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Abstract: GC1118 is an anti-epidermal growth factor receptor (EGFR) monoclonal antibody that is currently under clinical
development. In this study, the pharmacokinetics (PK) of GC1118 were modelled in monkeys to predict human PK and receptor
occupancy (RO) profiles. The serum concentrations of GC1118 and its comparator (cetuximab) were assessed in monkeys with a
non-compartmental analysis and a target-mediated drug disposition (TMDD) model after intravenous infusion (3–25 mg/kg) of
these drugs. The scaling exponent of the EGFR synthesis rate was determined using a sensitivity analysis. The human cetuximab
exposures were simulated by applying different exponents (0.7–1.0) for the EGFR synthesis rate in the allometric monkey PK
model. Simulated Cmax and area under the curve values therein were compared with those previously reported in the literature to
find the best exponent for the EGFR synthesis rate in human beings. The TMDD model appropriately described the monkey PK
profile, which showed a decrease in clearance (CL; 1.2–0.4 ml/hr/kg) as the dose increased. The exponents for CL (0.75) and
volume of distribution (Vd; 1.0) were used for the allometric scaling to predict human PK. The allometric coefficient for the
EGFR synthesis rate chosen by the sensitivity analysis was 0.85, and the RO profiles that could not be measured experimentally
were estimated based on the predicted concentrations of the total target and the drug–target complex. Our monkey TMDD model
successfully predicts human PK and RO profiles of GC1118 and can be used to determine the appropriate dose for a first-in-
human study investigating this drug.

Epidermal growth factor receptor (EGFR) is a cell membrane
growth factor receptor that is involved in the proliferation and
survival of cancer cells [1,2]. EGFR is overexpressed in various
types of solid tumours including colorectal, head/neck, breast,
lung, prostate, kidney, pancreas, ovary, brain and bladder can-
cers [3]. Anti-EGFR monoclonal antibodies (mAbs) bind to the
extracellular domain of EGFR and compete with endogenous
ligands to inhibit the ligand-induced activation of EGFR tyro-
sine kinase [4]. Currently, two anti-EGFR mAbs, cetuximab and
panitumumab, are widely used to treat metastatic colorectal and
head/neck cancers [5,6]. Similarly, GC1118 is a fully human
IgG1 mAb that targets the EGFR and is under clinical develop-
ment for the treatment of colorectal cancer [7].
The prediction of human pharmacokinetics (PK) is an

important step for the selection of a safe starting dose and
dose escalation schemes in first-in-human (FIH) studies [8].
For mAbs with linear PK characteristics, the human PK can
be reasonably predicted based on non-human primate PK data
using a simple allometric power model with fixed scaling
exponents [9–12]. Although the use of simple allometry is a

rational approach for mAbs with linear PK, the principles
underlying this method appear to be inadequate for mAbs that
exhibit nonlinear PK. The interaction of an antibody with its
target often affects the PK properties of the antibody, which in
turn influences target-mediated drug disposition (TMDD).
Since the TMDD modelling framework was first proposed by
Mager et al. [13], various approximations have been devel-
oped [14–17]. Although several reports have predicted human
PK from animal PK for mAbs showing TMDD [15,18–21],
there are no general rules for the primate-to-human scaling of
parameters related to TMDD [22]. Betts et al. [21] and Luu
et al. [20] used in vitro experimental data as fixed values
instead of estimating target-related parameters such as target
turnover rate, complex turnover rate and the equilibrium bind-
ing constant. However, these types of in vitro data are not
always available at the pre-clinical development stage.
Thus, we evaluated the PK of GC1118 and its comparator

(cetuximab) in monkeys and developed a model for predicting
human PK by incorporating mechanistic parameters and pub-
lished information about the comparator. In addition, the human
PK data for cetuximab were used to link the target-related
parameters between monkeys and human beings and model-pre-
dicted target occupancy was calculated for the FIH study
design.
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Materials and Methods

Overall workflow. After the proposed workflow (fig. 1), the monkey
PK data were used to construct the TMDD model, and subsequently, the
PK parameters [volume of distribution (Vd) and clearance (CL)] were
allometrically scaled to predict human PK. Because there are no general
rules for the allometric scaling of target-related parameters, the optimal
scaling exponent was chosen by comparing the predicted human PK
exposure [Cmax and area under the curve (AUC)] of the comparator
(cetuximab) to data from previous studies [23]. The resulting human
TMDD model was used to simulate the PK and receptor occupancy
(RO; EGFR saturation) characteristics of various dosage regimens.

