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ABSTRACT: Neovascular age-related macular degeneration
(wet AMD) results from the pathological angiogenesis of
choroidal capillaries, which leak fluid within or below the
macular region of the retina. The current standard of care for
treating wet AMD utilizes intravitreal injections of anti-VEGF
antibodies or antibody fragments to suppress ocular vascular
endothelial growth factor (VEGF) levels. While VEGF
suppression has been demonstrated in wet AMD patients by
serial measurements of free-VEGF concentrations in aqueous
humor samples, it is presumed that anti-VEGF molecules also
permeate across the inner limiting membrane (ILM) of the retina as well as the retinal pigmented epithelium (RPE) and
suppress VEGF levels in the retina and/or choroidal regions. The latter effects are inferred from serial optical coherence
tomography (OCT) measurements of fluid in the retinal and sub-retinal spaces. In order to gain theoretical insights to the
dynamics of retinal levels of free-VEGF following intravitreal injection of anti-VEGF molecules, we have extended our previous
two-compartment pharmacokinetic/pharmacodynamic (PK/PD) model of ranibizumab—VEGF suppression in vitreous and
aqueous humors to a three-compartment model that includes the retinal compartment. In the new model, reference values for
the macromolecular permeability coefficients between retina and vitreous (py5;) and between retina and choroid (pppg) were
estimated from PK data obtained in rabbit. With these values, the three-compartment model was used to re-analyze the aqueous
humor levels of free-VEGF obtained in wet AMD patients treated with ranibizumab and to compare them to the simulated
retinal levels of free-VEGF, including the observed variability in PK and PD. We have also used the model to explore the impact
of varying py; ; and ppog, to assess the case in which an anti-VEGF molecule is impermeable to the ILM and to assess the potential
effects of AMD pathology on the RPE barrier. Our simulations show that, for the reference values of py ) and prpg, the simulated
duration of VEGF suppression in the retina is approximately 50% shorter than the observed duration of VEGF suppression in the
aqueous humor, a finding that may explain the short duration of suppressed disease activity in the “high anti-VEGF demand”
patients reported by Fauser and Muether (Br. J. Ophthalmol. 2016, 100, 1494—1498). At 10-fold lower values of pgp, the
durations of VEGF suppression in the retina and aqueous humor are comparable. Lastly we have used the model to explore the
impact of dose and binding parameters on the duration and depth of VEGF suppression in the aqueous and retinal
compartments. Our simulations with the three-compartment PK/PD model provide new insights into inter-patient variability in
response to anti-VEGF therapy and offer a mechanistic framework for developing treatment regimens and molecules that may
prolong the duration of retinal VEGF suppression.

E

Ranibizumaty
Free VEGF
o Patient 40 data| |2

=)
™
w
=1
-
o
——

S
(wd) “3u0D 403A #8044

o

-
=]
Y

2
w
-3

=)
o
N
-]
-
=]

B I i— et

Ranibizumab conc. (pM)
{id) ‘aued 453 3214

Ranibizumab conc. (pM)

=
=

S0 100 150 0 50 100 15
Time {days) Time (days)

KEYWORDS: retina, intravitreal, ranibizumab pharmacokinetics, VEGF pharmacodynamics, permeability, mechanistic modeling,
neovascular age-related macular degeneration

B INTRODUCTION

Neovascular age-related macular degeneration (wet AMD), a
debilitating retinal disease causing central vision loss and

through the posterior of the retina, causing the buildup of fluid

within the macula, disrupting photoreceptor cell structure and

blindness, predominately affecting the elderly population, is Received: March 15, 2018
predicted to afflict 200 million people globally by 2020.' Revised:  May 3, 2018
Symptoms of wet AMD are theorized to occur due to the Accepted: May 7, 2018

proliferation of poorly formed and highly permeable capillaries
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Figure 1. Three-compartment reaction model diagram. Transport pathways, with their respective transfer rate constants, are indicated by arrows
between compartments. Reactions between chemical species, e.g, R, V, VR, and RVR, are shown with their respective reaction rates inside
compartments, where S, Viey Vi Vagy p%E, pgf;)M, K9 and C, represent the retinal surface area, retinal volume (including both the intracellular and
extracellular spaces), vitreal volume, aqueous volume, RPE permeability, ILM permeability, vitreous—aqueous elimination rate, and clearance from
the aqueous chamber, respectively. The superscript (i) denotes parameters whose values depend on the hydrodynamic radius of the particular

chemical species i. r,;(t) represents the vitreal concentration of unbound ranibizumab, and r,.,(0) represents the initial drug concentration.

degrading visual acuity.” This angiogenic process is thought to aqueous humor samples taken from patients with wet-AMD
be initiated and perpetuated by the production of vascular undergoing treatment with ranibizumab (an anti-VEGF anti-
endothelial growth factor (VEGF) within the eye.” Current body fragment'").
treatments for wet AMD utilize anti-VEGF macromolecules, The extension from a two- to three-compartment PK/PD
given by intravitreal (IVT) injection. Such molecules bind to model grants the ability to compare the simulated free
VEGEF, blocking its interaction with endothelial cells on the (unbound) VEGF concentration profiles of the retina, vitreous,
surface of neovascular capillaries, attempting to inhibit further and aqueous compartments. We therefore present an analysis of
angiogenesis and fluid leakage.’ the temporal behavior between these three compartments, as
It is generally assumed that, to achieve maximum angiogenic well as an analysis of the changes in retinal and aqueous PD
inhibition, anti-VEGF molecules must bind to VEGF molecules induced through the alteration of dose and binding kinetics.
within and below the retina. To do this, after IVT injection, Our analysis shows that, under certain conditions, a temporal
molecules must diffuse to and penetrate through the inner disparity may exist between the suppression of free VEGF levels
limiting membrane (ILM) to enter the retina, and then in the retina and aqueous humor, as well as a difference in the
subsequently through the retinal pigment epithelium (RPE) to suppression magnitude. Alongside these results, we also present
enter sub-retinal space. Assessing drug and/or VEGF binding in two case studies addressing relevant biological scenarios,
these tissue layers would require serial retinal biopsies and is simulation of which was not possible with previous ocular
not therefore feasible in wet AMD patients. On the other hand, models.

