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ABSTRACT: Intravitreal injection of anti-VEGF (vascular endothelial growth ™
factor) antibodies or antibody fragments has been shown to be a highly effective 1,
treatment for neovascular age-related macular degeneration (wet AMD). The
ocular halflife (t;,,) of these large molecules, determined in ocular fluids or
derived from serum levels, varies with molecular size and is larger in humans than
in preclinical animal species. The high affinity binding of VEGF to these molecules
lowers the free concentration of VEGF and reduces its occupancy on VEGF
receptors in ocular tissues. To understand the biophysical determinants of ¢, , for
anti-VEGF antibodies and the time-course of VEGF in ocular fluids, we developed
a mechanistic model of intravitreal pharmacokinetics (IVT PK) for anti-VEGF
antibodies and combined it with a mechanistic model of the pharmacodynamics 0 : Y

(RVR PD) of VEGF suppression by ranibizumab, an anti-VEGF recombinant, R }?g?,(;?ue (94,\(4)?00 000 o0
humanized monoclonal antibody fragment (Fab). Our IVT PK model predicts that

the ocular ¢/, of a large molecule will be approximately four-times the calculated value of its vitreous diffusion time (Tgg),
defined as r,,>/6D, where r,; is the radius of the vitreous chamber in that species (modeled as a sphere), and D is the diffusion
coefficient of the molecule in physiological saline at 37 °C obtained from the Stokes—Einstein relation. This prediction is verified
from a compilation of data and calculations on various large molecules in the human, monkey, rabbit, and rat and is consistent
with the reported t, , values of ranibizumab in humans (mean value 7.9 days) and the calculated Ty of 1.59 days. Our RVR PD
model is based on the publication of Saunders et al. (Br. J. Ophthalmol. 2015, 99, 1554—1559) who reported data on the time-
course of VEGEF levels in aqueous humor samples obtained from 31 patients receiving ranibizumab treatment for wet AMD and
developed a compartmental mathematical model to describe the VEGF suppression profiles. We modified Saunders’ model with
the known 2:1 stoichiometry of ranibizumab-VEGF binding and included the association and dissociation kinetics of the binding
reactions. Using the RVR PD model, we reanalyzed Saunders’ data to estimate the in vivo dissociation constant (Kp,) between
ranibizumab and VEGF. Our analysis demonstrates the delicate interrelationship between the in vivo Ky, value and the intravitreal
half-life and yields an in vivo Ky, estimate that is appreciably larger than the in vitro Ky, estimates reported in the literature.
Potential explanations for the difference between the in vivo and in vitro Ky values, which appear to reflect the different
methodologies and experimental conditions, are discussed. We conclude that the combined mechanistic model of IVT PK and
RVR PD provides a useful framework for simulating the effects of dose, Kp, and the molecular weight of VEGF-binding
molecules on the duration of VEGF suppression.
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vascular endothelial growth factors (principally VEGF-A®),
which promote the development of highly permeable
vasculature in the retina.” Ranibizumab (Lucentis, Genentech
Inc, San Francisco, CA), an anti-VEGF recombinant,
humanized monoclonal antibody fragment (Fab), is adminis-
tered by intravitreal (IVT) injection and has been shown to be
highly eftective in the treatment of wet AMD, halting and even
reversing its development. Ranibizumab binds with high
affinity to VEGF, a homodimeric molecule, neutralizing it as
a pro-angiogenic factor by blocking its interaction with VEGF
receptors, found on the surface of the vascular endothelial cells
in the retina.

The IVT pharmacokinetics (PK) of ranibizumab and other
large molecules that bind VEGF has been studied previously in
humans and preclinical animal species by direct analysis of drug
levels in the aqueous or vitreous humor or by indirect modeling
of serum drug levels.”™"* In a given species, the ocular half-life
(t1/,) is found to increase modestly with the molecular weight
of the compound; comparisons of the same molecule across
species show that the t,/, values generally become larger as the
size of the eye increases. For ranibizumab, the t;,, value in
humans has been estimated to be 7.9 days (mean value of two
studies; Krohne'' and Xu'”) compared to 3.3 and 3.1 days in
the monkey”® and rabbit,”"* respectively.

In a series of elegant clinical studies, Fauser’s group measured
free VEGF levels in aqueous humor samples obtained from
patients with wet AMD before and after IVT injections with
ranibizumab.>~"” Recently, the data from 31 patients were
published, and the time-course of the free VEGF levels was
modeled by Saunders et al.'” In this model, the K, value for
ranibizumab binding to VEGF was assumed to be 46 pM, based
on an in vitro binding study'® at 25 °C, and the t, for
ranibizumab as well as for VEGF and the VEGF-ranibizumab
(VR) complex was estimated from the model to be 3.5 days,
roughly two-fold smaller than the experimentally determined
t,/, for ranibizumab in humans.