Monkey pharmacokinetic data. Monkeys’ single dose PK data sets of
GC1118 and cetuximab obtained from previous pre-clinical researches
sponsored by Green Cross Co. (Gyeonggi-do, Korea) were merged for
TMDD modelling. These data consisted of a total of six dosage
groups (n = 3–4 per group) for GC1118 (3, 6, 12, or 25 mg/kg) and
cetuximab (12 or 25 mg/kg). For all of the dosage groups, male
cynomolgus monkeys weighing 2.1–4.0 kg received intravenous (i.v.)
administrations of either GC1118 or cetuximab for 1 hr and blood
samples were collected from the femoral vein for the PK studies. In
the 3, 6 and 25 mg/kg groups, blood samples were obtained prior to
the first dose (pre-dose) and at 0 (right after the end of infusion), 0.5,
1, 3, 6, 12, 24, 36, 48, 72, 96, 120, 144, 168, 192, 216, 240, 264,
288, 312, 336, 360, 384 and 408 hr after the i.v. infusion. In the
12 mg/kg group, the sampling time-points were slightly different and
occurred at 0 (pre-dose), 0.5 and 1 hr after the start of the i.v.
infusion and 10 min. and 0.5, 1, 2, 4, 8, 12, 24, 48, 72, 96, 120, 168,
216, 264, 336 and 408 hr after the i.v. infusion. Serum was separated
from whole blood via centrifugation (13,200 rpm for 5 min.), frozen
and then stored at �80°C until analysis. The study was conducted at
the Korea Institute of Toxicology (Daejeon, Korea) with the approval
of the Institutional Animal Care and Use Committee.

Determination of GC1118 and cetuximab concentration in

serum. The serum samples were analysed with an enzyme-linked
immunosorbent assay (ELISA), and a calibration curve was
constructed using SoftMax� Pro software, version 5.2 (Molecular
Devices, Sunnyvale, CA, USA) with a four-parameter logistic curve.
The lower and upper limits of quantification were 1 and 100 lg/ml,

respectively. The serum concentration versus time profiles of GC1118
in cynomolgus monkeys are provided in fig. 2.

Non-compartmental analysis. A non-compartmental analysis (NCA;
Phoenix WinNonlin�, version 6.3, Pharsight Corporation Mountain
View, CA, USA) was performed to determine the PK parameters for
both GC1118 and cetuximab. The terminal elimination slope (kZ) was
determined with a least squares regression analysis at the terminal
phase, and the AUClast, AUCinf, CL, mean residence time and Vdss
values were determined.

Target-mediated drug disposition (TMDD) model.

QE model building. Parameter estimation was performed with the
quasi-equilibrium (QE) approximation of the full TMDD model (fig. 3)
[13,15,17] with NONMEM version 7.2 (ICON, Ellicott City, MD,
USA). The equations for a two-compartment model where target
binding occurs in the tissue (peripheral) compartment were written with
respect to the free and total (free + target bound complex) antibodies:

dA
dt

¼ �A � Q
VC

þ AP � Q
VP

� A � CLA

VC
; ð1Þ

dTAP

dt
¼ A � Q

VC
� AP � Q

VP
� C � CLC

VP
; ð2Þ

AP ¼ TAP � CP; ð3Þ

CP¼
Kd �VPþTAPþTBP�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðKd �VPþTAPþTBPÞ2�4 �TAP �TBP

q
2

;

ð4Þ

TBP¼VP �RB
CLB

; ð5Þ

where A is the free antibody in the central compartment, AP is the free
antibody in the peripheral compartment, CP is the target–antibody
complex in the peripheral compartment, TAP is the total antibodies in
the peripheral compartment, TBP is the total target amount in periph-
eral compartment, Kd is the equilibrium dissociation constant, RB is
the rate of input of binding target (EGFR production rate), VC is the
central compartment volume, VP is the peripheral compartment vol-
ume, CLA is the CL of free antibody, CLB is the CL of the binding
target (EGFR), CLC is the CL of the target–antibody complex, and Q
is the intercompartmental CL of free antibody between central and
peripheral compartment.

