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“What this paper adds” statement

What is already known about this subject

Anti-angiogenic drugs have been developed as actefé therapeutic strategy for inhibiting
tumour growth. However, their pharmacokinetics (RKY their ligand inhibition properties have
not been well characterised. The binding to a tatcwg target, such as vascular endothelial

growth factor (VEGF), makes the PK of these drugsencomplex.

What this study adds

The underlying mechanism of disposition of aflieg; where a saturable and high-affinity
binding of aflibercept to VEGF was adequately chtmased by the Michaelis-Menten
approximation of a target-mediated drug distribntfd@MDD) model. To our knowledge, it is the

first published mechanism-based population pharkiaetic model for an anti-VEGF drug.



Summary

Aim: Aflibercept (VEGF-Trap), a novel antiangiogenic ag¢hat binds to VEGF, has been
investigated for the treatment of cancer. The dihis study was to develop a mechanism-based
pharmacokinetic model for aflibercept to charaseeriits binding to VEGF and its

pharmacokinetic properties in healthy subjects.

Methods: Data from two phase | clinical studies with aflibept administered as a single
intravenous infusion were included in the analySree and bound aflibercept concentration-time

data were analyzed using a nonlinear mixed-effectgelling approach with MONOLIX 3.1.

Results: The best structural model involves two compartméotdree aflibercept and one for
bound aflibercept, with a Michaelis-Menten typediy of free aflibercept to VEGF from the
peripheral compartment. The typical estimated eleegs for free and bound aflibercept were
0.88 L/day and 0.14 L/day, respectively. The céntcdume of distribution of free aflibercept
was 4.94 L. The maximum binding capacity was 0.9@day and the concentration of aflibercept
corresponding to half of maximum binding capacitgsw2.91 pg/mL. Interindividual variability

of model parameters was moderate, ranging from %43(6ma,) t0 49.8 % Q).

Conclusion: The present PK model for aflibercept adequatelyratttarises the underlying

mechanism of disposition of aflibercept and itslm@ar binding to VEGF.



Introduction

Angiogenesis, the development of new blood vedsets pre-existing vasculature, participates
in a variety of physiological processes and disestsg¢es [1]. Its critical role in tumour

development and progression was established 3G gy [2]. This discovery brought a new
effective approach called anti-angiogenic therapgancer treatment, which consists in limiting
blood supply to tumours by preventing angiogenes$ise development of new agents has
attracted many researchers’ interest in the phaotmal industry. To date, the best
characterised and most highly validated anti-argyig@approach involves targeting the vascular

endothelial growth factor (VEGF) pathway [3].

VEGEF is the most potent pro-angiogenic growth fagioomoting the formation of blood vessels
which is required for both normal and neoplastsue growth [1, 4]. VEGF binds to two high-
affinity receptors (VEGFR-1 and VEGFR-2) on endé#iecells. This binding activates the
intrinsic tyrosine kinase activity of their cytodams, initiating intracellular signalling. VEGF is
expressed in a large variety of malignant tumosugh as tumours of breast, brain, lung and
gastrointestinal tract [5]. Blockade of VEGF patlyws therefore an effective therapeutic

strategy for inhibiting tumour growth [4-6].

Aflibercept (also called VEGF-Trap, Regeneron Plaeutics/ Sanofi-aventis research) is a
novel anti-angiogenic agent that binds to VEGF waith:1 ratio and prevents it from interacting
with its receptors. A recombinant fusion proteimsigting of the second Ig domain of VEGFR-1
and the third Ig domain of VEGFR-2 fused to thepection of human immunoglobin IgG1, it

has a higher affinity for VEGF-AK{ in vitro = 0.5 pM) than current anti-VEGF monoclonal



antibodies [7-9]. Aflibercept also binds to VEGFaBd Placental Growth Factor (PIGF), which
may be advantageous in some settings, such asnaaligscites where PIGF may mediate

vascular permeability [9].

Based on the mechanism of action, this drug undsrgp target-mediated drug disposition
(TMDD), a term used to describe the phenomenonhithvdrug is bound with high affinity to its
pharmacologic target such that this interactioreftected in the pharmacokinetic properties of
the drug. A general PK model for drugs exhibitinglDD has been developed by Mager et al
[10, 11]. This model describes the elimination path of drug plasma concentrations as the
combination of first-order elimination from the ¢exd compartment and specific target binding
clearance followed by internalization of drug-tdrgmmplex. It, as well, characterises the
turnover of the target. The full TMDD model is cdew and generally overparameteris@dhe
more information we have about free drug, boundydind the target, the more TMDD model
components and parameters can be adequately iddntdlthough it is yet unclear which
elements should be measured to estimate all tfeeneders in the full TMDD model. In order to
overcome this problem, several simpler forms of TMBodel were proposed [12, 13]. There
are mainly three approximations: quasi equilibriy@E), quasi steady state (QSS) and
Michaelis-Menten (MM). The QE approximation is béism the assumption that the drug-target
binding is much faster than all other system preessilf the rate of elimination of complex is not
negligible, the QE approximation is replaced by @®S approximation assuming that the drug-
target complex concentration changes more shovely the binding and internalization process.
The MM approximation describes the system whentdinget concentration is small relative to

the free drug concentration and the dosing regimesdt in the target being fully saturated [13].