serial aqueous humor samples can be obtained from wet AMD
patients and have been used by Fauser and colleagues to B METHODS
characterize the VEGF suppression time (VST) associated with

i on e Experimental and Clinical Data. The three-compartment
different anti-VEGF compounds.”” While there appears to be a

PK/PD developed here is built upon a three-compartment PK

general association between the aqueous humor VST and the model presented by Hutton-Smith et al. in 2017,° with the
suppression of clinical disease activity assessed by optical addition of ranibizumab—VEGF binding kinetics. Specifically
coherence tomography (OCT) or visual acuity on a population this paper utilizes relationships derived from experimental PK
basis, it is presently unknown if the pharmacodynamics (PD) of data in the rabbit,'> between the retinal permeability
VEGEF suppression in the retina is similar to the PD observed in coefficients (pyy and ngPE) and hydrodynamic radius given
aqueous humor and/or whether it would more closely parallel by Hutton-Smith et al.
the disease activity in individual patients. The recent For the analysis presented in this study, we utilized the 2015
observation that the aqueous humor VST is approximately data set published by Saunders'® and previously analyzed by
twice as long as the period of suppressed disease activity in a Hutton-Smith et al,” detailing 31 patients with neovascular age-
specific subgroup of patients with “persistent [choroidal related macular degeneration (wet AMD). Aqueous humor
neovascularization] activity during anti-VEGF treatment”’ samples were collected at several time points post intravitreal
suggests that the retinal VST could be shorter than the (IVT) injection of 0.5 mg of ranibizumab, as well as a pre-
aqueous VST, at least in some patients. treatment baseline sample. Free VEGF concentration was then
To address these questions, we present a three-compartment determined for each sample using Luminex multiplex bead
(retina, vitreous, and aqueous) ocular pharmacokinetic/ analysis (Luminex, Austin, TX, USA). Data presented in the
pharmacodynamic (PK/PD) model, developed by combining supporting file from ref 10 were originally digitized using Plot
a previously presented three-compartment PK model® and a Digitizer Version 2.0 (Department of Physics, University of
two-compartment (vitreous and aqueous) PK/PD model.” To South Alabama) in ref 9.
predict retinal PD, we used the three-compartment PK/PD Model Description. The three-compartment PK/PD
model to re-analyze a clinical data set'’ containing free VEGF model, described graphically in Figure 1, is comprised of the
2771 DOI: 10.1021/acs.molpharmaceut.8b00280
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retina, vitreous humor, and aqueous humor, between which
transport pathways are shown, denoted by arrows, alongside
their corresponding transfer rate constant expressions. Reaction
kinetics between chemical species can occur within any of the
three model compartments: VEGF (V) has two identical
binding sites to which ranibizumab (R) can bind’ to form a
VEGF—ranibizumab complex (VR) and subsequently a
ranibizumab—VEGF—ranibizumab complex (RVR). Reactions
are governed by eqs 1 and 2, in which k,, and k. (and hence
also the dissociation constant Kp = k.g/k,,) are reaction rates
corresponding to a hypothetical single VEGF binding site.

off

V + R 25 VR
2%k, (1)

R + VR 2% RVR
ko ()

Chemical species concentrations in each compartment, with
units of pM, are denoted by v(t), r(t), c(t), and h(t) for V, R,
VR, and RVR, respectively. Subscripts on chemical concen-
trations denote the compartment to which they refer; for
example, r,;(t) describes the concentration of R in the vitreous.
Full details on concentration notation can be found in Table 1.

Table 1. Model Chemical Species®

species conc (in pM) description

Vi Vit VEGF

R Tret ranibizumab

VR, Cret VEGF—ranibizumab complex

RVR, Bree ranibizumab—VEGF—ranibizumab complex
Vi Vi VEGF

Ry Tyt ranibizumab

VR, Cyit VEGF—ranibizumab complex

RVR; B ranibizumab—VEGF—ranibizumab complex
Vi Vg VEGF

Ry g ranibizumab

VR, Caq VEGF—ranibizumab complex

RVR,, by ranibizumab—VEGF—ranibizumab complex

“All concentrations are functions of time (t), and subscripts indicate
the compartment associated with each concentration.

Throughout this publication, we will refer to VEGF that is not
bound in a VR or RVR complex as “free VEGF”, whereas we
refer to unbound ranibizumab simply as “ranibizumab”, as
typically the concentration of unbound ranibizumab is several
orders of magnitude greater than that of VR or RVR. Initially,
prior to IVT injection, VEGF levels are assumed to be at their
respective steady-state levels in all compartments, and all
complexes are assumed to have zero concentration. Ranibizu-
mab is taken to have zero retinal and aqueous concentration
initially, and a vitreal concentration r,;,(0) corresponding to a
dose of 0.5 mg, calculated using the molecular weight of
ranibizumab, taken to be 48.35 kDa."'