To quantitatively understand the biophysical determinants of
the IVT t;,, of large molecules and the time-course of VEGF
suppression after ranibizumab injection, we have developed a
mechanistic model of the pharmacokinetics of IVT admin-
istration and the pharmacodynamics of VEGF suppression by
ranibizumab.

Our model of IVT PK is based in part on Missel’s
simulations of IVT injection in the rabbit, monkey, and
human,"? which describes the role of intravitreal diffusion and
convection, and the interfacial area between the vitreous and
aqueous humor through which large molecules must pass to be
eliminated from the eye. Our RVR PD model is built on
Saunders’ model but uses the known stoichiometry (2:1) for
the binding of ranibizumab to the VEGF homodimer and
therefore includes a description of the VEGF-ranibizumab
(VR) and ranibizumab-VEGF-ranibizumab (RVR) complexes.
In addition, we treat binding as a dynamic process rather than
assuming quasi-equilibrium. Lastly, in view of the incon-
sistencies among in vitro Kp values for VEGF-ranibizumab
bindinglg’20 and the lack of an established in vivo K, value in
the vitreous humor, we have treated K, as a parameter in our
model and explored the interrelationship between the in vivo
Kp value and the ranibizumab ¢/, in a reanalysis of Saunders’
data.

We believe that our mechanistic model offers a self-
consistent interpretation of the available PK and PD data for
ranibizumab and other large molecules and provides a useful
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framework for simulating the effects of dose, Kp, and molecular
weight for the design of future large molecules that suppress
VEGF.

B METHODS

Mechanistic Model of IVT PK. Following Missel,'” we
assume that the principal pathway for the ocular clearance of
large molecules is by a first-order transfer process from the
vitreous to the aqueous chambers, from which the molecule is
absorbed into the circulation via Schlemm’s canal by the
physiological process of aqueous humor turnover. To model
the elimination rate constant (kel) from the vitreous into the
aqueous chamber, we approximate the vitreous chamber as a
sphere with radius r,4, as shown in Figure 1. Denoting the total

exits to the aqueous

O chamber

(3)

Figure 1. Spherical approximation for the vitreous chamber with
radius r,. S* is the area of the interface through which the vitreous
chamber communicates with the aqueous (anterior) chamber. Path 1
shows the random walk of a molecule, originating at the center, that
does not reach the interface. Path 2 shows the random walk of a
molecule that reaches S* and exits to the aqueous chamber. The
dashed line passing from the posterior to the anterior of the vitreous
chamber (3) is the axis of spherical symmetry.

Vitreous chamber

surface area by S, we define the portion of the surface area
through which a molecule can transfer to the aqueous chamber
as S*. By making the well-mixed assumption, the average
location of any molecule within the vitreous chamber is at its
center, and therefore the average vitreous diffusion time (T )
for any particle to reach the surface of the sphere can be
estimated using the Brownian motion description of the mean
square displacement of a particle in three dimensions (eq 1):

2

Wit

6D

’IZiiff - (1)
where the diffusion coefficient, D, can be calculated using the
Stokes—Einstein relation (eq 2) where ky and T are the
Boltzmann constant and absolute temperature, 77 corresponds
to the viscosity of physiological saline (0.15 M NaCl) at 37 °C,
and the hydrodynamic radius R, is estimated from the
molecular weight (MW), Avogadro’s number (N,), and the
partial specific volume of protein (v), taken as 0.73 cm®/g,*'
assuming an equivalent sphere (eq 3):
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The resulting values of D are proportional to MW~"/* (Table

1.