Pharmacokinetics (PK) of aflibercept were investdain healthy subjects after single
intravenous (i.v.Jdoses of 1 to 4 mg/kg and single subcutaneoug @kee of 2 mg/kg, in two
phase | clinical studies as part of the drug’siciihdevelopment. Both free and bound aflibercept
concentrations were assayed. The objective ofahaysis was to develop a mechanism-based
PK model for aflibercept in order to characteritehinding to VEGF and its pharmacokinetic
properties in healthy subjeciBhe influence of covariate was not assessed irstbdy due to the

limited number of individuals and their healthytsta

Methods

Sudy design

The data for the population PK analysis were ct#l@édrom two phase |, monocentric and
randomised studies which were both carried outealthy male subjects to assess the PK of
aflibercept. The studies were approved by the iaddpnt ethics committees (Pharma-Ethics,
South Africa and Ethik-Kommission der Landesarztekeer Baden-Wurttemberg, Germany).
They are performed according to recommendatioriseo8th World Health Congress (Helsinki,
1964) and all applicable amendments. The voluntgave their written informed consent after

full explanation of all procedures involved in thtedies.

Study 1 was a placebo-controlled, single-dose, esgttpl ascending dose study. Forty eight
subjects were enrolled in this study and equallydéid into four groups: one group receiving
placebo and three groups receiving a single dosk @for 4 mg/kg of aflibercept respectively

administered as a 1-hour i.v. infusion.



Study 2 was an open-label, single-dose, crossowglys Two groups of 20 subjects were
included in the study. The first group receivedragyle i.v. dose of 2 mg/kg in the first period,
with a 2 month follow-up period, followed by a siag.c. dose of 2 mg/kg in the second period.

The second group received the s.c. dose first, tthenv. dose.

The data from subcutaneous administration in teeszpver study (study 2) was removed from
the analysis because this route of administrati@s wot pursued in the subsequent clinical
development. Moreover, in this study, a carry-osféect was found and should have been taken
into account in the modelling, but this required thodelling of the subcutaneous route. To avoid
it and to work on homogenous data, only the i.fusion data in the first period were used in the

population analysis.

Blood sampling schedules

In study 1, blood samples (4 mL) were taken affdllewing times: predose, 1 (end of infusion),
2,4,6, 8, 12, 24 hours post-start of administrabn day 1, then on days 8, 15, 22, 29, 36 and 43

at the same morning time corresponding to 2 hadites e start of infusion on day 1.

In study 2, blood samples (4 mL) were taken atftflewing times: predose, 1, 2, 4, 6, 8 hours
post-start of administration on day 1, then on dy3, 5, 8, 15, 29, 43 of each period at the same

morning time corresponding to 2 hours after the stiainfusion on day 1.

Assay method

For both studies, free and bound aflibercept plasomzentrations were measured in all samples
collected collected aRegeneron Pharmaceuticals, lasing enzyme-linked immunosorbent assay

(Elisa) method. Blood samples were collected iretuf@ontaining 1mL of citrate buffer, sodium
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citrate, and 4.2 mg of citric acid) and were cdaged at 2000g for 15 minutes at room

temperature. Plasma was stored at -20°C until aadly

In the assay of free aflibercept, the human VEGRA4@S initially adsorbed to the surface of a
polystyrene solid support to capture the free aftibpt in subject sample&.mouse monoclonal antibody
(reporterantibody), specific to an epitope on the VEGFR1 donof aflibercept wasthenbound to the
immobilized complexandan enzyme-linkedantibody (peroxidase-conjugatedn#iftire goat anti-
mouse IgG Fg) was bound to the immobilized mouse monoclonal glema A luminolbased
substrate specific for peroxidase was added toemeha signal intensity that was directly
proportional to the concentration of free aflibgrica he limit of quantification of free aflibercept
was 15.6 ng/mL. The calibration curves ranges fi@® ng/mL to 1.56 ng/mL in two-fold serial
dilution. The limit of quantification of free afldscept was 15.6 ng/mL. The inter-day accuracy
and precision ranged from 92.24% to 103.09% an8%.t 16.18%, respectively. The intra-day

accuracy and precision ranged from 106.36% to 199.8nd 9.56% to 13.68%, respectively.