The model schematic in Figure 1 is then formulated, using

parameters listed in Table 2, into the following nonlinear

system of ordinary differential equations (where k, = k.4/Kp):
eRetina
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Table 2. Model Parameters”

parameter value units description

kot 0.864 (ref 14) day™! single binding site off rate

Kp estimated pM single binding site model
dissociation constant

Vin disease state dep. ~ fmol/day rate of VEGF production

it /)2 R, dep. days ocular half-life®

K9 Ry, dep. day™ vitreous—aqueous elimination
rate constant

e eq 15 cm/s RPE permeability

P&)M eq 16 cm/s ILM permeability

CL 3.6 (ref 15) mL/day  clearance from the aqueous
chamber

Vyer 0.22" mL retinal volume

Ve 4.5 (refs 16, 17) mL vitreal volume

Vi 0.16 (refs 18, 19) mL aqueous volume

N 9.71° cm? retinal surface area

ret

“Entries with superscript (i) are chemlcal species specific, where i
corresponds to V, R, VR, or RVR. “These values were calculated by
taking the cross-sectional retinal distance from the posterior to the
anterior as 2.37 cm (estimated from Missel*’), the retinal thickness as
0.022 cm,”® and retinal radius equivalent to that of a sphere of volume
4.5 mL, in the same manner as presented by Hutton-Smith et al®
“This is the apparent half-life, which describes the rate of decay in all
three compartments, as motivated by ref 8.

dVr r
dtet - (kOffCIEt 2’konvretrret) = I(Iljl)\/l (V) ) ret
+ ret p(v) Ve in
v, M V., 3)
dr,
drtet = (koffcret 2’k‘onvretrret) + (Zkoffhret retcret)
_ ret (7) (r) ) ret (7) r.
Prim Tret " Prop e (4)
dcret
? = _(koffcret 2‘kon ret! ret) + (Zkoffhret konrretcret)
ret (P (¢) + p(c) )C o+ Sretp(C) "
‘/ret M * ret L VI (5)
dhre re h h
dft = _(ZkOffhrEt on retcret) - t( I(le/l + p( ) )hret
ret
+ Stet ()
V. LM’ vit (6)
eVitreous
dy,; S v
d_tt = (kofCyit = Zkothatie) + Vetp 1(13)“ et Vi, pI(Ll)VI e
vit vit
O ™)
dr;,
? = (koffcvn 2konvv1trv1t) + (ZkOfthit konr‘”tcv‘t)
(r) ret (r) (")
+ p Teet — P, it — k
th ILM 're i LM (8)
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dc,;
d‘t’lt = _(koffcvit - 2krmvvitrvit) + (Zkoffhvit v1th1t)
Seet(0) Seet(0) ©,
+ thPILM ret thILM vit k (9)
dhvit ret (h)
dr = _(Zkoffh konrvrtcwt) + VVHPILMhret
ret (k) (k)
hVithLMtht kel hvit (10)
eAqueous
dv, C
aq (v) L
- (koffca - 2konva "a ) + kel T I —
dt q q'aq V;q t ‘/aq q (11)
dr,
dtq = (koffcaq on aq aq) + (2k konraqcaq)
V1t k(r) _ &r
V el Tvit v aq
ag aq (12)
de,
dfq _(koffc 2‘k’onvaqraq) + (Zkoffhaq on aq aq)
Vi, _ Co,
V el Cit v aq
aq aq (13)
V.. C
= _(Zko konraqcaq) + _Wtke(lh)hvit - _Lhaq
Vag Vag
(14)

Transport rate constants between compartments, as noted
earlier, are shown in Figure 1 next to their respective pathways.
Transport is permitted between the vitreous chamber and the
retina in either direction, with rate described via the
permeability, pyy (cm/s), of the 1nner limiting membrane
(ILM), a basement membrane structure’® found between the
retina and vitreous chamber. Unidirectional transport from the
vitreous to the aqueous is also permitted and regulated by the
transport rate constant k, (1/day). Clearance occurs in the
retina, through the retinal pigment epithelium (RPE), with rate
described in terms of the permeability, prpg (cm/s), of the RPE,
as well as in the aqueous chamber, C; (mL/day), assumed to
equal the rate of aqueous humor production.

All transport rates, excluding the elimination rate from the
aqueous humor, are functions of the hydrodynamic radius, Ry,
(nm), and differ for all chemical species (whose values of Ry,
can be found in Table 3). Superscripts on transport rates and
permeabilities indicate this chemical species dependence; for

Table 3. Hydrodynamic Radii and Retinal Permeabilities for
Molecular Species”

C?pe:clilec: : notation hé(;igy(rlrfmm)lc (x IO@P}cEm /s) (X 10&%&1 /s)
v R 2.39 2.66 1.89
R R 2.45 2.63 1.89
VR RY 3.29 2.28 1.79
RVR R® 4.07 2.06 1.73

“Values were calculated by modeling each species as a prolate ellipsoid,
the method for which is described in Section S1 of the Supporting
Information.
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example, p{); would be the permeability of the RPE to VEGF.
The equations determining the hydrodynamic radius depend-
ence for retinal permeabilities are taken from Hutton-Smith et
al,® who estimated power law expressions for these parameters
using in vivo rabbit PK data for antibody and antibody
fragments collected by Gadkar et al.'* The expression, in terms
of hydrodynamic radius, for pgp is given by

(R,) = 4.04 x 107 'R;**

pRPE (18)
and py; is found via the following expression:
P (R,) =22 x 107R; (16)

where both pyp @) and pILM have units of cm/s, and R, has units
of nm. We have investigated the consequences of scaling
pibe(Ry) by factors of 10 and 0.1 in order to illustrate the
sensitivity of the model to the magnitude of pypg, which could
conceivably be modified by the penetration of neovascular
blood vessels through the RPE and/or the presence of drusen
beneath the RPE. We have also investigated the case of a drug
that is unable to permeate across the ILM to see how the
binding of VEGF in the vitreous influences the retinal
concentration of VEGF.

