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Abstract

Sym004 is an equimolar mixture of two monoclonal antibodies, futuximab and modotuximab, which non-competitively
block the epidermal growth factor receptor (EGFR). Sym004 has been clinically tested for treatment of solid tumors. The
present work characterizes the non-linear pharmacokinetics (PK) of Sym004 and its constituent antibodies and investigates
two types of covariate models for interpreting the interindividual variability of Sym004 exposure. Sym004 serum con-
centration data from 330 cancer patients participating in four Phase 1 and 2 trials (n = 247 metastatic colorectal cancer,
n = 87 various types advanced solid tumors) were pooled for non-linear mixed effects modeling. Dose regimens of
0.4-18 mg/kg Sym004 dosed by i.v. infusion weekly or every 2nd week were explored. The PK profiles for futuximab and
modotuximab were parallel, and the parameter values for their population PK models were similar. The PK of Sym004
using the sum of the serum concentrations of futuximab and modotuximab was well captured by a 2-compartment model
with parallel linear and saturable, Michaelis—Menten-type elimination. The full covariate model including all plausible
covariates included in a single step showed no impact on Sym004 exposure of age, Asian race, renal and hepatic function,
tumor type and previous anti-EGFR treatments. The reduced covariate model contained statistically and potentially
clinically significant influences of body weight, albumin, sex and baseline tumor size. Population PK modeling and
covariate analysis of Sym(004 were feasible using the sum of the serum concentrations of the two constituent antibodies.
Full and reduced covariate models provided insights into which covariates may be clinically relevant for dose modifi-
cations and thus may need further exploration.

Keywords Population pharmacokinetics - Covariate analysis - Target-mediated drug disposition - EGFR -
Monoclonal antibody mixture - Cancer

Introduction

Enhanced activity of the epidermal growth factor receptor
(EGFR) plays a key role in malignant tumor growth in solid
tumors via overexpression, gene amplification, enhanced
ligand production and/or mutations. Blocking EGFR has
proven to provide a clinically meaningful anti-tumor activity
in various solid tumors [1]. Approved monoclonal antibodies
(mAbs) targeting EGFR include cetuximab, panitumumab
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and necitumumab. The anti-tumor activity of these agents is,
however, moderate [2] and acquired resistance develops in
virtually all patients over time [3]. Therefore, novel strategies
are being developed to improve the efficacy of anti-EGFR
therapies. One promising approach for this is Sym004 which
is a mixture of two anti-EGFR antibodies, futuximab and
modotuximab. The Sym004 mixture has demonstrated syn-
ergy in preclinical studies [4—6], and has been tested in Phase
1 and 2 clinical studies for treatment of metastatic colorectal
cancer (mCRC) and other solid tumors.

The two constituent antibodies of Sym004 are manufac-
tured as individual drug substances before being mixed at a
1:1 ratio into the Sym004 drug product (DP) (Fig. 1a). The
two mouse-human chimeric IgG1 monoclonal antibodies
bind to non-overlapping epitopes on the EGFR in a non-

@ Springer


http://orcid.org/0000-0002-5356-6484
http://orcid.org/0000-0002-7538-3005
http://orcid.org/0000-0003-1438-2903
http://orcid.org/0000-0001-9647-3416
http://orcid.org/0000-0002-2495-8139
http://orcid.org/0000-0002-8360-3514
http://orcid.org/0000-0002-3601-3968
https://doi.org/10.1007/s10928-019-09663-2
http://crossmark.crossref.org/dialog/?doi=10.1007/s10928-019-09663-2&amp;domain=pdf
https://doi.org/10.1007/s10928-019-09663-2

Journal of Pharmacokinetics and Pharmacodynamics (2020) 47:5-18

(a) (b)

Futuximab DS Modotuximab DS

Sym004 DP
1:1 mixture

Fig. 1 Concepts of Sym004 mixture manufacturing, mode of action
and bioanalysis. a The two antibodies are manufactured as separate
drug substances (DS) and mixed in a 1:1 ratio in the drug product
(DP). b Futuximab and modotuximab are binding to non-overlapping
epitopes on EGFR and their binding induce internalization and

competitive manner and are thus able to bind simultaneously
to their target [5]. The dual blocking induces rapid inter-
nalization and degradation of the EGFR in in vitro and
in vivo preclinical studies (Fig. 1b) and this contributes to
Sym004’s enhanced anti-tumor activity as compared to that
of single anti-EGFR mAbs. Sym004 is dosed as the mixture
and separate ELISA methods are used for quantifying serum
concentrations of futuximab and modotuximab in post-dose
samples (Fig. 1c). Brief descriptions of Sym004 human PK
based on non-compartmental (NCA) methods have been
reported previously as part of trial-specific reports [7-9]. In
keeping with the pharmacokinetics (PK) of other anti-EGFR
antibodies, the PK of Sym004 has been shown to be non-
linear [7] which can be attributed due to the large abundance
of EGFR in normal tissues, and hence pronounced elimi-
nation via target mediated drug disposition (TMDD) [10].