In the assay of bound aflibercept, the human VEGR4&s replaced by a non-blocking goat anti-
human VEGF antibody for capturing the bound afldegt in subject samples. The rest of the
procedure was similar as the one used in the addage aflibercept. The limit of quantification

for bound aflibercept is 43.9 ng/mL. The calibratiourves ranges from 100 ng/mL to 8.78
ng/mL in a 1.5 serial dilution. The inter-day aay and precision ranged from 93.85% to
110.19 % and 0.38% to 16.17%, respectively. Theiday accuracy and precision ranged from

115.70% to 123.34% and 1.09% to 1.58%, respectively

Population PK analysis



The population PK analysis was performed using M@NOLIX program (version 3.1)
implementing the SAEM algorithm. The model contfids were written using MLXTRAN
script. The early concentrations of bound aflibptagere often below the limit of quantification,
thus the censored data of bound aflibercept, reptegy 32.5% of data, were taken into account
and used for model development using the extend@&NMNS algorithm implemented in
MONOLIX as an exact maximum likelihood estimatioethrod [14]. In this algorithm, the left-
censored data are simulated in a right-truncatags§an distribution, instead of being imputed
by the LOQ value or half of LOQ value. The databoiund aflibercept contains also some
observed concentrations which were reported withegsbelow the LOQ reported for most of

the data (see bottom left plot in figure 4).

The database included a total of 56 subjects, 86tlsubjects receiving treatments from study 1
and 20 subjects receiving i.v. infusions at thstfoeriod from study 2. With respect to the law of
mass action, the concentrations of bound aflibérceere converted into equivalent

concentrations of free aflibercept by multiplyirfigein with 0.717, the ratio of molecular weights
between free and bound aflibercept. The units ek faflibercept and bound aflibercept

concentrations were pg/mL and pg.eq/mL respectively

PK structural model

The following strategy was used to develop the rhdélee aflibercept concentration-time data
were first modelled alone. Then, bound concentnatiime data were included for simultaneous

modelling.

The structural model for free aflibercept was depetl by testing the following models: two-

compartment or three-compartment model with firsieo and/or MM elimination.



In the next step, we developed a structural mods#liding bound aflibercept. The TMDD model
with association and dissociation rate constakts &nd K.), reduced approximate TMDD
models and other simpler models with linear bindoogstant were used to describe the joint

evolution of the two entities.

Satistical model

Denoting f the function describing the model, ttedistical model for observed concentratiop C

of subjects i for sampling timg is:

Gi= (61,5 + &

where®; is the vector of parameters of subject i anpt the residual error.

The errorsgj are assumed to be independent and normally digtgdbwith a null mean and a
heteroscedastic varian@;, which was modelled using a combined additive praportional

model:

0% = (0at0p (6,,t) )?

whereo, andag, are additive and proportional coefficients of desil error model respectively.

Two alternative residual error models, proportiomaddel ¢, = 0) and additive modelo=0)

were also evaluated for the residual variability.

The interindividual variability on all parameterasvmodelled with an exponential model, e.g.

for CL:

CLi = CL.exp ﬂi,CL)
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wheren); c. denotes the random effect in subjecCl,; the individual clearance parameter &id

the typical value of the population. The use of exponential model implies a log-normal
distribution for the parameters. Thés (e.g.nic.) are zero mean random variables with variance
o? (e.qg. forCL, w?CL). Thew?'s represent the variance of the random effebtsetements of the
interindividual variance-covariance matriQ, was modelled as diagonal, e.g. assuming no

covariance between thgs.

The following strategy was used for model developmé&irst, the structural PK models were
developed with a combined residual error modeliatetindividual variability on all parameters.
Then, the residual error models were evaluatedterselected structural model. Finally, the
interindividual variability on each parameter wastéd for significance, and non-significant
variability component were removed one by one isigntvith the smallest and least significant

estimate.

The log likelihood (LL) was computed using importarsampling. The likelihood ratio test was
used to discriminate between nested models thrthegldifference in log likelihood (-2LL). A p-
value of 0.05 was considered statistically sigaific For non-nested models, the model selection
was based on the Bayesian information criterion.HIke better model is the one with a smaller

value of BIC [15].

Model evaluation

Internal evaluation of the model was based on gesshof-fit (GOF) plots, including plots of

observations versus individual and population mtéshis and plots of normalised prediction
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distribution error (NPDE) [16]. A visual predictiveheck (VPC) was used to assess model

predictive performance, based on the simulatiobO&f datasets.

Results

Data

The database for population PK analysis contairad fitom56 healthy subjects involved in the
two phase | clinical studies. A total of 1476 camtcations were used for model building: 732
concentrations of free aflibercept and 744 conegions of bound aflibercept of which 242 (32.5

%) were below the quantification limit (LOQ= 43.6/mL or 0.0314 pg.eq/mL).

The pooled concentrations of free aflibercept andnd aflibercept plotted versus time are

presented in Figure 1.