Table 1. Molecular Properties of Antibodies Analyzed.
Molecular Weight (MW), Hydrodynamic Radius (Ry), and
Diffusion Coefficient (D) at 37 °C in Physiological Saline for
Ranibizumab (R), Bevacizumab, a Fab-Dimer, VEGF (V),
the VEGF-Ranibizumab Complex (VR), and the
Ranibizumab-VEGF-Ranibizumab Complex (RVR)

molecule MW (kDa) R, (nm) D (cm?/sec)
ranibizumab (R), Fab 48.35% 2.4 134 x 107¢
bevacizumab, IgG 15032 3.51 9.13 X 1077
Fab-dimer 100" 3.07 1.05 X 107¢
VEGF (V) 40° 226 142 x 1076
VR 88.35 2.95 1.09 x 107
RVR 136.7 341 9.42 x 1077

Postulating the diffusion (Brownian movement) from the
vitreous to the aqueous chamber to be the primary mechanism
for large molecule elimination from the eye, we propose the
following expression for kel:

*
kel = S 1
i

(4)

This expression is based on the following assumptions. First,
the hyaloid membrane segarating the vitreous and aqueous
chamber is highly porous™ so that a molecule immediately
leaves the vitreous chamber upon contact with S*. Second,
there is no back diffusion from the aqueous chamber due to the
high flow rate of the aqueous humor.'” Finally, kel will be the
product of the probability per unit time that a molecule diffuses
from the center of the vitreous chamber (modeled as a sphere)
to the perimeter (1/Ty) and the probability of a particle
encountering the hyaloid membrane, given by §*/S. As
discussed later, this result is an approximation for the solution
of the “first-passage problem””” evaluated at the center of the
spherical geometry depicted in Figure 1.

By definition, the elimination rate of a molecule, kel, is
related to its half-life, ¢, /,, via the expression:

By substituting eq S into eq 4, we obtain the following
relationship between ¢/, and Ty

S*
t ) = log 2/ — | Ty
1/2 g (S) diff ©)

Using the anatomical data given in Missel’s paper, we
estimate the ratio S*/S to be 0.23 for the rabbit, 0.13 for the
monkey, and 0.15 for the human, which correspond to a mean
value of 0.17 (see Supporting Information; section S1). The
similarity of these ratios suggests a general anatomical
relationship across species so that eq 6 implies that t,,, will
be approximately four-times the calculated value of Ty for all
large molecules and across all species based on the mean value
of S*/8.

Since D o MW™"/3 (eqs 2 and 3), we may then derive the
following scaling relationship between molecular species i and j:

MW, 1/3
ke1i=(—J) kel,
MW, (7)

Given the vitreal t,, of ranibizumab, we can use eqs 5 and 7
to estimate kel values for other molecules of interest (as
discussed in the next section).

Pharmacodynamic Model of VEGF Suppression by
Ranibizumab—The RVR Model. Following Saunders,'” our
mathematical description of VEGF suppression was formulated
using the two-compartment representation shown in Figure 2.
We considered only the vitreous and aqueous chambers of the
eye, as the former is the site of ranibizumab injection, and the
latter is where the experimental VEGF samples were collected.
VEGF (V), a homodimer, has two identical binding sites for
ranibizumab.”® Therefore, according to the notation in Table 2,
we defined the following sequential reaction scheme:

koff
V + R == VR,
2kol‘l

2k o
R + VR = RVR
k,

on

Notice that in the first reaction there are two equivalent sites
of association, while in the second reaction there are two
equivalent sites of dissociation. As a consequence, the
equilibrium dissociation constant for the first reaction

log 2 corresponds to Kp/2 and for the second reaction is 2Kp,
kel = —— where Ky = kyg/k,, is the hypothetical value for a single VEGF-
tia () ranibizumab binding site.
R

injection

kely
retinal o E——
. Koft
production ViR =—— VR kelg outflow
rate 2kon rate
V > kely >

P; 2o . CLag
in R+VR === RVR “

Kon kelryr

" elimination
Vitreous chamber 1"1t<ot Aqueous chamber
f
constants

Figure 2. Two-compartment PD model of VEGF (V) and ranibizumab (R) interaction in the eye is composed of the vitreous and aqueous
chambers. Note the arrow labeled “sample” indicates that the experimental samples were collected from the aqueous humor.
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Table 2. Chemical Species and Notation Used in the Model.
All Concentrations Are Functions of Time (¢) with Units of
PM. Subscripts Denote the Concentrations of Each Variable
in the Vitreous and Aqueous Chambers

chemical concentration
chemical species notation (pM)
VEGEF free (unbound) A% vitreous Vyie
aqueous vy
ranibizumab free (unbound) R vitreous 1y
aqueous 7,
VEGEF ranibizumab complex VR vitreous Ve
aqueous  vry
VEGEF ranibizumab dimer complex RVR vitreous Ve
aqueous  vry

In patients with wet AMD, VEGF production in the retina
and its subsequent diffusion into the vitreous chamber are
described in our model as production of V at the rate P,, (see
the leftmost arrow in Figure 2). Ranibizumab is delivered to
patients via intravitreal injection, which we capture in the initial
condition for r,(t). Unlike the Saunders model, we allow
association and dissociation kinetics to occur in both the
vitreous and aqueous chambers. As discussed in the previous
section (IVT PK model), we assume that the major pathway of
ocular elimination for the four species is via the unidirectional
transfer from the vitreous to the aqueous chambers,
represented by the elimination rate constants kely, kely, kelyy,
and kelgyr, which depend on the MW of each species (see
Table 1). Here, we have assumed no backward transport from
the aqueous to the vitreous chambers and neglect the possible
elimination of these molecules via the retina.