In this paper, we report the first population pharmacoki-
netic model for two antibodies binding independently to the
same target using a TMDD-type model. Usually, separate PK
models are used for compounds dosed as a mixture, but we
here demonstrate that a TMDD model based on the sum of
the serum concentration of the two constituent antibodies is a
viable approach. Finally, an exploratory covariate analysis
was performed, which estimated the effects on Sym004 PK
of patient characteristics in both a full covariate model with
all potentially relevant covariates, and a reduced model
where only statistically significant and potentially clinically
relevant covariate effects were included. Both full and
reduced covariate models are important for drug develop-
ment and regulatory purposes.

Methods
Clinical studies

Clinical PK data from 330 patients participating in four
Sym(004 Phase 1 and 2 trials (described -elsewhere
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[7-9, 11]) were pooled for the population PK analysis.
Dosing regimens and PK sampling schemes are summa-
rized in Table 1. Briefly, Study 1 was a combined dose
escalation and dose expansion study in advanced solid
tumors and mCRC [7], Study 2 was a Phase 2 trial in
advanced recurrent and/or metastatic squamous cell carci-
noma of the head and neck (SCCHN) [8], Study 3 was a
randomized, double-blind Phase 2b trial in mCRC [11],
and Study 4 was a combined Phase 1 dose escalation and
dose expansion study in Japanese subjects with advanced
solid tumors or esophageal squamous cell cancer (ESCC)
[9]). In earlier reports, futuximab and modotuximab were
termed mAb 992 and mAb 1024, respectively.

A wide dose range of 0.4 to 18 mg/kg was included in
the trials. Sym004 was dosed by i.v. infusion every week
(Q1IW) or every 2nd week (Q2W), or as a 9 mg/kg loading
dose followed by 6 mg/kg weekly (9/6 mg/kg weekly).

Studies included in the analysis were conducted in
accordance with Good Clinical Practice guidelines and the
ethical principles that have their origin in the Declaration
of Helsinki. The protocols and informed consent forms
were approved by the institutional review boards or ethics
committees and participants provided written informed
consent before any study-related procedures were
performed.

Bioanalysis and immunogenicity

Serum concentrations of futuximab and modotuximab were
determined using anti-idiotypic bivalent antibody frag-
ments (F[ab’]2) specific for either futuximab or modotux-
imab in two separate competitive ELISA formats (Fig. 1c),
with a validated range for each of the antibodies from
0.5 pg/mL to 20 pg/mL. More details, including method
for determination of anti-drug binding antibodies (ADA)
can be found in Supplementary Materials App. 1.
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Table 1 Overview of Sym004 clinical studies, dose regimens and sampling schedules

Study reference Study 1 (Sym004-01,

clinicaltrials.gov NCT01117428) clinicaltrials.gov

Study 2 (Sym004-02,

Study 3 (Sym004-05,
clinicaltrials.gov

Study 4 (Sym004-06,
clinicaltrials.gov

NCTO01417936) NCT02083653) NCTO01955473)
Tumor types AST, mCRC SCCHN mCRC AST, ESCC
No. of subjects 110 26 143 51

N)*

Dose regimens 0.4, 0.75, 1.5, 3, 4.5, 6, 9, 9/6%,
12 mg/kg Q1W, 12, 18 mg/kg
Q2W

Serial sampling for PK profiles at
first dose and in steady state

All peak/troughs

PK samples

steady state

All peak/troughs

Data points 3268/289 695/40
above/below
LLOQ¢

Last sample 168 h/336 h 168 h
time®

9, 12 mg/kg Q1W

Serial sampling for PK
profiles at first dose and in

9/6* mg/kg Q1W,
12 mg/kg Q1W

6 mg/kg Q1W, 9/6" mg/kg
QIW, 12 mg/kg QIW,
18 mg/kg Q2W

Peak/troughs weeks 3, 5, Serial sampling for PK profile

and 7 at first dose
Peak/troughs to week 8
760/44 618/57
168 h 168 h/336 h

Q1W once weekly, Q2W dosing every two weeks, Peak end of infusion, Trough sample taken shortly before next infusion, 4 hour, AST advance
solid tumor, mCRC metastatic colorectal cancer, SCCHN squamous carcinoma of the head and neck, ESCC esophagal squamous cell cancer