The time-course of free aflibercept after i.v. siin of doses of 1, 2 and 4 mg/kg in semi-log
scale suggests a bi-exponential decline with adrpbase of distribution followed by a prolonged
terminal phase of elimination regardless of theedobhe time-course of bound aflibercept
suggests a saturable binding phenomenon with tme sdserved plateau for two higher doses.
The peaks of complex occurred sooner for dose kgnghd later for doses 2 and 4 mg/kg

(around 21 days, for both doses).

Free aflibercept modelling

Several models were proposed to characterise thetits of free aflibercept. In the two-
compartment model with first-order elimination, tthistribution of post-hoc clearance for 3 doses

showed a dose-dependent clearance, confirmingahknear disposition already observed during
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non-compartmental analysis. The two-compartment ehoglith MM elimination was then
developed and showed a better description of ddataavdecrease of 33.61 point in -2LL value.
The three-compartment models with first-order or Mimination were also evaluated. They
provided a slight decrease in -2LL compared totth@compartment models but the fitting did
not show a significant improvement. The two-commarnt model with MM elimination was

therefore selected as an adequate structural adieée aflibercept.

The best residual error for this model was the dos additive and proportional error. The

interindividual variability orK,, was not significant.

Free and bound aflibercept modelling

The binding of aflibercept to VEGF and the nonlingmetics of free aflibercept suggests that
this drug has target-mediated drug disposition @rigs. Therefore, the TMDD model with
association and dissociation rate constatsandks), reduced approximate TMDD models and
other simpler models with linear binding constaetevtested. The MM approximation of TMDD
model developed by Gibiansky and colleagues [13 feand the best approach to describe the
kinetics of both free and bound aflibercept, whateers did not fit the concentrations of bound
correctly and/or had overparameterization issueglllof these models, the dissociation Haie

was very small compared to other constants andhbealy estimated.

The nonlinear central and peripheral binding o$ tiM approximate TMDD model were tested
and compared. The nonlinear peripheral binding hheds found to better describe the data than
the central binding one with a smaller value of EB160 vs 2703) and therefore retained as the

structural model for free and bound aflibercept.
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The final structural model relating free and boafitbercept is shown in Figure 2.

Free aflibercept in plasma distributes first teuiss then binds to VEGF to form the complex.
Binding to VEGF follows the law of mass action azah be characterised by a nonlinear form
with MM constants ¥Ymax Km). The bound aflibercept (complex) is assumed todlectly
eliminated through internalisatioki) and not through the dissociation rate constiagj Wwhich
gives back free aflibercept and free VEGF. The eatration of free aflibercept in central
compartment@y), in tissue compartmen€{() and the concentration of bound aflibercepy) @are

described by means of differential equations:

dc C.V 1
S nput = (kg kg ).C K (1)
p
C.V
dCt:k ] p P_k C _iDVmax'Ct 2
a ", Py, K, +C, @)
dCy _ 1 VuwCi _y o .
d Vv, K,+C, €)

in which kg is the first order elimination rate constant daéefraflibercept (da¥) from central
compartment,ky, and ky are the first order rate constants between ceratnal peripheral
compartment (da$), ki is the first order rate constant of bound aflileptdnternalization (da$),
Vmax IS the maximum binding capacity (mg/days, is the concentration of free aflibercept
corresponding to half of maximum binding capacifyg/mL), V, is the central volume of
distribution of free aflibercept (L)V: is the peripheral volume of distribution of freilzercept
and V, is the volume of distribution of bound aflibercefit). More details concerning the
derivation of the model equations and its relatigmdo other TMDD models proposed in the

literature can be found in the Appendix.
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In this model, the volume of bound aflibercept)(and the maximum binding capacityuf)
were however highly correlated with a correlatioveficient higher than 0.95, suggesting
identifiability issues. In order to prevent thi®plem, the value 0¥, was assumed to be equal to
the value of central volume of distribution of fredlibercept Y,), corresponding to the
hypothesis that free and bound aflibercept areibliged within the same space in the plasma
compartment. To do sd/, was fixed to the population value d with no interindividual

variability, instead of being estimated.

The best residual error model of bound aflibereegs the proportional model, while that of free
aflibercept was the combined additive and propodicerror model found in the first step. A
combined error model was also attempted; howewer,contribution of the additive error was
negligible and was therefore discarded. The intividual variability on the internalization rate
constant Kin) was found to be small (11.9%) and badly estimaifdte likelihood ratio test

demonstrated that removing this variability frore thodel did not significantly change the fit.

The estimated parameter values for the best mddet@ and bound aflibercept are presented in

Table 1.

All model parameters were well estimated with meatstandard errors (RSE) < 20%. The
population estimate of clearance for free aflibptagas 0.88 L/day and internalisation rate for
bound aflibercept was 0.028 dayresulting in a clearance of 0.14 L/day. The a@ntolume of
distribution for free aflibercept was 4.94 L. Theximum binding capacity was 0.99 mg/day and
the estimated concentration of free afliberceptrasgronding to half of maximum binding

capacity was low (2.91 pg/mL).
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Interindividual variability for random effects assated with model parameters was moderate,
ranging from 13.6 %\(may t0 49.8 % Q). Residual errors were low for both free aflibgtcend
bound aflibercept with proportional parts of 17.1a¥%d 12.6 % respectively. The additive error

of free aflibercept was also small compared tooteerved concentrations.