Since Ty is smaller than 1/kel by the factor S*/S (eq 4), we
assume the system to be well-mixed, allowing for the
construction of a system of coupled nonlinear, time-dependent
ordinary differential equations (ODEs). Chemical reactions are
described using the law of mass action, giving the following
equations for the time-evolutions of the chemical concen-
trations.

B VITREOUS CHAMBER

du, i
I — (kovr. —2k v.r.) —keloy. + —2
g~ (oo = Hhontate) = kel =
dr.
% = (koffvrvit - 2konvvitrvit) + (Zkoffrvrvit - kODrViterit)
— kelgry, ©)
dvr..
Z;nt = —(koVrie = Zkoticvie) + kot Vre = konlyiyie)
- kelVervit (10)
d .
VT i — _(Zkoffrvrvit - konrvitvrvit) — kelRVRrvrvit
" (11)
B AQUEOUS CHAMBER
d ol CL
2q _ vit 29
T (kogevrag = Zkontagrig) + aq et~ 0l b
(12)
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dr,
dtq = (koffvraq - 2’konVa\an\q) + (Zkoffrvraq - konraquaq)
ol_. CL
A elprye — —rr,
Vol *
0%q ag (13)
dvr,
q
dt = _(koffvraq - 2’konvaqraq) + (Zkoffrvraq - konraquaq)
Vol , CL,
+ | —= [kelygvry — —quaq
Olaq Olaq (14)
drr, Vol..
q _ _ vit
i (kg = konlagtreg) + Val, kelgyrr V7
CL,
- _fVTaq
Vol (15)

where Vol and Vol,; denote the volumes of the vitreous and
aqueous chambers (mL), respectively, and CL,, represents the
clearance rate from the aqueous chamber (mL/day), taken to
be equal to the production rate of aqueous humor. We assume
the initial VEGF levels to be at the drug-free equilibrium levels
predicted by this model and all complexes to be absent. To
simulate a single intravitreal dose, the initial vitreous
concentration (pM) for ranibizumab is set equal to do/MWy/
Vol X 10'* where d, is the ranibizumab dosage (0.5 mg)
injected into the vitreous chamber. The initial ranibizumab
concentration in the aqueous chamber is set to zero.

Clinical Data. We utilized the recently published data by
Saunders'” wherein 31 patients with wet AMD were studied
following the administration of intravitreal 0.5 mg doses of
ranibizumab
submitted to aqueous humor sampling prior to the time of
dosing and at later dates over several months. Free VEGF
concentrations were measured from the aqueous humor
samples using Luminex multiplex bead analysis (Luminex,
Austin, Texas, USA). Zhu®® has demonstrated that this assay
measures free (unbound) VEGF levels in the presence of the
anti-VEGF antibody bevacizumab. Graphical data reported in
the supplementary file by Saunders were digitized for all 31
subjects using Plot Digitizer Version 2.0 (Dept. of Physics,
University of South Alabama).

Methods of Parameter Estimation and Optimization.
The parameters used in the model, and their values, are stated
in Table 3. We derived estimates of ¢,z and P, for each
patient as a function of Ky, by fitting the patient-specific data
over a range of Ky, values (50 to 60 000 pM); an optimization
procedure was used for a given value of Ky, with respect to ¢/,
and Py,. This was achieved using fmincon®” (part of MATLAB’s
global optimization toolbox), which for a given function seeks a
local minimum in parameter space by following a local negative
gradient. For our purposes, we sought to minimize the root—
mean—square error (RMSE) of the solution (solved using
MATLAB’s stiff ODE solver ode23s) with respect to individual
patient data. To locate the global minimum in this process,
multiple initial estimates of ¢,,,; were taken between 2 and 15
days. An accurate initial estimate for P;, was derived from the
average of the initial and final VEGF data points.