To calculate the molecule-specific ehmmatlon rate constant
k%, we note that Hutton-Smith et al.” demonstrated that the
ty, of a molecule can be considered proportional to its
hydrodynamic radius. Therefore, by fixing a value for the half-
life of ranibizumab, t{’,, we may estimate t,,(R,) for other
chemical species via the following formula:

+0)
t2(Ry) = %
Ry, (17)

With a known half-life, the long time decay rate A for a
molecule of hydrodynamic radius R can then be described by

log 2
t/2(Ry) (18)

The vitreous— aqueous rate constant 1) (shown in Figure 1)
can be estimated from A%, pILM, pRPE, and the anatomical
factors V4, S, and v, as shown in Section S2 of the
Supporting Information. The model is then formulated, in
terms of the parameters in Table 2, into a nonlinear system of
12 ordinary differential equations, with initial conditions found
in Section S3 of the Supporting Information, representing
equilibrium VEGF levels and an initial IVT dose of
ranibizumab. Parameters for scaled permeability case studies
are generated by completing the steps descrrbed above and
then scaling piide post hog; in this way k) remains unchanged
but £ /)2 is changed. To investigate the effect of modifying
dosage and reaction rates, we altered the parameters r,,(0), Kp,
kg and k,;, given a fixed half-life and VEGF production rate.
Fitting Protocol. Equations 3—14 were solved numerically
in MATLAB using ode23s and fit to each of the 31 patient
data sets using 1sqnonlin®' (part of MATLAB’s global
optimization toolbox). A range of fixed K, values (between S0
and 50000 pM) were analyzed; during the fitting protocol, a
value of Kp within this range was taken and kept fixed, while
£ /2 and V;, were varied by the fitting algorithm, penalizing the
relative mean square error between the logarithms of the
numerical solution and the data. This process was repeated for
every patient over the given range of Ky values, yielding a

A(Ry) =

DOI: 10.1021/acs.molpharmaceut.8b00280
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Figure 2. Fitting result for patient 40. Concentration profiles of free VEGF and ranibizumab in the retina (a), vitreous (b), and aqueous (c), plotted
with optimal parameters, with values Ky, = 19 000 pM, V,, = 18.5 fmol/day, and t{J = 7.5 days. Patient data can be seen in the aqueous in blue; in all
three compartments, ranibizumab (log scale, left axis) and VEGF (linear scale, right axis) concentrations are shown in green and red, respectively.
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Figure 3. Comparison between observed data points across all 31 patients, and the corresponding predictions made by the model. (a) The two
quantities plotted versus each other, with the red line representing perfect correlation. (b) Difference for each data point between the predicted and
observed values, alongside (c) a plot of their distribution and inferred normal distribution.

distribution of predicted values for t§')2 and V, over the patient
sample for each analyzed value of Kp. Through this method
(identical to that presented in ref 9), the resultant values of t§')2
were compared to experimental data (7.9 (£1.74) days,
previously compiled in ref 9) in order to estimate the value
of Kp. The distribution of predicted tg')z and V,, values was fit to
a log-normal distribution using the lognfit® function of
MATLAB.

B RESULTS

Fitting Results. The model was found to fit well to the data
set from Saunders et al.'"’ A representative patient’s fit (patient
40) can be seen in Figure 2, with full results from the fitting
protocol provided in Section S4 of the Supporting Information,
where individual patient fits and parameters are given. The in
vivo dissociation constant between VEGF and ranibizumab, Kp,,
was estimated to have a value 19 000 pM. In Figure 2 we see
the simulated time dependence of ranibizumab and the free
VEGF concentrations in the retina, vitreous, and aqueous
compartments and the corresponding data VEGF data in the
aqueous compartment. Ranibizumab decays exponentially at

2774

the same rate in all three compartments of the model, and the
vitreous concentration is approximately 10X greater than that
of the aqueous, and approximately 2X greater than that of the
retina. The free VEGF concentrations in vitreous and aqueous
chambers return to their initial values in parallel; however, the
retina returns to steady state before both the vitreous and
aqueous. We also note that the initial value of free VEGF in the
retina is approximately 3X greater than that of the vitreous, and
approximately 30X greater than that of the aqueous.

Figure 3a compares the observed and predicted VEGF data
points in the aqueous humor from all patients and observation
times, demonstrating that the model performs well across the
patient data set. Figure 3b,c shows that the residuals appear to
be normally distributed with mean and standard deviation of
approximately 0 and 0.26 pM, respectively.

VEGF Production Rate. Figure 4 shows the estimates of V,
for the present three-compartment model and the prior two-
compartment model vs the steady-state aqueous humor VEGF
concentration for each subject. The slope for the three-
compartment model is approximately 3-fold larger than for the
two-compartment model. Section S3 of the Supporting

DOI: 10.1021/acs.molpharmaceut.8b00280
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Figure 4. Predicted VEGF production rates, V;, (fmol/day), over the patient sample for K = 19 000 pM. V,, is plotted for each patient versus their
aqueous free VEGF steady-state concentration level, v,4(0) (pM). Red dots are V;, levels predicted by the modeling work performed in this study;
black dots are the predicted V;, values, derived from the same data set, by the two-compartment model presented in ref 9.
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Figure S. Distribution of V,, over patient sample for K, = 19 000 pM. A fit log-normal distribution is shown by the red line, with parameters (95%

CI) p = 2.76 (2.65, 2.93) and & = 0.38 (0.30, 0.51).