%9 mg/kg loading dose, followed by 6 mg/kg QIW

"Within the dosing period. End of treatment and end of trial samples were also obtained

“Number of subjects/data points providing data for the popPK modeling after exclusion of outliers

Population pharmacokinetic analyses
Software and model selection criteria

The population PK model and covariate analyses for
Sym004 were performed using non-linear mixed effects
modeling NONMEM software (version 7.3.0, ICON
Development Solutions Ellicott City, MD, USA) [12]. The
data and modeling results were processed using Microsoft
R Open (MRO) Version 3.4.4 software [13]. Simulations
were performed using NONMEM, Perl Speaks NONMEM
(PsN) Version 4.4.8 [14], and the RxODE package in R
[15].

The model parameters were estimated using the first-
order conditional estimation method with interaction
(FOCE-I). The confidence intervals (CI) of the estimates in
the covariate models were calculated using four different
methods:

(a) default RSR sandwich estimator in NONMEM,

(b) the cross-product matrix S estimator in NONMEM,

(c) the sampling importance re-sampling method (SIR)
[16],

(d) bootstrap [17] using 500 data sets sampled with
replacement.

The variance—covariance matrix M used in the default
sandwich estimator in NONMEM is given by:

M: =R'SR™!

where the R matrix is the Hessian of 2In(likelihood) with
respect to the model parameters and the S matrix is the
cross-product matrix [18].

Discrimination between models was made based on
changes in the objective function value and inspection of
graphical diagnostics. Standard continuous-data goodness
of fit (GOF) plots were used for the assessment of model
adequacy for the population PK models. Visual predictive
checks (VPCs) [19] were additionally used in model
assessment, and to determine whether the observed popu-
lation profiles could be appropriately simulated using the
population PK model.

Model development

Exploratory graphical analysis suggested that the PK of
Sym004 (and its constituent antibodies) is non-linear and
that a second distribution compartment exists. Hence, a 2-
compartment model with both a linear elimination and a
saturable, Michaelis—Menten (MM) type elimination was
used as the initial model. The structure and the parame-
terization are shown schematically in Fig. 2, and the dif-
ferential equations for the model are shown in Eqgs. 1 and 2.
A similar model structure was used for modeling the PK of
futuximab and modotuximab as separate entities.

@ Springer
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Compartment names
A priori weight influences

Sym004
IV dose

Sym004
Peripheral

-
-

Clyms= Vonax* C/(C+K)

Fig. 2 Structure of the Sym004 base PK model. CL linear clearance,
V central volume of distribution, V, peripheral volume of distribu-
tion, Q intercompartmental clearance, CL,,,, clearance via Michaelis—
Menten elimination, V,,,, maximum velocity for MM elimination, K,
Sym004 serum concentration for 50% of V,,,x, C serum concentration
of Sym004

dA1 ALV,
—=k A2 —k Al — Vypax X —————— CL
ar 12 % R T (ALVY)
Al
Xi
Vi
(1)
dA2
7 = —k2] XA2+k]2 x Al (2)

where Al is the amount in the central compartment, A2 is
the amount in the peripheral compartment, ki,= Q/V,, and
ko= QIV,.

A combined additive plus proportional model was used
to describe the residual variability (Eq. 3).

Cj=Cyx (1+e1y) + 22 (3)

where Cj; is the observed drug concentration at the ith
individual at time j, é',;,- is the corresponding model-pre-
dicted drug concentration, and ¢, ; and &, represent the
proportional and additive residual random errors,
respectively.

Exponential random effect models (parameterized as
additive on log-scale) were used to describe the IV for the
structural model parameters in the population PK model
(Eq. 4).

0is = Oy - &M (4)

where 0, is the estimate for the kth parameter for the ith
subject, 0, is the typical population estimate of the kth
parameter, and #,;; is the parameter for the individual
deviation from 0.

Parameters for IIV were introduced and retained in the
model, provided estimates were neither very small nor
inclusion caused instability in the model fitting procedure.
Two types of correlation between the IIVs were also used
during model development: (a) diagonal—assuming the
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Table 2 Covariate relationships tested in the full covariate model

Covariate CL Viax Vi V2

Age X
Weight

Sex

XXX
>
o

Race

GFR?*

Albumin®

Total bilirubin®
Alanine transaminase®
Tumor size at baseline

Tumor size®

>

Tumor type
ECOG*
Time since previous treatment with anti-EGFR

Previous treatment with cetuximab

XK XK XX X X M X X X X XX

Previous treatment with panitumumab

o
XXX X

Previous treatment with bevacizumab

Tumor size: sum of diameters according to Recist 1.1

GFR glomerular filtration rate, ECOG Eastern Cooperative Oncology
Group performance status

*Time-varying covariates

II'Vs to independent and (b) a full correlation matrix which
estimates the correlation between all the IIVs in the model.