Fig. 1. Workflow for monkey target-mediated drug disposition
(TMDD) model and prediction of human pharmacokinetics (PK) and
receptor occupancy (RO).

Fig. 2. Mean serum concentration–time profiles of GC1118 and cetux-
imab after intravenous infusion to cynomolgus monkeys.
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Assumptions used for model building. It was assumed that target
binding takes place only in the peripheral compartment (binding in the
central compartment is negligible) as exemplified in previous
modelling reports [24,25]. The CLs of the unbound target (CLB) and
complex (CLC) were assumed to be identical because there were no
published reports or experimental results regarding their CL. The
equilibrium dissociation constant (Kd) was fixed to values obtained
from the in vitro experiments, and the RO was defined as follows:

RO ð%Þ ¼ CP

TBP
: ð6Þ

Although the Kd was estimable in the QE model, its relative
standard error (RSE) was rather large and the target occupancy pre-
dicted thereby was not much different from that predicted by the
in vitro-fixed Kd, the latter was used (further mentioned in the Discus-
sion section).

Human PK prediction and simulation. To simulate human PK
profiles, CL parameters CLi (CLA, Q, CLB) and volume parameters Vi

(VC, VP) were allometrically scaled using the following equations
[26,27]:

CLi;human ¼ CLi;monkey � BWhuman

BWmonkey

� �0:75

; ð7Þ

Vi;human ¼ Vi;monkey � BWhuman

BWmonkey

� �1:0

: ð8Þ

The Kd values of the antibodies for the human EGFR used in
this step were obtained from the in vitro experiments, and typical
body-weights of 70 and 3 kg were assumed for human beings and
monkeys, respectively.
There is no generally accepted allometric exponent (e.g. 0.75 or

1.0) for target-related parameters such as RB. Thus, a sensitivity anal-
ysis was performed to compare the cetuximab Cmax and AUC values
in human beings that were simulated from the allometric PK models
(same model parameters except for different RB exponents in each
model) with those previously reported in the literature [23]. The allo-
metric exponents for RB that were used for the sensitivity analysis
ranged from 0.5 to 1.0 with a step size of 0.05. To select the exponent
that provided the simulated exposures of cetuximab (Cmax and AUC)
that were most similar to the observed exposures in patients [23], the
predictive performance was evaluated using the percentage prediction
error (PPE), root-mean-square error (RMSE), average fold error (AFE)

and absolute average fold error (AAFE) that were defined using the
following equations, respectively:

PPE ð%Þ ¼ 100� 1
N

XPredicted� Observed
Observed

; ð9Þ

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX ðPredicted� ObservedÞ2

N

s
; ð10Þ

AFE ¼ 10
1
NRðlog10PredictedObservedÞ; ð11Þ

AAFE ¼ 10
1
NRðj log10 PredictedObservedjÞ: ð12Þ

Subsequently, the one exponent with the best predictive perfor-
mance was used for the simulation of human PK and RO profiles for
GC1118.

Results

Non-compartmental analysis.
NCA results are summarized in table 1. GC1118 showed non-
linear PK over the dose range tested: CL was higher, and
half-life was shorter at lower doses. The mean CL decreased
from 1.2 to 0.4 ml/hr/kg when the GC1118 dose increased
from 3 to 25 mg/kg.

TMDD modelling.
The TMDD model successfully described the serum concen-
tration–time profiles for GC1118 and cetuximab in monkeys.
The basic goodness-of-fit plots (fig. 4) and the concentration–
time profiles predicted by the final models of GC1118 and
cetuximab are illustrated in fig. 5, and the final parameter esti-
mates are summarized in table 2.