Information shows that the slope for the two-compartment
model is identical to C, while the slope for the three-
compartment model depends on additional parameters. This
difference in VEGF production implies that approximately 70%
of VEGF is eliminated via the choroid relative to 30%
eliminated via the aqueous.
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Figure 5 shows the distribution of predicted Vi, values across
the patient sample. Modeling these data with a log-normal
distribution,”” we find they have mean and standard deviation
of 17.5 and 6.9 fmol/day, respectively. As shown in Figure 4,

the variation in these predicted values is a direct consequence
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of the variation in observed aqueous equilibrium free VEGF
concentration and demonstrates inter-patient variability.

Inter-patient Variation in t!), and Free VEGF Profiles.
In addition to the VEGF production rate, there is large
variation across the patient sample over the time course of the
free VEGF profiles. This is quantified by the fitting process (for
a fixed value of Kp,) through variation in the ocular halflife of
ranibizumab t§’)2 and related species. The distribution of
predicted values of t§')2 is shown in Figure 6, also modeled as
a log-normal distribution.”” The predicted log-normal param-
eters (as shown in the figure legend) predict a mean tg')z of 7.9
days, with a standard deviation of 2.0 days.

By normalizing the free VEGF profile for each patient, the
temporal variation found within the patient sample can be
visualized. The shaded regions shown in Figure 7 correspond to
the range of simulated free VEGF profiles (which can be seen
plotted for each individual in Section S4 of the Supporting
Information); the red and blue regions represent the retina and
aqueous, respectively. Panel (a) of Figure 7 superimposes the
normalized clinical data; one can see the consistency between
the distribution of the model fits and the data points. Note the
difference between panels (a) (aqueous) and (b) (retina)
within the first 30 days. Here we see a distinct difference in
behavior: the aqueous profiles all drop to zero within 0 < t < 1
day, whereas the retina reaches a non-zero minimum in roughly
2 days, at which point it starts growing exponentially.

We note that in Figure 7 data points that lie outside of the
shaded 10—90th percentile region may be in either the 0—10th
or 90—100th half-life percentile. Additionally, other points may
lay outside due to variability in determining the baseline VEGF
production rate.

Retina—Aqueous Suppression Lag. As noted previously,
the retina begins returning to its free VEGF steady-state
concentration sooner than the vitreous and aqueous (which
return in parallel at a later time). We define #10%) and tgéO%) as

ret
the times for the retina and aqueous to return to 10% of their
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respective compartment VEGF steady-state concentration.
Figure 8 shows £19%) plotted versus tg(ll()%) for all 31 patients,
demonstrating a strong linear correlation, indicating that the
retina reaches 10% of its respective free VEGF concentration
approximately twice as fast as the aqueous. We also note that
average value of #19%) is approximately 20 days shorter than the
average value of ta‘ll(’%), across the patient sample.

Simulated Pharmacodynamics for a Drug Imperme-
able to the Retina. Currently it is assumed that an IVT drug
for wet AMD is required to germeate through the ILM and into
the retina to be efficacious;*> however, it is not known whether
a drug that cannot penetrate into the retina can still lower
retinal VEGEF levels by vitreal binding alone. This scenario can
be simulated using our model by setting the ILM permeability
to drug and drug—VEGF complexes to zero. The numerical
solution for retinal free VEGF, of a simulated IVT of 0.5 mg
dose of retina-impermeable drug, can be seen in Figure 9. The
drop in VEGF concentration is only roughly 15% of the steady-
state VEGF concentration, after which the concentration of free
VEGF returns to steady state. The concentration to which
VEGEF initially falls is equal to

Vin
v ™y’

— o 0 <t<50days
sret(pILM + pRPE

vret(t) =
(19)

This expression does not contain any drug-related parameters;
therefore, the model predicts that if a drug is unable to
permeate from the vitreous to the retina, then the
concentration to which free VEGF falls in the retina is
independent of any properties of the drug, providing it is
sufficiently mobile to justify the use of the well-mixed
approximation implemented here. The expression given by eq
19 is simply the steady-state solution for v, derived from eq 3,
by setting v,; = 0 in the absence of drug in the retina (¢, = 7,
= 0). This scenario is equivalent to that in which all VEGF in
the vitreous is initially assumed to be bound.
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Figure 7. Range of normalized free VEGF concentrations across
patient sample. The shaded red and blue regions represent the
aqueous (a) and retina (b). Panel (a) also shows the normalized
clinical data. Patient simulations shown are fits corresponding to Kp =
19000 pM.

Impact of Alterations to the Permeability of the RPE.
Here we consider the possibility that pRPE may be affected by
disease processes that either increase permeability, e.g,
penetration of choroidal neovascularization through the RPE,
or decrease permeability, e.g., large drusen in the Bruch’s
membrane.