Covariate model building

A full covariate model for Sym004 was built by incorpo-
rating all prespecified potential covariate relationships into
the base model in a single step—the so-called “full model
approach” [20]. Prior to building the full covariate model,
potential correlations between the covariates were evalu-
ated graphically. If two or more covariates were highly
correlated (taken as correlation > 0.6), then the most
clinically/biologically and practically relevant covariate
was tested in the analysis.

Table 2 provides an overview of which continuous and
categorical covariates were tested on which PK parameters
and specifies if covariates were provided as their baseline
value or whether they were time-varying covariates; tumor
size, defined as the sum of diameters of the target lesions
according to the guideline for assessing tumor burden
(Recist 1.1. [21]), was included as both a baseline and
time-varying covariate.

A summary of the baseline covariates across all four
studies is provided in Supplementary Materials App. 2. The
covariate effects for continuous covariates were scaled so
that the effect was quantified as a fold-change across 95%
of the covariate range:
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PAR; = O, -
. e@g xlog(COV; /median(COV))/(log(Q97.5(COV))—log(Q25(COV)))

(5)

where 0, is the population value of the estimated PK
parameter, PAR; the individual-specific realization for the
ith subject with the value of the covariate (COV;) scaled to
a combination of the median covariate value (COV) and
97.5th and 2.5th quantiles of the covariate (Qg7.5 and Q5 s).
We believe this is a novel approach and is an extension of
the commonly used method of estimating covariate effects
scaled to the median value of the covariate.

Taking the exponent of the 0, estimate and its 95%
confidence interval, results in the estimated fold-change in
PK parameter due to the covariate across 95% of the
covariate range. Categorical covariates were similarly
estimated as shift on the logarithmic scale and back-
transformed to a fold-change. By scaling to the covariate
range, the size of the estimated fold-change may be used to
identify appropriately large covariate effects in the full
covariate model.

Body weight at baseline used as the measure of body
size, was considered a structural component of the model
and was retained in the population PK model throughout
covariate model building.

The reduced covariate model, containing only statisti-
cally, and sufficiently large covariates, was derived from
the full covariate model so that only covariates with effect
size point estimates outside the range of 0.80 to 1.25, and
with 95% confidence intervals not overlapping 1 were
retained. Covariate effects and their confidence intervals
were graphically represented using Forest plots [22] for
both the full and reduced covariate models.

Simulations

The reduced covariate model was used to simulate the
average steady state concentrations (Cgs). PK parameters
were sampled from the estimated parameter distributions,
and either a loading dose of 9 mg/kg, followed by 10
weekly doses of 6 mg/kg, or 11 weekly flat doses of
400 mg were applied. All observed albumin baseline
concentrations (n = 330) were combined with a range of
body weights from 35 to 125 kg in 5 kg steps. The resul-
tant 6270 covariate combinations were combined with
sampled eta values and used to simulate the profiles
underlying the Cg calculations. The median and the area
encompassing 90% of the simulated subjects for each
weight category were plotted by weight.

Results
Bioanalysis and immunogenicity

A total number of 5341 Sym004 PK samples from the four
studies from 330 patients were included, after excluding
7% of the data points associated with protocol violations or
with an absolute weighted residual (WRES) larger than 4.
Re-inclusion of the WRES-outliers in the final model did
not impact magnitude of parameter estimates, just their
uncertainty. Sym004 was not detectable in any baseline
samples and the in-study validation showed successful
incurred sample reanalysis results (at least two-thirds
(67%) of the incurred sample reanalysis results were within
30% of the original sample results). A confirmed positive
treatment induced anti-Sym004 ADA response was
detectable in 2/336 patients (0.6%). For both patients, ADA
became detectable with low titers (< 80) in samples taken
in the follow-up period when Sym004 was cleared from the
circulation.