The goodness-of-fit plots of the best joint moaled shown in Figure 3. The plots of observations
versus population predictions and observationsugeisdividual predictions indicated that the

model adequately described the observations owerddse range. The normalised prediction
distribution error plots, NPDE versus time and NPié&sus predictions, show a symmetric
distribution around zero, except for the early smend the small concentrations of bound
aflibercept. This bias was caused by omitting th®DE corresponding to below the

guantification limit (BQL) observations. For BQL tda the metric NPDE has not yet been

developed.

The total number of BQL concentrations of boundbaficept predicted by the model was 251
(33.73%), 231 of which correspond to observed BQitad This shows the good agreement

between model prediction and observation for BQlada

Examples of individual fits taken from two studiegh three doses are shown in Figure 4. The
model describes the observed concentrations ofdneebound aflibercept for all subjects quite

well.

Figure 5 presents the visual predictive checksbiath free and bound aflibercept. The 80%
prediction interval and median were obtained byusating 500 datasets under the final model; in
addition, we obtained the 90% prediction intenasund the median and the upper and lower

boundaries of the interval. Concentrations lowemntthe LOQ simulated for free aflibercept at
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the end of treatment were replaced by the LOQ 86Qig/mL) in order to obtain a lower limit
for the VPC plots in semi-logarithmic scale. Thiglsl misfit for free aflibercept seen at the last
time-point may be a consequence of the number otemrations near the LOQ, since the
median and upper boundary appear to be very wetligied by the model. For bound aflibercept,
the model slightly underpredicted median conceiatnatrom day 21 onwards but correctly
predicted the variability. Thus, the model desatibeasonably well the observed concentrations

of both free and bound aflibercept.

Discussion

In this study, we report the development of a meigdm-based model to characterise the
population PK of aflibercept after a single i.vfusion of a 2 to 4 mg/kg dose to 56 healthy

subjects. Free and bound aflibercept plasma coratemts were used in the modelling.

We first modelled free aflibercept concentratiolena. Using standard compartmental PK
models, we observed a decrease of clearance foehigpncentrations. This is consistent with
previous results from noncompartemental analysdschwdemonstrated that the volume of
distribution of free aflibercept was low and ite@tance was dose-dependent. When dealing with
saturable kinetics, the most common model to censgl MM elimination kinetics, which was
retained as the final model for free afliberceptimnyi model development. Although such a model
has been successfully applied to describe nonlifarof free aflibercept, it does not well
represent the underlying molecular events suclarget binding, internalization and degradation
of the drug. However, the modelling of free aflitept helped us get general information about
the model structure: two compartment kinetics andeedependent clearance. More complex

models combining linear and nonlinear eliminatioerevalso tested. They adequately fitted the
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data but were not retained as the final model e faflibercept according to the statistical

criteria.

The next step of modelling was then to add boutidestept data, which serves as a marker of
efficacy by representing the amount of VEGF boumdftibercept. The mechanism of action of
this drug suggested the use of TMDD model. Amongs® types, the MM approximation of
TMDD model developed by Gibiansky et al proved iti@st appropriate to reflect the kinetics of
aflibercept in our study as free aflibercept comdions were much higher than target
concentrations and their binding to VEGF resultea ifully saturated target. The relatively low
level of free circulating VEGF was confirmed by thenge of 19-47 pg/ml of plasma VEGF
levels observed in healthy subjects in a meta-ama[{7]. In order to model simultaneously both
free and bound drug, the MM equation of bound aflept was added into the system of
differential equations. Free aflibercept is therefeliminated through two pathways: non
saturable elimination from central compartmekyd) (and a specific and saturable binding to
VEGF, followed by internalizationk,;) of bound aflibercept, which is its dominant eliraiion
pathway. In addition, the formation of bound aftitept could occur predominantly in central or
peripheral compartment. The final PK model was ppreximate TMDD model involving two
compartments for free aflibercept and one compartni@ bound aflibercept, with MM-type

binding of free aflibercept to VEGF from the pergpal compartment.

The first-order dissociation rate constaky) of the complex to give back free aflibercept was
assumed to be negligible. Bound aflibercept migbmihantly eliminate by internalization
(kin>>Kor). This assumption is reasonable and consistemt thi¢ study of Eppler et al on the
development of a TMDD model for recombinant humafkGF (rhVEGF) after i.v.
administration in patients with coronary arteryedise [18]. VEGF binding to its high affinity
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receptors was concluded as an essentially irrdderprocess in vivo. Aflibercept might have the
same properties because this drug is produced fwamhigh affinity receptors of aflibercept

(VEGFR1 and 2).

