition over time by ranibizumab ITV in-
jection can be predicted using the inhibitory effect of ranibi-
zumab on VEGF activity in a human umbilical vein endothelial
cell assay,®” and its ocular # as determined in this study (Fig.
4). This prediction indicates that ranibizumab concentrations,
capable of inhibiting VEGF in the eyes of patients with AMD,
are expected to be achieved after ITV doses of 300 to 500
Mng/mo.

In conclusion, after ITV administration of ranibizumab to
monkeys, the concentration declined from all ocular compart-
ments in parallel, with a relatively long terminal #- of 3 days.
Serum concentrations after ITV administration of ranibizumab
was >1000-fold lower than in the vitreous. Furthermore, the
study indicates that ranibizumab distributes rapidly into the
retina, with concentrations one third of those in the vitreous.
The results of the present study, with those from earlier stud-
ies, provide the dosage rationale for the treatment of neovas-
cular AMD with ITV ranibizumab.
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