after various time intervals. Patients were
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Table 3. Summary of Parameter Values and Notation Used
within the Model. Parameters with Stated Numerical Values
Were Fixed as Constants for All Patients. k,, Is Expressed in
Terms of the Dissociation Constant Ky, = k,g/k,,. Value of
Kp Was Treated as an Input to the Model and Varied over
the Range 50 to 60 000 pM. Values of P, and t,/,z Are
Patient Specific and Were Estimated for Each Patient as a
Function of the Input Value of Kj,. Estimates of the Rate
Constants kely, kely, kelyg, and kelgyg Were Derived from
t;or Using Eqs S and 7

parameter value units description
koge 0.864%° day™ reaction rate of VR - V + R
kon koi/ Kp day™! pM™'  reaction rate of R + VR = RVR
Kp input rM dissociation constant
CL,, 3.6 mL day™ aqueous humor clearance rate
P, estimated  fmol day™'  VEGF production rate
Vol 4.5%% mL volume of the vitreous
Vol,q 0.16°7° mL volume of the aqueous
dy 0.5" mg initial dose of ranibizumab
tiaR estimated days ranibizumab vitreal half-life
kel derived day™ vitreal elimination rate constant
for R
kely derived day™ vitreal elimination rate constant
for V
kelyg derived day™ vitreal elimination rate constant for
VR
kelgyr derived day™ vitreal elimination rate constant for
RVR
B RESULTS

Relationship between Ocular Half-Life and Vitreous
Diffusion Time. On the basis of eq 6, we predict that the
ocular half-life of a large molecule (t;/,) should be proportional
to its vitreous diffusion time (Ty) with a proportionality factor
of approximately 4. To test this prediction, we performed a
meta-analysis of experimental t;,, data across animal species
and molecules by computing the Ty values corresponding to
those molecules and species using eq 1. Table 4 provides a
compilation of t;,, data taken from the literature for
ranibizumab, Fab fragments, bevacizumab, IgG antibodies,
and Fab-dimer fragments in the human, monkey, rabbit, and
rat. Estimates of the vitreous volume (Vol,;,) and radius of the
equivalent vitreous sphere (r,;) are provided for each species
along with the calculated Ty values.

By plotting the individual t,,, data in Figure 3 versus the
calculated Ty values, we observe the proportionality predicted
by eq 6. Linear regression through the origin gives a slope of
4.4 (95% confidence interval 4.1—4.7), in close agreement with

O Ranibizumab, Fab
O Bevacizumab, IgG [ ]
7 Fab-dimer
® Human
L Monkey e
1011 g Rabbi R
® Rat s
® Error bar +/- 18D
— — - Linear fit, slope = 4.4
— 8 "
2
]
k=2
2 Half-ife /Ty
= 6 ’ 6
]
<
5 I/ , 5
3 ‘u
Ve 4
O 4l %
’ v % 3
g v “
- 2
2k . 1
0 Ranibizumab, Fab  Bevacizumab, IgG Fab-dimer
M
ok L L 1 I I y
0 0.5 2.5 3

1 1.5 2
Vitreous Diffusion Time (days)

Figure 3. Ocular half-life data from individual studies plotted against
vitreous diffusion times for various molecules and animal species using
data from Table 4. Linear regression through the origin yields a line
with slope 4.4 (95% confidence interval 4.1—4.7), in close agreement
with the predicted value based on eq 6. The insert depicts the mean
ratios t,/,/ Tgg; the dashed horizontal line equals 4.4.

the predicted value of 4 that was derived from the mean value
of §*/S (see Methods).

This meta-analysis provides strong evidence that the
experimentally determined ocular f,,, of ranibizumab in
humans of approximately 7.9 days (mean of two independent
studies) is consistent with the overall relationship predicted by
eq 6.

Reanalysis of Saunders’ VEGF Data Using the RVR PD
Model. Figure 4 shows the optimized fits of the RVR PD
model to the data of a typical patient (#40) for different input
values of Kp,. As Ky, increases from 50 to 60 000 pM, the fitted
curves change shape, and the estimated values of t,/,5 increase
from 3.3 days to 9.8 days. The corresponding RMSE values of
the fit change only slightly as K, varies (see caption of Figure
4).