1000

100

4.5 mg/kg

Concentration (ug/mL)

Time after dose (days)

Fig. 3 Serum concentrations of futuximab, modotuximab and
SymO004 versus time after the most recent dose (for time points from
2 weeks and onwards). Selected dose level shown for clarity. Grey
lines and black dots: individual profiles for Sym004. Solid thick lines:
median profiles, Blue: Sym004, orange: modotuximab, red: futux-
imab (Color figure online)
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Table 3 Comparison of inter-individual variability estimates between the base model, the full covariate model and the reduced covariate model

Parameter name Parameter IIV base model IIV full covariate model IIV reduced covariate
symbol (%) (%) model (%)

Maximum rate of Michaelis—Menten non-linear elimination  V,.x 28.1 19.2 22.2

Central volume of distribution 4 18.4 18.2 18.9

Clearance CL 39.2 26.9 27.3

Peripheral volume of distribution V, 30.6

11V inter-individual variability

Exploratory PK data analysis and base model

The PK profiles of futuximab and modotuximab were
found to be approximately parallel (Fig. 3), suggesting that
the distribution and elimination of the two antibodies
proceeds in a similar fashion following dosing in the 1:1
ratio in the Sym004 drug product. The terminal half-life of
the two antibodies and hence of SymO004 increased with
increasing dose, suggesting the presence of pronounced
non-linearity. The PK profile shape also suggested the
presence of a second distributional compartment. Hence,
the 2-compartment model with a MM-type saturable
elimination was applied for the base model of SymO004.
The base model structure provided a good fit to the data
and population parameter estimates were estimated with
good precision (Supplementary Materials App. 3). The
proportional residual error was low (17.6%); the additive
residual error was 1.68 pg/mL which is reasonably close to
the bioanalytical assay LLOQ (0.5-1.0 pg/mL, Supple-
mentary Materials App. 1). The IIVs for the four parame-
ters Vy, V,, CL and V,,,,, were in the range of 18-39% with
CL having the largest IIV (Table 3). The VPC across all
doses demonstrated a good description of the data and its
variability, and the GOF plots showed no trends with study,
dose, time or predicted Sym004 concentration (Supple-
mentary Materials App. 3 and 6). VPCs stratified by dose
similarly showed no dose level-specific model misfit (re-
sults not shown). The base model was found to be adequate
for simulating PK profiles of Sym(004 based on each
patient’s dosing history as shown in Fig. 4.

The simulations in Fig. 5 using the base model typical
parameters illustrate that the amount eliminated via the
MM elimination route is saturated for weekly dosing of
6 mg/kg and higher. The MM pathway contributed
25-50% of the total amount of Sym004 being eliminated
for dose levels of 6-12 mg/kg where the MM was saturated
(Fig. 5).

The V.« and K,, estimates for futuximab and mod-
otuximab were each about 50% of the SymO004 values,
whereas the remaining PK parameters were similar for the
two antibodies and for Sym004 (Supplementary Materials
App. 4). Thus, the approach of using the sum of futuximab
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and modotuximab for modeling of Sym004 PK was sup-
ported. Since futuximab and modotuximab are both full
IgG antibodies, they have identical molecular weights
(150 kDa) and hence it is feasible to sum their pg/mL
concentrations rather than their molar concentrations.

Covariate analysis—development of the full
covariate model

The baseline covariates across the four studies are sum-
marized in Supplementary Materials App. 2. The covari-
ates included in the covariate scope (Table 2) were added
to the base model, after initial removal of three non-in-
formative covariates with very small effect sizes (< 0.6%
change in parameter). Furthermore, the IIV structure was
simplified to V,,,.x, CL and V; in a diagonal matrix in order
to obtain SE estimates. The Forest plot for the fold change
of the covariates included in the full covariate model is
presented in Fig. 6, including a comparison of the four
methods for CI estimation. All the covariate effects were
reasonably precisely estimated using the sandwich esti-
mator (Supplementary Materials App. 5). The condition
number was 1017, which suggests that the full model was
over-parameterized.

The Forest plot (Fig. 6) illustrates which covariates
might warrant dose modifications (effect size outside
0.80-1.25-fold), which have no clinical relevance (effect
size within 0.80—1.25-fold), useful for regulatory claims of
no effect, and for which more information may be needed
(CIs wide or overlapping limits) [23]. The largest covariate
influence was for body weight on V.., CL, V| and V,. The
majority of the covariates were associated with effect size
point estimates within the 0.80-1.25 range. Of note, the
effects of Asian race (primarily Japanese) on CL and V.«
were insignificant as were prior treatment with beva-
cizumab, ECOG status, age, and tumor type. Inclusion of
the covariates in the full model resulted in a substantial
reduction in the unexplained variability for V., and CL,
and a modest reduction for V, (Table 3).
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Covariate analysis—development of the reduced
model

The reduced covariate model was derived from the full
covariate model by retaining only covariates with effect
size point estimates outside the range of 0.80 to 1.25, and
with 95% confidence intervals not overlapping 1. As shown
in the Forest plot in Fig. 7 and in Table 4, the only
covariates fulfilling these criteria were for weight on Vi,
V,, CL and V., an association of higher CL with low
albumin, a 21% lower CL for females, and a higher V.«
for higher baseline tumor size. The precision of the esti-
mates was good; the reduced covariate model had a con-
dition number of 53, which indicates that the over-
parameterization seen in the full covariate model was
effectively negated. The CIs for the four methods were
overlapping, indicating that the estimated CIs are robust in