Recently, a new derivation of MM approximation d¥DD, called the irreversible binding MM
model has been proposed by Gibiansky et al whedis®ciation rate constant is negligible and
the free target concentration is much smaller tharfree drug concentration [19]. The developed
model of aflibercept is therefore close to this napproximation of TMDD model. The only
difference is that an extra differential equatioaswadded to describe the evolution of bound
drug. The MM parameters in the final model represka combinations of the TMDD model
parametersyma=Ksn.Vr andK =K g=kgedkon, WhereVgis the volume of distribution of target and
Kie, Ksn, Kieg are the irreversible binding constant, target potidn rate and target degradation
rate, respectively. Although these estimates atesuificient for the complete description of the
full TMDD model, they can provide useful informatiabout the underlying kinetics of drug and

target.

During the model development, the general TMDD nhodi&th k., and ko was also
implemented, assuming that the total target comagoh was constant. Free VEGF was then the
difference between total VEGF and VEGF in bindiagatflibercept. This model showed that
and ko could not be estimated separately with very swallle of k. and its poor precision.
Removingky resulted in the model developed by Epper et al, [ikB] we obtained unsatisfying
fits for bound aflibercept, either for central argpheral binding to VEGF. A plateau phase after
reaching the peak, instead of decreasing phasepvacted for bound aflibercept and the

predicted peak was lower.
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Alternatively, we also evaluated the linear centraperipheral binding models with a first-order
association rate constatit) instead oVmax andKy,. These models did not describe the observed
concentrations of bound aflibercept well, specliicéhe decreasing phase which illustrate the
elimination of bound alibercept after reaching geak was poorly approached. They were also

found less appropriate by statistical criteria.

The nonlinear peripheral binding model was foundétter describe the kinetics of drugs than
the central binding one, which is consistent wité previous studies on the distribution of VEGF
in the body [17]. Large quantities of VEGF wereaspd in extravascular space of tumour and
skeletal muscle [17], suggesting an important souo€ endogenous VEGF in peripheral
compartment and supporting our choice of final nhod@ée plasma concentrations of bound
aflibercept in the data were assumed to be the sartbose in peripheral compartment, with

rapid transfer between extravascular and plasmezespa

In the final model, the clearance of bound aflileptovas found to be 6.3 times lower than that of
free aflibercept from central compartment (0.14ay'é&nd 0.88 L/day, respectively). Both free
and bound aflibercept eliminate quite slowly. Thpi¢al central volume of distribution of free
aflibercept was 4.94 L, indicating that free aftitept has a low level of tissue diffusion and it
circulates mostly in the extravascular spaces.vih@me of distribution of bound aflibercept was
close to that of free aflibercept, which was obedrin intermediate models and was fixed to the
mean value ofV, in the final model due to the problem of identiidy. In the prior non
compartmental analysis of free aflibercept, theraye clearance was 0.97 L/day and the steady
state volume of distribution was 5.98 L. These galwere similar to those estimated by the
modelling approach. Compared to a similar antiaggmic agent, bevacizumab, the central

volume of distribution is close but the clearante¢otal aflibercept is nearly 4 times faster than
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that of total bevacizumab [20]. From MM parametdh® production rate of VEGF and the
irreversible binding constant were calculated toO#9 mg/day and 2.91 pg/mL or 19909 pM,
respectively. The irreversible binding constanmisch larger than thie vitro binding affinity Ky
observed for VEGF-A. Such a difference is due ®onhgligible value ok in vivo and it means

that the target degradation rakg.§) is significantly faster than the dissociatiorerfdy).

The advantage of this study is the availabilitydafig concentration data under free and bound
forms since they were separately assayed, whigtoisghe case for many antibody products.
Generally, only total drug, representing the sunfreé and bound was assayed [20-22]. The
pharmacokinetic analysis of total form could natypde a good explanation of the mechanism of
action of the drug, including the binding to thegtt; neither was it able to well characterise its
pharmacokinetic profile. For example, a simple nhaxfetwo-compartment infusion with first-
order elimination was published for bevacizumab agdalamine, two antiangiogenic agents
dosed in total form [20, 21]. The availability obroplex data, for aflibercept, helps us
characterise both the linear and nonlinear elinonatpathways, as well as the complex
internalization, and estimate the mechanistic patara of TMDD system; this could not be
achieved using a classical MM model of free drugnal The concentrations of bound
aflibercept could be considered as pharmacodyndatia information of this drug. Our model
development was in agreement with the guidelineasadelling for drugs with TMDD properties
as mentioned by Yan et al [23]. To our knowleddes model that we developed is the first

mechanism-based population pharmacokinetic modelrfanti-VEGF drug

In conclusion, the present PK model for afliberosptl characterises the underlying mechanism
of disposition of aflibercept, where a saturablghkaffinity binding of the aflibercept to its

pharmacologic target (VEGF) is responsible for thieserved nonlinear pharmacokinetic
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behaviour of the free drug. Although further stgdweill be needed to assess the influence of
covariates because of the limited size of the mites&mple, this model helps to better understand
the properties of aflibercept and provides a ussgfport for further studies in patients during
the clinical development, in particular the deteration of therapeutic doses using bound

aflibercept concentrations as a marker of VEGHitioin.
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APPENDIX: Model development