In Figure 10 we see the simulated effect of varying prpg by
factors of 10 and 0.1, relative to the nominal values estimated in
the rabbit model, for two distinct dosage regimens, 0.5 and 2
mg. When pppg is increased, we see a sharp leftward shift in the
retinal free VEGF profile, reduced retinal area under the curve
of ranibizumab, and decreased t,/, equal to 6.6 days. Relative to
the solid red curve, the dashed red curve indicates little free
VEGEF suppression. Conversely, when pppy is decreased, we see
increased free VEGF suppression in the both the retina and
aqueous, as well as an increased t,,,, equal to 9.6 days. Note
that retinal concentrations are more strongly affected by the
value of pppg than the aqueous concentrations. The blue lines in
Figure 10 demonstrate the effect of increasing the dose from
0.5 to 2 mg. In panels (e) and (f) we see that the blue lines are
vertical translations of the corresponding red lines, as would be
expected for an increase in dosage. In panels (c) and (d) we see
that the effect of increasing the dose manifests as a rightward
shift in the suppression profiles, increasing the duration and
magnitude of free VEGF suppression.
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Effects of Dosage and Reaction Rate Modifications.
The three-compartment model allows us, for the first time, to
compare the simulated free VEGF concentration profiles of the
retina and aqueous. We present an analysis examining the
dynamical changes in these two compartments resulting from
altering dosage and binding kinetics. The left-hand-side panels
in Figures 11—14 show the free VEGF concentration in retinal
compartment, alongside a magnification of the first 25 days,
whereas the right-hand-side panels show analogous plots for the
aqueous compartment. All simulations discussed below used #{;
= 7.5 days and a constant VEGF production rate of 18.5 fmol/
day. The boxed regions in each plot have width of 30 days and
height corresponding to 10% of their respective compartment’s
free VEGF steady-state concentration (this boxed region is then
magnified within the panel inset); dots within the retinal inset
indicate the minimum free VEGF concentration.

Figures 12—14 examine the simulated effect of varying
parameters determining binding kinetics, namely Kp, ko and
ko, while Figure 11 shows the effect of increasing the
intravitreal dose with constant binding parameters. Figure 11
demonstrates the effect of increasing the dose from the
standard dose of 0.5 mg up to 4 mg. Here we see a congruent
effect in both the retina and aqueous, with a rightward
translation of the free VEGF profiles, equal to one half-life of
ranibizumab.

In Figure 12 we see the effect of lowering K, while keeping
k., constant (therefore also lowering k). Here we see a shift of
the concentration profile of the aqueous similar to that
observed in Figure 11, as was also predicted by Hutton-Smith
et al;” however the model does not predict the same dynamical
change in the retina. In the latter, on a longer time scale, we see
a rightward temporal shift, however to a much smaller
magnitude than is seen in the aqueous. At early time (<30
days) in the retina we see almost no difference.

In Figure 13 we see the effect of increasing k,, while keeping
Kp constant (therefore also increasing ko). On a longer time
scale we see very little change in either the retina or aqueous,
suggesting that these compartments are in a state of chemical
equilibrium. At early time in the retina we see a decrease in the
maximum suppression of free VEGF, as well as a decrease in
the rate of return from suppression. This follows the same
dynamical change that is presented when the dosage is
increased.

In Figure 14 we see the effect of increasing k,, while keeping
kog constant (therefore also lowering Kp,). We see a congruent
shift to the right of free VEGF profiles between the retina and
aqueous, resulting in an equal increase in 1% in both
compartments. In the retina, in addition to increased the
suppression time, we also see a decrease in the maximum
suppression of free VEGF. Here we see an almost exact
reflection of the dynamical change observed upon increasing
the dose: a rightward temporal shift observed in both the retina
and aqueous, a decrease in the minimum achieved free VEGF
retinal concentration, and a decreased rate of return from
suppression.

5. DISCUSSION

We have shown how, through the additional estimation of
retinal permeabilities, the two-compartment PK/PD model
presented by Hutton-Smith et al. in 2016” may be extended to
also provide a window into retinal PD. This three-compartment
PK/PD model provides the first insights into the predicted
behavior of free VEGF concentrations in the retina, in a way
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Figure 9. Simulated PD for a drug (and drug—VEGF complexes)
impermeable to the retina. Numerical solution for an IVT dose of 0.5
mg, with Kp = 19000 pM and half-life of 7.5 days, is shown by the
solid red line. The approximation given by eq 19 is shown by the
dashed line.

that cannot be directly observed clinically in humans. OCT
measurements allow for the direct observation of the effect of
anti-VEGF therapy on retinal disease activity; however the
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relationship of OCT parameters, e.g, central retinal thickness,
to retinal VEGF levels has not been established—a metric, if
possible to measure clinically, would be useful in evaluating the
performance of anti-VEGF molecules. The three-compartment
model offers several key findings regarding an observed
temporal disparity between the PD observed in the retina
and aqueous humor, as well as its dependence on key
parameters. This is of particular note as previous models”'”"*
have assumed the behavior of free VEGF in the vitreous and
aqueous to be identical to that of the retina; however, our
findings suggest this is not necessarily the case.

It is important to bear in mind that the results presented in
this publication are simulated predictions and are subject to the
accuracy of our model assumptions. The underlying PK
structure of the model was based upon the work of Hutton-
Smith et al. in 2017.° A key assumption in that work was that
human and rabbit retinal permeabilities are sufficiently similar;
this uncertainty motivated the sensitivity study (under the
heading Impact of Alterations to the Permeability of the RPE in
the Results section) regarding the magnitude of pgpg. Figure 10
demonstrates that, as the value of pypg is varied over 2 orders of
magnitude, there is a large variation in the degree to which
retinal free VEGF is suppressed, as well as in the value of t{"),
ranging from 6.6 to 9.6 days. This variation in t§'}2 due to the
variation in pppg may explain, to some degree, the level of
variation for a fixed value of Kp,, observed in the estimated tE')Z
value within the data set reported by Saunders et al.'’ (see
Figure 6).