T T T T T T T T T T T T T T
8 10 12 14 16 18 20 22 24 26 28 30 32 34

Time (weeks)

the reduced covariate model. Both CL and V,,,, varied
approximately 1.7-fold between body weights of 50 and
90 kg (Fig. 8). Smaller effects were seen for the influence
of albumin on CL and tumor size on V,,,x (Fig. 8). Similar
reductions in the estimated IIVs were obtained as with the
full covariate model (Table 3), indicating that the most
important covariates for explaining the IIVs were retained
in the reduced model.

Equations 6-9 outline the calculation of the model
parameters for the individual subject i in the reduced
covariate model:

log(WT;/69)
Vi = 3450 x i . el'66X(](\g(]OG)—lng(44.8)) (6)
log((WT;/69))
Vz,i = 2410 % el‘SSX(log(IOG)—log(M.S)) (7)
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Fig. 5 Simulations of 1.5 mg/kg 3 mg/kg 4.5 mg/kg
elimination due to MM 100
elimination of Sym004. 80 |[ { I |/ l{ / |[
Percentage of total elimination
of Sym004 due to MM _. 60+
elimination for weekly dosing X 40
of 1.5-12 mg/kg Sym004. s
Simulations performed in R g 207
using the typical parameters g 0 -
from the base PK model O 6 mg/kg 9 mg/kg 12 mg/kg
= 100
=
.5 80 —
g 60 -
-
40 —
20
0 —
T T T T 1 T T T T 1 T T T T T
0 2 4 8 10 O 2 4 6 8 10 0 2 4 6 8 10
Time (weeks)
CL; = 14.1 x ¢lcvi assuming that the binding affinity and rate of internaliza-
log((WI;/69)) log (Albumini/37) tion after binding to the EGFR of the two antibodies are
. el‘65X(](\g(g;g)g)—](\g(4l?8)) ‘ 0‘645X(|:g((45)710g(25))) H0.792xSex (8) £

where sex = 1 for females and sex = 0 for males.

Vmax,i = 1270 X eanax_i

log((WT;/69))
log(106)—log(44.8

log(BaselineTumourSize; /86 )
(log(226)—log(19.2)) (9)

1.64x +1.44 %
.e ( )

Discussion

A Michaelis—Menten approximation [25] of the full TMDD
model [24] was used to capture the non-linear PK of
Sym004. The model performed well over the large range of
dose levels and serum concentrations included in the
analysis. The PK of other anti-EGFR antibodies have been
modelled using a similar model structure [26, 27]. The
linear clearance for Sym004 of 14.1 mL/h is somewhat
higher than for endogenous IgG antibodies and fully human
antibodies with linear PK (10.5 mL/h, [28]), but this is
commonly seen for chimeric antibodies [29]. The central
and peripheral volumes of distribution were 3.5 L and
24 L, respectively, and were thus within the range
expected for monoclonal antibodies [28]. The MM path-
way was demonstrated to contribute substantially to the
total SymO004 elimination also for dose regimens saturating
the TMDD (Fig. 5). This is consistent with the large
amount of EGFR in the body.

For the models of futuximab and modotuximab, the
values for V,,,, and K,, were each about 50% of the values
for Sym004. This is as expected since they contribute
equally to the Sym004 concentration in the Sym004 model.
It also in accordance with the full TMDD model [24] when
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similar: the K,, parameter is a combination of the K, (on/
off rates) for target binding and k;,,, the rate of internal-
ization of the complex between the target and the mAb
[25]; Vinax is the product of total amount of target (R,,,) and
the k;,, [25]. In vitro studies indicate that the K, values for
binding to human EGFR are approximately 50 pM for both
antibodies [5] whereas they act synergistically on EGFR
internalization [5]. The synergistic effect on internalization
would theoretically result in a larger V,,,x (due to larger
ki, for the mixture than for the individual antibodies. The
phenomenon was supported by data in non-human primates
[6] where the half-life of futuximab and modotuximab
were considerably longer when they were dosed alone as
compared to dosing them together in the Sym004 mixture.
It is, however, not possible to deduce this for the clinical
setting, where the antibodies have only been dosed together
as the Sym004 mixture. Most investigations of full TMDD
models for drug combinations have focused on drugs
binding competitively to the same targets [30, 31], whereas
the TMDD model for drug—drug interaction for two drugs
binding non-competitively to the same target as described
by Koch et al. [32] is what comes closest to the mecha-
nisms underlying the SymO04 PK. This mechanistic
TMDD model was deemed not to be feasible for fitting the
Sym004 PK data as estimation of all parameters would
necessitate data from dosing of the antibodies as individual
entities. The simple MM approximation provided a good
description of the data and accurate estimation of param-
eters although it did not provide insight into the mecha-
nisms for the PK interactions of the two antibodies.