By varying K, over the same range for all 31 subjects, we
show in Figure 5 how the mean + SD of the estimated values of
t; oz depends on K, (blue curve and shaded gray region). The
relationship between Kp and ¢,/ seen for patient #40 is
observed for all patients. Over this range of K, values, the
variation of RMSE for each patient was generally quite small
(see Figure S4.1 in the Supporting Information). Individual
patient fits, parameters, and RMSE values can be found in

Table 4. Literature Compilation of Ocular Half-Lives and Calculated Vitreous Diffusion Times for Different Animal Species and
Large Molecules. Half-Lives Correspond to Mean (SD) of the Values from the Individual Studies Referenced. Vitreous
Diffusion Times Were Calculated from Eq 1 Using the D Values of Table 1 and the r,; Value for Each Species. Values in
Parentheses Denote SDs where Available; r,; Values Were Obtained by Approximating the Vitreous Chamber as a Sphere

species ranibizumab, Fab bevacizumab, IGg Fab-dimer
Vol Tyit Tas Tas T
name (mL) (cm) ty, (days) (days) ti2/ Tage ty/, (days) (days) t1/2/ Tage ty, (days) (days)  ty/Tage
human (76 kg) 4.5%% 102 79 (1L74)'V"? 1.52 52 (L1) 973 (148)**** 222 44 (07) n/d" n/a”  n/a®
monkey (2.2—4.5 kg) 217" 0.8 3.25 (0.06)7° 0.93 3.5(01) 56 136 41 n/a" n/a"  n/a®
rabbit (2.5-3 kg) 152" 071 312 (021)7"° 074 42 (03) 49 (0.04)'*" 1.07 4.6 (0.03) 391 (048)"° 094 42 (0.5)
rat (0.25-0.35 kg) 0042°" 022 n/a” n/a®  n/a° 0.341'% 0.1 3.5 n/a’” n/a”  n/a®

“See Supporting Information (section S2) for estimation of t,, and T for bevacizumab in the rat. bn/a, not available.
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Figure 4. Series of optimized fits of the RVR model to the data of
patient #40 (blue dots) as Ky, varies. Key: Kp = S0 pM (red solid line,
t1/, = 3.3 days, RMSE = 0.27 pM), K, = 10 000 pM (black dashed line,
t,, = 6.4 days, RMSE = 0.25 pM), K, = 21 000 pM (green dot/dash
line, ¢, = 7.6 days, RMSE = 0.25 pM), K = 60000 pM (purple
dotted line, t,,, = 9.8 days, RMSE = 0.26 pM).

section S3 of the Supporting Information. We conclude that the
VEGF data alone are insufficient to uniquely determine the in
vivo value of Kp and the corresponding distribution of t,/,5
values.

To estimate the in vivo value of Ky, in Figure S, we overlay
the experimentally determined values of the mean = SD of £},
(as indicated by the red line, with SD bounds indicated by
dashed lines). From the region of intersection of the
experimental range of t,,z with the shaded area, we estimate

the in vivo value of Kp to lie in the range 18 084—27 361 pM,
with an average value of 21 326 pM (21.3 nM).

Impact of Binding Stoichiometry and Kinetics and on
the VEGF Profiles. Here, we demonstrate the effect of using
the observed 2:1 stoichiometry of ranibizumab binding to
VEGF and explore the influence of varying the parameter kg
on the VEGF profile.

Figure 6, panel a shows the VEGF data from patient #40 with
two model curves. The solid red line depicts the RVR model fit
to the data for a Kp value of 21 000 pM, whereas the black
dashed line shows the resulting curve if binding is restricted to
only the VR binding model and optimized to fit the data. The
RVR binding model provides a more accurate representation of
the data with a t,/,z value of 7.6 days in contrast to the VR
binding model with a ¢,z value of 9.3 days.

Figure 6, panel b shows the effect on the VEGF profile of
varying the dissociation rate constant kg from its default value
of 0.864 day ' while holding K, fixed at 21 000 pM. A 100-fold
increase in ko (black dashed curve) shifts the VEGF profile to
the left of the red curve, while its shape is retained. The left-
shift results from a rapid redistribution of previously bound R
from the VR and RVR species brought on by the rapid dilution
of all species in the aqueous humor. With a 100-fold decrease in
ko (green curve), the VEGF profile shifts further to the left but
has a different shape from the other curves. It can be shown
that the altered shape at low k.4 values results from the very
slow rates of association and dissociation between the R, V, VR,
and RVR species, which are too slow to achieve the previously
attained quasi-equilibrium states in the vitreous humor (see
Supporting Information, section S5 for the corresponding
vitreous profiles). On the basis of this analysis, we conclude
that for the default value of kg the VEGF profile in the
vitreous humor is close to the quasi-equilibrium state, while the
profile in the aqueous humor reflects a simple dilution of the
vitreous profile, as the residence time in the aqueous humor
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line shows the mean experimental ranibizumab t,,5 of 7.9 days in humans, and the dashed red lines indicate + SD (1.74 days). From the points of
intersection of the solid and dashed red lines with the blue curve and gray area, we have estimated the in vivo value (range) of K, as indicated by the