General peripheral model of target-mediated drsga8ition [10,11]:

Drug
| |
kp‘ Kon
— + R
kip Kot
l ke| l kdeg l kint
> =lnput - (kg +k,).C, + ktp.Ct'Vt
Vp
dC, _, CoVo . o _kaCiRVe GV, (Al
t - tp "t .
dt P Vt P t t
dC, _kaCRVa _\ o _yoc
dt V,
drR _ C.V
d—t— kwn _kdeg'R_kon'Ct'R*—kOﬁ'%

R

where C,, C;, C,, R the concentrations of free drug in central andpberal compartment,
complex (bound drug) and targefp, Vi: volume of distribution of free drug in centrahca
peripheral compartmeny/r, V,: volume of distribution of target and bound drugperipheral
compartmentky: elimination rate of free drug from central contpant;kon, Kofr: association and

dissociation rate constard;:: internalization rate constant of compléy, Kieg target production

and degradation rate.
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To write this general model, we did not assume tiatdrug, the target and the bound drug have
the same volume of distribution, and we assumettif@amount of bound drug created during a

unit of time, produced in the compartment of digition of the target, i&n.R.C.Vr[10,11]

When the free drug concentrations are much hidten target concentrations (C>>R) and their
binding results in a fully saturated target, théé MDD can be replaced by the Michaelis-
Menten-type (MM) approximations of TMDD model foling the suggestions of Gibiansky et al

[13,19]. We explain these approximations for pegalh TMDD models.

Approximation 1:

The first MM approximation of TMDD model was progakin case of reversible binding, basing
on the assumptions that the drug-target compléx &quasi-steady-state or the derivative of the

complex concentratiomlCy/dt, is zero [13]Vr andV, were assumed to be equaMo

Kon Ci-R— (ki + Ky ).C, =0 (A2)
Ct'R — kint + koff — K
C:b kon = (AS)
Cb = M (A4)
KSS + Ct

whereRy is the total concentration of targ&{=R+C)

We can rearrange the equation @2/dt, by expressindC, as a function ofC; and using the

expression oKg, yielding the following equaation:

dCt - k Cp'\/P _k C _ kint'Rtot 'Ct

dt SV P K+ G

(AS)

This new equatiodCy/dt therefore includes a Michaelis-Menten-type elintiorawith
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Vima= Rt Kint ; K=K ss=(Kint+Koft)/Kon (A6)

If, in addition, the total target concentrati®y can be considered constalfax iS a constant

parameter of the system. The TMDD equation syskem tesults in two following equations:

p

= Input - (ky +k,).C,+ ktp.Ct'Vt
Vp

dCt — C p V p Vmax 'Ct (A7)
o =Kky- v —ktp.Ct——K C
t m t

Approximation 2:

When the binding is irreversible, the dissociatlmnding rate constark,=0 then the TMDD
equations simplify:

p

= Input —(ky +k,).C, + ktp.C\t/'Vt

p

dc, _, C,V

: k. .C..RV
— p p_ _ ™on t R
a = ey e O e (A8)
dC, _ KGRV, _ C C.
it V,
dR

E = ksyn - kdeg'R - kon CtR
The second MM approximation of TMDD models was jsgd in the case of irreversible

binding. It is based on the assumption that thgetas in a quasi-steady-state so that the devivati

of target concentrationR/dt, is zero [19].

Ky — Kieg-R = Kon-C.R=0

— ksyn — ROK 1B
kdeg + I(on 'Ct K IB + Ct (AlO)

(A9)
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whereK;g is the irreversible binding constart,§ = kyeg/kon) andRy is the target concentration at
baseline Ro=ksn/kieg, Which can be obtained assuming steady-stateeinifferential equation for

R in the absence of drug.