Human PK prediction and simulation.
Table 3 provides the model-estimated parameters, except for
RB, for the human beings and monkeys that were obtained
from the allometric scaling; the exponent for RB was opti-
mized using a sensitivity analysis. The allometric exponent
value showing the best predictive performance (PPE, RMSE,
AFE and AAFE) was 0.85 for the AUC (table 4), while Cmax

was not influenced by RB. Human PK of GC1118 and its RO
profile (saturation of EGFR) after i.v. infusion were simulated
using the human PK parameters predicted by the allometric
method (fig. 6). Serum concentration and RO versus time pro-
files of cetuximab were simulated after multiple administration
of cetuximab according to its approved dosage regimen (http://
www.accessdata.fda.gov/drugsatfda_docs/label/2012/125084s0
228lbl.pdf). The predicted trough RO of cetuximab at a
steady-state was 99.4%, and the dosage regimen of GC1118
that was used for the simulation was adjusted to maintain a
similar RO (fig. 7).

Discussion

Overall, the TMDD model successfully described the mon-
key PK profiles of GC1118 and cetuximab over the tested

Fig. 3. Structure of the target-mediated drug disposition (TMDD)
model. CLA, clearance of free antibody; Q, intercompartmental clear-
ance; VC, volume of central compartment; VP, volume of peripheral
compartment; RB, rate of input of binding target; Kd equilibrium bind-
ing constant; CLB, clearance of target; CLC, clearance of complex;
EGFR, epidermal growth factor receptor.
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dose range. When the Kd was estimated in this model, the
RSE of the estimate was very high (>300%, data not
shown), and thus, Kd was fixed to the value obtained from

the in vitro studies despite its potential to underpredict
in vivo values [22]. Moreover, the LLOQ of the data used
for our modelling (2 lg/ml = 13.3 nM) was much higher
than the in vitro Kd of GC1118 (0.533 nM), cetuximab
(7.64 nM) and their model estimates. Improvement in the
model by estimating the Kd instead of using fixed in vitro
Kd was not significant (OFV decrease 1.1 and 2.7), that
implies the Kd estimates are not uniquely identifiable with

Table 1.
Non-compartmental pharmacokinetic parameters of GC1118 and cetuximab after intravenous infusion in monkeys.

PK parameters

GC1118 Cetuximab

3 mg/kg1 6 mg/kg1 12 mg/kg2 25 mg/kg1 12 mg/kg2 25 mg/kg1

Cmax (lg/ml) 66.9 (4.5) 132.8 (16.6) 326 (29.4) 560.9 (37.4) 354.1 (27.4) 533 (66.3)
AUCinf (lg hr/ml) 2451.1 (299.3) 6808.1 (1261.5) 19,931.4 (3824.6) 58,835.5 (7562.7) 14,840 (1733.3) 42,988.7 (5423.1)
CL (ml/hr/kg) 1.2 (0.2) 0.9 (0.2) 0.6 (0.1) 0.4 (0.1) 0.8 (0.1) 0.6 (0.1)
Vdss (ml/kg) 53.5 (3.5) 58.7 (7.8) 56.1 (5.2) 63.3 (9.1) 64 (6.2) 73 (8.7)
t1/2 (hr) 30.2 (4.7) 38.6 (14.7) 64.3 (8.9) 82.6 (48.2) 48.7 (9.3) 52 (41.3)

Cmax, maximum serum concentration; AUCinf, area under the curve from time zero to infinity; CL, clearance, Vdss, steady-state volume of distribu-
tion; t1/2, terminal half-life.
Data are expressed as the mean (standard deviation).
1n = 4, 2n = 3.

Table 2.
Model parameter estimates for GC1118A and cetuximab after intravenous infusion in cynomolgus monkeys.