In Figure 9 we show the predicted retinal free VEGF profile
in the case where no drug, or drug-bound VEGF molecule, is
able to permeate into the retina. This result demonstrates that,
if the drug is restricted from entering the retina, its ability to
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Figure 10. Simulated effect of varying pypg by factors of 10 and 0.1, relative to the nominal values estimated in the rabbit model, for two distinct
dosage regimens: (a—d) free VEGF and (e,f) ranibizumab. Solid curves have pypy set to baseline value, as given by eq 15; dashed curves have pypg set
to 10 times the solid red curve; and the dot-dashed curve has a value of pypg 10 times less. Red lines represent a dose of 0.5 mg, whereas blue lines
represent a dose of 2 mg. When the value of pypg is altered to the value of tg')z, the solid, dashed, and dot-dashed curves (in the retina and aqueous
humor) have t,,, values of 7.5, 6.6, and 9.6 days, respectively. In these simulations Kp, = 19 000 pM, and for each case V;, has been adjusted so as to

keep the same free VEGF steady state as the base case.

suppress retinal free VEGF is largely compromised, reducing
the concentration by only 15% from the steady state in Figure
9. It is known from in vivo and in vitro studies that full-length
and fragment antibody molecules are able to permeate retinal
membranes,'>** and given that bevacizumab is known to be an
efficacious treatment for wet AMD,” we conclude that this
result is not relevant to anti-VEGF macromolecules currently
used in treatment. However, given that the model predicts that
vitreous-to-retina penetration is necessary to maximize retinal
free VEGF suppression, this may by important to consider in
the development of future anti-VEGF molecules, for example,
macromolecules intentionally developed to have a large
hydrodynamic radius (for example, through pegylation™®).

A disparity between the retina and aqueous humor is the
time at which the free VEGF is predicted to return to baseline
(or a percentage thereof). Figure 8 shows the time taken for the
concentration of free VEGF to return to 10% of its steady-state
value, 1% and tgéO%), for the retina and aqueous, respectively.
From this we can see that the time taken for the concentration
of retinal free VEGF to return to 10% is half of that of the
aqueous. This temporal disparity, alongside the decrease in
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absolute retinal free VEGF suppression relative to the aqueous,
is non-optimal given that the retina is the intended site of drug
action—hence, we believe investigation into the existence of
this predicted phenomenon may be warranted. A study that
may give credence to these predictions was conducted in a
population of wet AMD patients responding poorly to anti-
VEGF treatment (characterized as having a “high anti-VEGF-A
demand”) by Fauser et al. in 2016.” In that work the duration of
drug efficacy was demonstrated to be 14 (+12) days, as inferred
using OCT measurements for a 0.5 mg dosing regimen of
ranibizumab. This duration was approximately half of the
VEGF suppression time measured in the aqueous humor of
these patients. The return of disease activity in the retina
observed by Fauser et al. appears to follow the return of retinal
free VEGF that our model predicts for our base values of pyppg
(Figure 8). Although there is uncertainty in the levels of retinal
VEGF that are needed to drive disease activity, as well as the
potential for inter-patient variation in pgpg, our simulations
provide a plausible mechanistic hypothesis for the apparent
temporal difference in retinal disease activity and aqueous
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VEGEF suppression observed in this particular sub-population of

wet AMD patients.
In contrast to the subset of “high anti-VEGFA demand”

patients, Fauser’s group”’ has previously shown that the
recurrence of disease activity in the majority of wet AMD
patients generally occurs after the suppression of aqueous
humor VEGF levels has ended, and in some cases it may be

delayed considerably. In the present model the duration of
retinal suppression of VEGF approaches the duration of
aqueous humor suppression at very low values of pppg but never
exceeds it (Figure 10a,b). Thus, retinal VEGF levels appear to
be necessary but not sufficient to drive disease activity in some
patients. The concept of what it means for free VEGF to be
clinically “suppressed” is not well defined. Saunders et al.'’
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considered any observed concentration in the aqueous “below

the lower limit of quantification, LOQ (4 pg/mL, or 0.1 pM) of

the Luminex xMAP assay” to indicate a clinically suppressed
state. The predicted minimum free VEGF concentration in the
retina averaged roughly 1 pM across the patient sample; this
value is 10 times greater than the previously considered
“suppressed level” of 0.1 pM used by Saunders et al.'’ All

simulations indicated that this minimum was achieved at early

time (roughly 2 days) and was subsequently followed by an
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exponential increase in free VEGF at a rate equal to that of the
removal of ranibizamab from the system (as shown by eq S.85
in the Supporting Information). A potential hypothesis for the
biologically relevant free VEGF suppression level may be
derived by considering the dissociation constant between
VEGF and VEGF receptor molecules. Levels of free retinal
VEGF below this dissociation constant would correspond to a
majority of VEGF receptors left unbound and, hence, may
represent a biologically relevant threshold. Literature on Ky, for

DOI: 10.1021/acs.molpharmaceut.8b00280
Mol. Pharmaceutics 2018, 15, 2770—2784


http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.8b00280/suppl_file/mp8b00280_si_001.pdf
http://dx.doi.org/10.1021/acs.molpharmaceut.8b00280
http://pubs.acs.org/action/showImage?doi=10.1021/acs.molpharmaceut.8b00280&iName=master.img-013.jpg&w=497&h=256
http://pubs.acs.org/action/showImage?doi=10.1021/acs.molpharmaceut.8b00280&iName=master.img-014.jpg&w=497&h=256

Molecular Pharmaceutics

VEGF-R binding shows a wide variation from nM values**™>°

to pM values.”’ More data are needed to clarify this key
parameter in order to assess the biological relevance of the
retinal suppression curves.