vertical arrows pointing to the x-axis.
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Figure 7. Aqueous compartment free VEGF suppression profiles: (a) simulated effect of increasing dose 0.5 mg (solid red), 1 mg (dashed black), 2
mg (dot/dash green); (b) simulated effect of lowering Ky, with a constant half-life (7.6 days), 21 000 pM (solid red), 2100 pM (dashed black), 210
pM (dot/dash green); (c) simulated effect of increasing MW while adjusting the dose in proportion to MW: 48.35 kDa (solid red, dose 0.5 mg), 100
kDa (dashed black, 1 mg), 200 kDa (dot/dash green, 2 mg), 500 kDa (dotted purple, S mg); (d) simulated effect of increasing MW while keeping
dosage constant at 0.5 mg;: 48.35 kDa (solid red, 2.3 x 10° pM), 100 kDa (dashed black, 1.1 x 10° pM), 200 kDa (dot/dash green, 5.6 X 10° pM),

500 kDa (dotted purple, 2.2 X 10° pM).

(ca. 0.04 days; ~1 h) is too short for redistribution of the
bound R. This supports the assumption made by Saunders'’
and shows the subtle influence of the kg values on the behavior
of the PK/PD model.

Impact of Dose, Kp, and MW on VEGF Profiles. Using
the estimated in vivo Ky value of 21 000 pM, we demonstrate in
Figure 7, panel a the simulated effect of increasing the dose of
ranibizumab from 0.5 mg (red curve) to 1 mg (dashed black
curve) to 2 mg (green dot/dash curve) on the VEGF profiles of
patient #40. For each doubling of the dose, the profiles shift to
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the right by approximately 7.6 days (the ranibizumab t,,p
derived for this patient). In the Supporting Information
(section S6), we show analytically that this is a general result
of the model wherein each doubling of the antibody dose shifts
the VEGF profiles to the right by approximately one t .
Thus, having an accurate estimate of t;,,z is important for
accurately predicting the effect of dose on the duration of
VEGF suppression.

Figure 7, panel b demonstrates the simulated effect in patient
#40 of decreasing Ky, by factors of 10 and 100 (from the in vivo
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value of 21 000 pM) while keeping a fixed value of t;/,z (7.6
days). For each factor of 10 reduction in Kp, the VEGF profile
shifts to the right by about 26 days. In the Supporting
Information (section S6), we show analytically that each 10-
fold decrease in Ky, will in general shift the profile to the right
by an amount equal to 5 In(10)/In(2), consistent with the
simulated result for patient #40.

Figure 7, panel ¢ simulates the effect of increasing the MW of
the VEGF binder from 48.35 kDa (ranibizumab) to 100 kDa,
200 kDa, and 500 kDa with a concomitant adjustment of the
dose in proportion to MW. By reducing the elimination rate
constants for R, VR, and RVR in accordance with the MW~'/3
scaling law (eq 7), the curves shift to the right and rise more
slowly.

In Figure 7, panel d the effect of increasing MW at a constant
dose of 0.5 mg is shown. At MWs of 200 and 500 kDa, the
curves shift to the left at earlier times and crossover at later
times. This complex behavior is also explained theoretically in
the Supporting Information (section S6).

B DISCUSSION

Our model provides new mechanistic insights into the
intravitreal PK of large molecules such as ranibizumab and a
reinterpretation of its PD effect on ocular VEGF levels in
patients with wet AMD.

On the basis of simple geometric and biophysical concepts,
we have shown that the t,, values for large molecules should be
proportional to their vitreous diffusion times (Tgg), with a
proportionality factor determined by the fractional area of the
vitreous/aqueous chamber interface where elimination is
assumed to occur. Using Missel’s anatomically accurate models
of the eye for the rabbit, monkey, and human, we have
estimated this fractional area (including the contribution from
the space of Petit) and find it to be relatively constant. As a
consequence, the proportionality factor between t,,, and Tyg
should be approximately the same for all species with a value
close to 4. We have verified this prediction by compiling data
from PK studies in the rat, rabbit, monkey, and human with
calculations of Ty based on the Stokes—Einstein relation, in
which the diffusivity was taken to be the same as in aqueous
saline solution at 37 °C, and the hydrodynamic radius of the
molecules assumed sphericity.