Parameters Description (units)

Estimate (%RSE)

GC1118 Cetuximab

Structural model
CLA =h1∙(WT/3)0.75 Clearance of free antibody (ml/hr) 0.975 (8.5) 1.16 (17.2)
VC = h2∙(WT/3) Volume of central compartment (ml) 141 (2.9) 128 (5.6)
Q Intercompartmental clearance (ml/hr) 3.87 (19.6) 8.75 (20.2)
VP = h4∙(WT/3)1 Volume of peripheral compartment (ml) 90.4 (9.4) 126 (5.3)
RB Rate of input of binding targets (pmol/hr) 284 (8.1) 335 (19.2)
CLB Clearance of target (ml/hr) 1.66 (37.8) 2.39 (28.4)
Kd Equilibrium binding constant (nM) 0.5332 7.642

Interindividual variability
xCLA Interindividual variability for CLA (%) 24.1 (25.1) 25.8 (40.8)
xVC Interindividual variability for VC (%) 9.8 (21.5) 14.1 (35.0)

Residual error
rprop Proportional error (%) 12.9 (12.7) 14.5 (18)

RSE, Relative standard error; WT, body-weight.
1WT covariate was only applicable for cetuximab.
2Kd values were fixed to in vitro monkey Kd value.

Table 3.
Predicted human parameters by allometric scaling.

Parameters
Scaling
exponent

GC1118 Cetuximab

Monkey Human1 Monkey Human1

Linear PK parameters
CLA (ml/hr) 0.75 0.975 10.4 1.16 12.3
VC (ml) 1.0 141 3290 128 2987
Q (ml/hr) 0.75 3.87 41.1 8.75 92.9
VP (ml) 1.0 90.4 2109 126 2940

Target-related parameters
RB (pmol/hr) 0.85 284 4131 335 4873
CLB (ml/hr) 0.75 1.66 17.6 2.39 25.4
Kd (nM) In vitro 0.533 0.162 7.64 4.502

CLA, clearance of free antibody; VC, volume of central compartment;
Q, intercompartmental clearance; VP volume of peripheral compart-
ment; RB, rate of input of binding targets; CLB clearance of target; Kd

equilibrium binding constant.
1Parameterhuman = Parametermonkey 9 (70/3)exponent.
2In vitro human Kd values were used reported in Lim et al. [7].

Table 4.
Comparative assessment of exponent values of rate of input of binding
target (RB) to predict cetuximab AUC in human beings.

Exponent of RB PPE (%) RMSE AFE AAFE

0.70 30.2 6630 1.29 1.31
0.75 19.7 5036 1.18 1.25
0.80 9.9 3560 1.08 1.19
0.85 0.6 2466 0.99 1.18
0.90 �7.2 2705 0.91 1.20
0.95 �13.8 3745 0.84 1.27
1.00 �19.6 4970 0.77 1.37

PPE, per cent prediction error; RMSE, root-mean-square error; AFE,
average fold error; AAFE, absolute average fold error.
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the current data. At a simulation analysis we carried out for
further investigation, the Kd values of 0.1–10 nM were reli-
ably estimable only when concentrations lower than the Kd

were included in the simulated data set (results not shown).
Thus, using the in vitro Kd instead of estimation was inevita-
ble in our QE modelling of mAb. PK and occupancy pre-
dicted either by in vitro Kd or by estimated Kd were almost
identical (see Supporting information).
It was also assumed that the CL of the antibody–target

(EGFR) complex (CLC) was identical to that of the free target
CL (CLB). Based on this assumption, the total target amount
remained unchanged, which allowed the model to work with-
out an additional compartment for total target amount in
peripheral compartment (TBP) to describe the change in TBP

over time. The assumption that the CLB and CLC values were

identical may not reflect the physiological reality in mammals;
however, simultaneous estimation of the CLB, CLC and TBP

parameters with unbound mAb data only in the QE model in
this study was not successful (data not shown).
One challenging aspect of the allometric scaling of human