A full covariate modeling approach rather than a step-
wise p value inclusion/reduction of the model was used to
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allow for an unbiased evaluation of prespecified covariate
relationships [23, 33]. Despite initial removal of highly
correlated covariates, the full covariate model may still
suffer from over-parameterization, and the choice of SE
estimation method could impact the assessment of covari-
ate importance. The CIs calculated by the four methods
were comparable for well-defined covariate effects.

Bootstrap CIs were slightly wider than for the sandwich
method, whereas SIR CI estimates—that are reported to
have strong theoretical advantages [16]—tended to provide
the narrowest Cls. For covariate effects which were poorly
estimated (e.g. tumor type, Asian race), the computation-
ally simpler option of MATRIX =S provided overly
inflated estimates for the SE. Hence, for full covariate

@ Springer



14

Journal of Pharmacokinetics and Pharmacodynamics (2020) 47:5-18

Fig. 7 Forest plot for the
reduced covariate model.
Vertical dotted lines indicate the
limits associated with 0.8 to
1.25-fold parameter change
across 95% of the covariate
range for continuous covariates,
and versus reference for
categorical covariates. SIR
sample importance re-sampling

B Matrix=RSR (Sandwich)

Weight on CL
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Female Sex on CL
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Weight on V4
Weight on V,

Table 4 Final parameters for the reduced covariate model

Matrix=S H SIR Bootstrap

o
. | e— —
-

i

0 0.5 1 1.5 2 2.5
Fold-change

Parameter name Parameter symbol (unit) Estimate (95% CI) CV (%)
Central volume of distribution V; (mL) 3450 (3370/3530) 1.2
Peripheral volume of distribution V, (mL) 2410 (2260/2570) 3.3
Clearance CL (mL/h) 14.1 (13.2/15.1) 34
Inter-compartmental clearance Q (mL/h) 33.0 (28.9/37.1) 6.3
Maximum rate of Michaelis—Menten Vinax (ng/h) 1270 (1170/1370) 4.0
non-linear elimination
Concentration at 50% of maximum K, (ng/mL) 3.92 (2.56/5.29) 17.7
Michaelis—Menten non-linear elimination
Covariate parameters Weight on Vy,,,, fold-change across 95% of weight range 1.64 (1.29/2.07) 244
Weight on Vj, fold-change across 95% of weight range 1.66 (1.50/1.84) 10.2
Weight on V), fold-change across 95% of weight range 1.53 (1.16/2.01) 329
Weight on CL, fold-change across 95% of weight range 1.65 (1.30/2.10) 24.3

Female sex on CL, fold-change relative to males
Albumin on CL, fold-change across 95% of albumin range

Tumour size at baseline on V., fold-change across

0.792 (0.726/0.865) 19.3
0.645 (0.557/0.747) 17.1
1.44 (1.20/1.72) 253

95% of tumour size range

Residual error parameters

Proportional error (fraction)

0.174 (0.162/0.186) 3.6

Additive error (png/mL) 2.87 (1.64/4.09) 21.8

Parameter name Parameter symbol (unit) 11V (%) CV (%)
Inter-individual variability parameters Vmax 22.7 31.5
Vi 18.9 14.9
CL 27.7 21.0

11V inter-individual variability, CV coefficient of variation

models, which are frequently over-parameterized and pre-
sent computational difficulties in practice, care should be
taken choosing the method for calculation of SE, and
MATRIX = S should be avoided.

The reduced covariate model was obtained by, in a
single step, retaining only covariates with effect size point
estimates outside the range of 0.80 to 1.25, and with 95%
confidence intervals not overlapping 1. Different approa-
ches could have been taken to derive the reduced model
from the full model, and different approaches could have
resulted in potentially different reduced models. By

@ Springer

presenting both the full and reduced models the influence
of covariates not present in the reduced model but present
in the full model is clear and independent of the approach
taken to obtain the reduced model. The reduced covariate
model for Sym004 contained statistically significant and
sufficiently large influences of weight, albumin, sex and
baseline tumor size. The positive association of Vy, V,, CL
and V. with body weight is a common finding for
monoclonal antibodies [34], including cetuximab [35] and
panitumumab [27]. A 1.7-fold difference in Sym004
clearance for low versus high body weight was observed.
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Fig. 8 Key covariate relationships in the reduced covariate model. Red and blue circles are individual estimates for females and males,

respectively; the orange solid line is a loess smooth (Color figure online)

Thus, the interpatient variability in exposure is lower for
the currently applied body weight-based dosing as com-
pared to using a hypothetical, fixed (flat) mg dose per
patient (Fig. 9). However, this does not rule out that a flat
dosing scheme could be employed if it can be shown (via
PK/PD modelling) that the higher PK variability associated
with flat dosing would not affect safety and efficacy
responses.