Using the three-compartment model, we have explored the
effect of dose on the VEGF profiles in the aqueous humor and
retina and compared these predictions to available clinical data.
As can be seen in Figure 11, increasing the dose of an anti-
VEGF molecule is predicted to prolong the duration of VEGF
suppression in both compartments and also increase the depth
of VEGF suppression in the retina. For each doubling of the
dose, the model predicts that the free VEGF profiles will shift
to the right by approximately one ocular half-life of the anti-
VEGF molecule and the minimum VEGF concentration in the
retina will decrease by 50% (Figure 11). For patients with
higher values of pgpz (Figure 10a), whose retinal VEGF
suppression is attenuated, a higher dose may improve the
clinical response (Figure 10c). In this regard two clinical
studies—HARBOR and SAVE—have investigated the effects of
2 mg vs 0.5 mg doses of ranibizumab in monthly and/or PRN
(as needed) regimens in patients with wet AMD. At the 24-
month end point of the HARBOR study (Ho et al, 20147%),
the mean number of injections administered to patients who
completed the study was 11.9 in the 2 mg PRN group vs 14.2 in
the 0.5 mg PRN group. The corresponding average interval
between injections was 12.5 weeks in the 2 mg PRN group vs
9.9 weeks in the 0.5 mg PRN group, a difference of 2.6 weeks.
The two PRN treatment groups had comparable results on the
visual acuity end points (change from baseline in BCVA) at the
12- and 24-month evaluations, approximately +8 letters.
According to the model, a 4-fold increase in dose should
increase the duration of VEGF suppression after each injection
by approximately two half-lives, which for ranibizumab is about
16 days (2.3 weeks). This prediction is consistent with the
longer injection interval observed in the HARBOR study for
the 2 mg PRN group. In the SAVE study (Brown et al,
2013%%), so-called “recalcitrant patients” with persistent leakage
on standard monthly doses of ranibizumab (0.5 mg) or
bevacizumab (1.25 mg) were given three consecutive monthly
doses of 2 mg of ranibizumab and evaluated one month after
each dose. At these times points the average change in BCVA
from the baseline level achieved on standard dosing ranged
between +3.3 and +3.9 letters. This finding would be consistent
with a longer or deeper retinal VEGF suppression at the 2 mg
dose, as expected from Figure 10c. As suggested by Brown et
al,, such “recalcitrant patients” may either have a shorter ocular
half-life of ranibizumab or require a greater degree of VEGF
blockade.*® In terms of the three-compartment model, such
patients could conceivably have a higher RPE permeability that
would shorten their ocular half-life and result in a lower degree
of retinal VEGF suppression (Figure 10a).

In our previous and current analyses of the experimental
aqueous humor VEGF profiles, we assumed the k.4 value for
ranibizumab to be 0.864 day' based on Yang's in vitro
estimate.'* Here we discuss effects of varying the binding
parameters kg ko, and K on the aqueous and retinal VEGF
profiles. As can be seen in Figure 12, decreasing kg with a fixed
ko ie., lowering Kp, shifts the aqueous VEGF profiles to the
right (as in the two-compartment model) but has a much
weaker effect on the retinal VEGF profile. Increasing k.4 and
ko, in parallel, ie, keeping K, constant, has no effect on the
aqueous VEGF profile (as in the two-compartment model) and
only a weak influence on the retinal VEGF profile (Figure 12).
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Lastly, increasing k,, with a fixed k.g, i.e., also decreasing Kp,
shifts both the aqueous and retinal VEGF profiles to the right
and also deepens the retinal profile (Figure 13). The latter
result is completely analogous to the effect of increasing dose
on the VEGF profiles (Figure 11). The parallel effects of
increasing k,,, and dose are explained theoretically in Section S6
of the Supporting Information, where it is shown explicitly that
the minimum VEGF concentration attained in the retina will be
inversely proportional to both the dose and k., These
simulations further illustrate conditions where changes in the
aqueous humor VEGF profile may not be reflected in the
retinal VEGF profile and vice versa.

In summary, we have extended our previous two-compart-
ment ocular PK/PD model of the vitreous and aqueous humors
to a three-compartment model that includes the retina. Using
this new model, we have re-analyzed Sanders’s aqueous humor
VEGEF profiles in wet AMD patients to re-estimate the Ky, value
for ranibizumab and characterize the variability in the aqueous
suppression profile and the simulated retinal suppression
profiles. We have explored the sensitivity of the model to the
assumed value of the RPE permeability value. For the reference
value estimated from PK data in rabbit, we observe a 50%
shorter duration of VEGF suppression in the retina than in the
aqueous humor. We believe this finding could explain the
shorter duration of disease activity in the patients characterized
by Fauser et al. as having a high anti-VEGF demand. However,
the RPE permeability could conceivably be higher or lower than
this reference value, depending on the extent of penetration of
the RPE by neovascularization and/or the presence of large
drusen or other pathology. In the case of low RPE permeability,
the VEGF profiles in the retina and aqueous humor show a
comparable duration of suppression. At very high RPE
permeability, the duration of retinal suppression is much
shorter and less deep. The latter case may reflect the
“recalcitrant AMD patients” described by Brown. We believe
that our three-compartment model provides new theoretical
insights into ocular PK/PD that may guide the future
development of new dosing regimens and new molecules.
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