Use of the diffusion coefficients in physiological saline (Table
1) is consistent with Missel's work,'” which assumed that
interactions between the diffusing species and the dilute
collagen network of the vitreous would be negligible except
for large polymeric molecules. In this regard, studies of
hindered diffusion in aqueous collagen gels** suggest a possible
reduction in D by 10—40% for molecules with Ry, values of 2—4
nm over the range of collagen concentrations seen in the
vitreous humor (0.6—3 g/dL*’). On the basis of Perrin’s
equations, the effect of nonsphericity would increase Ry, slightly
(less than 20%) for molecules with axial ratios less than 4.**
Together, these effects could conceivably increase Ty by as
much as two-fold from the calculated values in Table 4.
However, as noted in the derivation of eq 6, our expression for
kel is only an approximation for the mean passage time from
the origin, which can be evaluated more precisely by
considering the solution for the “first-passage problem” at
the center of the spherical geometry illustrated in Figure 1.
Preliminary calculations based on the latter, more formal
treatment suggest that the proportionality factor between t,,,
and T4 in eq 6 is about 40% smaller than our estimate, and
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this would largely compensate for the larger Ty values. Such
refinements to our IVT PK model will be a topic for future
research.

It is important to note that the experimental t,, values
reported for ranibizumab in humans (7.2 and 8.6 days) are
consistent with the theory and preclinical data from smaller
preclinical animal species shown in Figure 3. These values were
derived from two independent clinical studies that used
different methodologies, for example, aqueous humor sampling
in a composite data set from patients with different retinal
diseases by Krohne et al.'' and a PK analysis of serum samples
by Xu et al."” Our use of the mean value (7.9 days) and the
variation around it, estimated from Xu’s study, is central to the
subsequent analysis of Saunders’ VEGF data.

Using the RVR model of ranibizumab-VEGF binding, we
provide an alternative analysis of Saunders’ VEGF data in which
the interplay between the assumed value of Kp and the
estimated values of t,/, have been systematically explored over a
wide range of K values (Figure 5). Because of the small
variation observed in the quality of fit (see Supporting
Information, section S4), we conclude that the VEGF data
alone are not sufficient to identify a unique value of Kj and
distribution of t, ,p values. We have resolved this ambiguity by
using the experimentally observed half-life for ranibizumab (7.9
days) to estimate the in vivo K value, which we find to be
21326 pM (21.3 nM).

The large disparity between our in vivo estimate of K and
the in vitro value used by Saunders of 46 pM (measured at 25
°C) could have a number of possible explanations. First, the in
vitro determination of absolute Ky, values is strongly platform
dependent and may not reflect the true solution interaction of
VEGF and anti-VEGF molecules,”® whereas the relative binding
constants for different anti-VEGF molecules under the same
experimental conditions may be less sensitive. In this regard,
studies of the binding of VEGF to the extracellular domain of
the VEGF receptor using isothermal titration calorimetry, a
solution-based thermodynamic method, gave K, values of 12—
38 nM at 20 °C.*® Second, at body temperature (37 °C), Kp
should be larger than at 25 °C, as the enthalpy of VEGF
binding to polypeptides and large molecules is negative.’**°
Third, the in vivo Ky, value could be influenced by other factors
in the eye, for example, soluble VEGF receptors that could
compete with anti-VEGF binders for VEGF molecules.”’
Finally, the Luminex assay used by Saunders to measure the
aqueous humor levels of “free VEGF” may also be perturbed by
endogenous or exogenous factors or subsequent steps in the
sample preparation. Future experiments on the interaction of
anti-VEGF binders and VEGF will be needed to resolve this
disparity.

We believe it is important to have the correct ¢/, Ky, value
and PK/PD model to accurately predict the dependence of the
VEGEF profiles on dose, Kp, and MW. As illustrated in Figure 7
the ability to simulate the effects of these parameters on the
VEGEF profiles may help in the development of future therapies
with a prolonged duration of VEGF suppression.
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B ABBREVIATIONS

Refer to Table 3 for Parameter Definition

D, diftusion coefficient; Fab, monoclonal antibody fragment;
Kp, dissociation constant; IVT, intravitreal; t, ,, half-life; MW,
molecular weight; wet AMD, neovascular age-related macular
degeneration; PK, pharmacokinetics; PD, pharmacodynamics;
Ry, hydrodynamic radius; R, ranibizumab; RVR, ranibizumab-
VEGF-ranibizumab complex; S and S$*, surface areas (see text
for definitions); Tyg vitreous diffusion time; VEGF or V,
vascular endothelial growth factor; VR, VEGEF-ranibizumab
complex
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