As has been observed for other antibodies [34], low
levels of albumin were associated with a higher clearance
of Sym004, corresponding to a 35% difference across 95%
of the observed albumin range. Hypoalbuminemia is a

Fig. 9 Simulation of the (a)

well-recognized marker for elevated protein turnover fre-
quently observed in cancer [34]. The elevated protein
turnover explains the higher clearance of exogenous pro-
teins such as Sym004. Azzopardi et al. [35] also reported
an association between low baseline albumin and high
clearance for cetuximab. Whether low albumin levels
should call for increasing the dose of Sym004 is unclear
since the inherent poor prognosis associated with hypoal-
buminemia may not be mitigated by increasing the expo-
sure to cancer therapeutics as was shown recently for
trastuzumab [36].

1 (b) 1 1

average serum concentration of
Sym004 in steady state (Ciy).

a Weight-based dosing of

9/6 mg kg and b flat dosing of 250
400 mg (both weekly dosing).
C,, = steady state AUC after the
11th dose divided by the dose
interval. Red (females) and blue
(males) circles: observed
empirical Bayes estimates for
the 330 patients. Orange line:
simulated median. Blue area
90% CI for the simulations.
Simulations using the reduced 50
covariate model and sampling

from eta distributions of PK 0 4
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The association of an increased V., in patients with a
large baseline tumor burden may be explained by either the
contribution to TMDD from the EGFR in the tumor, or, an
underlying association of a large tumor size with poor
patient health as in the case for albumin. Glassman and
Balthasar [37] showed in a PBPK model, that a tumor of
20 mL (corresponding to a diameter of 34 mm if assuming
a spherical shape) forms only 0.012% of the total EGFR in
the body. Although EGFR is frequently overexpressed in
tumor tissue the contribution from EGFR in the tumor to
the Vi,ax 1s likely to be modest. The modest contribution is
supported by the observation that the PK of the anti-EGFR
mAb panitumumab was not associated with the expression
levels of EGFR in the tumor [27]. For the anti-HER2
antibody trastuzumab, the number of metastatic sites was
associated with a higher clearance although the overall
effect on exposure was not clinically relevant [38].

Sym004 CL in females was 21% lower as compared to
males even after compensating for the difference in body
weight. The difference in PK parameters and exposure
between males and females is also illustrated in Figs. 8 and
9. The difference is not expected to warrant dose adjust-
ments, unless female patients are proven to have more
serious side effects than males and that may be related to
higher exposure.

The reduced covariate model allows simulations of
potentially clinically relevant covariate effects to support
clinical trial design, and enables preselection of covariates
for a confirmatory covariate analyses [39]. The standard
criteria for bioequivalence of a 0.80-1.25-fold difference
for clinical relevance were used to evaluate the statistical
importance of the covariates. These criteria are frequently
applied in the absence of exposure-response analyses that
define the therapeutic window. The future development of
a PK/PD model may potentially explain the counter-intu-
itive dose-response for Sym(004 observed in mCRC where
the 9/6 mg/kg weekly dosing resulted in a more favorable
overall survival than the higher dose level of 12 mg/kg
weekly [11]. It is hypothesized that this may be caused by
the more frequent dose interruptions and dose reductions
due to adverse events such as skin rash observed for the
12 mg/kg group. The future development of PK/PD models
for both efficacy and safety will allow the clinical rele-
vance of all PK covariate effects to be appropriately
determined, along with the need (or not) for dose
adjustments.

Conclusion
The PK profiles of the two antibodies were parallel despite

futuximab and modotuximab being two different antibod-
ies, indicating that underlying PK properties like clearance,

@ Springer

TMDD and volume of distribution are similar. This is the
first time a population PK model for a mixture of two
antibodies binding to non-overlapping sites on the same
target has been reported. It is unique that the PK of
Sym004 can be described by the sum of the concentration
of the two antibodies instead of requiring a model for each
antibody separately. The full and reduced covariate models
provide a robust basis for evaluating potential dose modi-
fication of Sym004.
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