Using this expression faR and noticing thaRy.Kig.kon=ksn, We can simplify the equation for

dCydt to:
dc, K C,V, k-1 Kgn Vi-C,
dt TV, PNV K g +C

(A11)

Aslo, generally, only free drug is measured, sa thaheir model, Gibiansky et al did not take
into account the evolution of the compledCf/dt) [19]. The TMDD equation system therefore

includes only two equations:

C C.V
> =lnput — (kg +k,).C, + ktp.#
P (A12)
dc, - K C,V, k-1 Kgn Vg-C,
a "V Py UK +C
t t 1B t

Application to our study:

In our case, the free aflibercept concentrationseweuch higher than the target concentrations.
We also considered the evolution of bound aflibgrcsince the concentrations of bound
aflibercept were available and could not be considleegligible in the system. In addition, the
dissociation rate constant was found to be veryllsohaing model development so that
irreversible binding and the negligible changeargét concentrationsliR/dt) could be assumed,
which is similar to the assumptions of the secorid Bpproximation described above. Thus, our
differential equation system is (A12) to which wadahe equation fodCy/dt from (A8) where

Kor=0.
26



I:'QO'KIB

Substituting the expression foR = K_+C derived from the second assumption of TMDD
IB t

model, we find the following expression:

dC C.V
dtp = Input - (ky +k,).C, +k,.——
p
dCt _ k Cp'vp _ k _ 1 kwn.VR.Ct
=K, 0 Cp = - LR L3
ot V, V, K, +C, (A13)

dC, _ 1 kenViC, _
d Vv, Kg+C, "

C,

Again, we notice a Michaelis-Menten elimination &muationdCy/dt, which enters the equation of

dC,/dt as a saturable input.

This equation system can be written with MM pararstwhich represents our final model:

C C.V,
dtp = Input — (ky +k,).C, +Kk,.——
P
Cc,V
dct - k . PP _ kt 'Ct _il:_lvmax'ct (A14)
dt P V, P VvV, K, +C,
dC, :igvmawct ~k,.C,

d Vv, K +C, ™

m

where Vmacksn Ve=Agn and  Kp=Kig

For parameter estimation, the micro constakiskiy, ki) can be replaced by the macro constants:
Q=kp.Vi=kpt.V, and CL=Kkg.V,,; whereCL is the clearance of free drug from central comparit

andQ is the intercompartment clearance of free drug.
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List of abbreviations

PK: pharmacokinetics

VEGF: vascular endothelial growth factor
TMDD: target-mediated drug distribution
PIGF: Placental Growth Factor

QE: quasi equilibrium

QSS: quasi steady state

MM: Michaelis-Menten

I.v. : intravenous

S.C. : subcutaneous

LOQ: limit of quantification

GOF: goodness-of-fit

NPDE: normalised prediction distribution error
BQL: below the quantification limit

VPC: visual predictive check
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Tables

Table 1-Parameter estimates for the best free andlond model
Residual variability

Fixed effects Interil_’ldi\_/!dual
variability
Estimate Oa(ng/mL) 0p(%)
Parameter (RSE%) w (%) (RSE%) (RSE%) (RpSE%)
CL (L/day) 0.88 (4.0) 28.0 (10) Free aflibercerpt  5)(0.0) 17.1(3.0)
V, (L) 4.94 (4.0 27.3 (10 Bound afliberceg - 12.6 (4.0
Q (L/day) 1.39 (9.0) 49.8 (14)
Vi (L) 2.33(7.0) 39.8 (14)
Vs (L) 4.9¢(=Vy) -
0.99 (5.0 13.6 (17
45.6 (15

Vimax (Mg/day
Km (Lg/mL) 2.91 (11)
0.028 (5.0)

Kt (day’)
CL: Clearance of free aflibercept from central cortipant CL=ky.V))
Q: Intercompartment clearance of free afliberc€pti,.Vi=k.Vy)
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Figure legends
Figure 1
Observed concentrations of free aflibercept (ug/mbhyl bound aflibercept (1g.eg/mL) versus

time.

Figure 2
Proposed structural models for free and boundeafidpt (2 compartments for free aflibercept, 1
compartment for bound aflibercept) with binding WYEGF occurring in the peripheral

compartment.

Figure 3

Diagnostic goodness-of-fit plots for the model def and bound aflibercept, showing observed
versus population predicted concentrations (PREM)served versus individual predicted
concentrations (IPRED) and normalized predictiostridiution error (NPDE) versus population
predicted concentrations. The lower limit of quacdition for bound aflibercept was 43.9 ng/mL

(0.0314 pg.eq/mL). BQL observations were removethfthe plots.

Figure 4

Examples of individual fits for 4 representativelinduals. From left to right: study 1 with dose
of 2 mg/kg, study 2 with dose of 1, 2, 4 mg/kgsHir free aflibercept are presented in the top,
bound afibercept in the middle, and the first 2dhdf bound aflibercept in the bottom. Observed
data are plotted using a circk¢ &nd BQL data are plotted using a star (*). The [-) represents

the prediction of model.
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Figure 5

Visual predictive check (VPC) of free aflibercept semi-logarithmic scale (top), and bound
afibercept in linear scale (bottom) for the finabael. Observed data are plotted using a solid
circle (*) and censored data are plotted using a star (f¢& Shaded area and the dotted lines
represent the 90% prediction interval and the ptedimedian of 10 50" and 98' percentiles of
simulated data (n=500). The solid lines represeatitd’, 50" and 98 percentiles of observed

data.
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Figures
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Figure 3
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Figure 4
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Figure 5
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