PK parameters from monkey PK parameters was estimating
target-specific parameters, such as RB. To the best of our
knowledge, the expression rate or turnover rate of EGFR
(in vitro or in vivo) has never been reported. Several reports
have indicated that human PK can be predicted with reasonable
accuracy using allometrically scaled monkey PK parameters
(i.e. CLA, Vc, Q or Vp) [8–11]. In our study, the exponents for
CLA and Q were fixed to 0.75 and that for volume to 1.0
because this was the most commonly cited exponent for meta-
bolic rate [10,26,27]. Thereafter, the performance of the

Fig. 4. Basic goodness-of-fit plots for final model of GC1118 (A) and cetuximab (B) in monkey. In the observed versus model-predicted concen-
tration plots (upper panels), the solid black and grey line indicate the linear regression fit and identity line, respectively. Whereas in the residual
plots (lower panels), grey line was added using the local polynomial regression fitting (Loess smooth) in R.

A B

Fig. 5. Median population prediction (lines) and observed concentration (symbols) of GC1118 (A) and cetuximab (B) in monkey.
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allometric exponents for RB ranging from 0.7 to 1.0 was com-
pared to select the most appropriate exponent: published cetux-
imab Cmax and AUC in patients were compared with the
predicted human Cmax and AUC predicted to find the best
exponent for RB. Because patients’ PK exposure was used for
comparison, the finally selected RB exponent would reflect
both the interspecies difference (monkey versus human being)
and the patient characteristic (possible overexpression of EGFR
in patients with cancer unlike the ‘normal’ monkey). Thus, the
allometric exponents obtained after the sensitivity analysis step
may be appropriate for the prediction of the GC1118 PK in
human patients with cancer. There are several reports that the
CL of mAb may be reasonably predicted based on monkey PK
data with the scaling exponent of 0.75–0.96 [9–12,28]. When
we explored our sensitivity analysis method with varying CL
exponents (0.75–0.90) on two human population PK modelling
reports of cetuximab [29,30], the best predictive exponents for
human cetuximab CL and RB turnover were 0.90 and 0.70,
respectively (data not shown). However, we decided to use the

fixed exponent as 0.75 for the PK prediction of GC1118
because their population models were Michaelis–Menten [29]
or linear [30] that tend to be substantially different from our
model (TMDD) in predicting trough concentrations and also
because there does not seem to be an agreement on the optimal
allometric exponent for mAb CL, yet.
Measuring in vivo EGFR occupancy after the infusion of an

anti-EGFR mAb is still a challenging task. The model-pre-
dicted RO profiles in the present study were simulated using
the predicted total target and complex amounts, although nei-
ther has been measured experimentally. Despite this uncer-
tainty, the model-predicted RO profiles simulated for the
currently approved therapeutic dosage regimens for cetuximab
(400 mg/m2 loading dose followed by 250 mg/m2 mainte-
nance dose once a week) were near saturation (>99.4%)
throughout the dosing interval (fig. 7). This implies that the
model-predicted RO profiles were accordant with the expecta-
tion under those dosage regimens that the target (EGFR) is
fully suppressed (saturated) within the dosing interval. Thus,

A B

Fig. 6. Simulated serum concentration (A) and receptor occupancy (B) versus time profiles of GC1118 after single intravenous infusion of GC1118
at the dose of 50–600 mg/m2 in human beings.

A B

Fig. 7. Simulated serum concentration and receptor occupancy versus time profiles of cetuximab (A) and GC1118 (B) after multiple intravenous
infusion. Cetuximab was administered an approved therapeutic dosage regimen (loading dose of 400 mg/m2 and a maintenance weekly dose of
250 mg/m2). GC1118 was administered new dosage regimen (loading dose of 150 mg/m2 and a maintenance weekly dose of 90 mg/m2) to main-
tain receptor occupancy similar to that of cetuximab.
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in case of developing a mAb against the same target, we find
that approaches using the predicted RO to suggest human effi-
cacious doses deserve consideration.
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Additional Supporting Information may be found online in
the supporting information tab for this article:
Data S1. Berkeley Madonna code for the final PK (quasi-

equilibrium) model.
Figure S1. Example simulation graph using the code.
Table S1. Final parameter estimates of GC1118 and Cetux-

imab.
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