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Abstract

Background and Objectives Olaratumab is a recombinant
human monoclonal antibody that binds to platelet-derived
growth factor receptor-oo (PDGFRa). In a randomized
phase II study, olaratumab plus doxorubicin met its pre-
defined primary endpoint for progression-free survival and
achieved a highly significant improvement in overall sur-
vival versus doxorubicin alone in patients with advanced or
metastatic soft tissue sarcoma (STS). In this study, we
characterize the pharmacokinetics (PKs) of olaratumab in a
cancer patient population.

Methods Olaratumab was tested at 15 or 20 mg/kg in four
phase II studies (in patients with nonsmall cell lung cancer,
glioblastoma multiforme, STS, and gastrointestinal stromal
tumors) as a single agent or in combination with
chemotherapy. PK sampling was performed to measure
olaratumab serum levels. PK data were analyzed by non-
linear  mixed-effect modeling techniques  using
NONMEM®.

Results The PKs of olaratumab were best described by a
two-compartment PK model with linear clearance (CL).
Patient body weight was found to have a significant effect
on both CL and central volume of distribution (V;),
whereas tumor size significantly affected CL. A small
subset of patients developed treatment-emergent anti-drug
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antibodies (TE-ADAs); however, TE-ADAs did not have
any effect on CL or PK time course of olaratumab. There
was no difference in the PKs of olaratumab between
patients who received olaratumab as a single agent or in
combination with chemotherapy.

Conclusion The PKs of olaratumab were best described by
a model with linear disposition. Patient body weight and
tumor size were found to be significant covariates. The PKs
of olaratumab were not affected by immunogenicity or
chemotherapeutic agents.

Key Points

A mathematical/statistical model to describe the
disposition of olaratumab was developed using data
from four clinical studies.

The model describes the time course of olaratumab
disposition in the body of all patients included in the
analysis and predicts disposition in additional patient
populations.

The described model is the most comprehensive
understanding of the pharmacokinetic properties of
olaratumab.

1 Introduction
Platelet-derived growth factor receptor-o (PDGFRa) and

its downstream signaling pathways have been implicated in
cancer cell proliferation, metastasis, and the tumor

A\ Adis


http://orcid.org/0000-0001-7805-5077
http://dx.doi.org/10.1007/s40262-017-0562-0
http://crossmark.crossref.org/dialog/?doi=10.1007/s40262-017-0562-0&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s40262-017-0562-0&amp;domain=pdf
https://doi.org/10.1007/s40262-017-0562-0

356

G. Mo et al.

microenvironment. PDGF/PDGFR signaling has an
important role in mesenchymal stem cell differentiation,
growth of mesenchymal cells, angiogenesis, and wound
healing under normal physiological conditions [1-3].
PDGF/PDGFRa signaling has also been shown to be
involved in the pathogenesis of multiple cancers, including
osteosarcoma, chondrosarcoma, prostate cancer, breast
cancer, and ovarian cancer, where the PDGF/PDGFRo
complex has been shown to promote tumor growth and
proliferation as well as tumor vasculature [4].

Olaratumab is a recombinant human immunoglobulin G
subclass 1 (IgG;) monoclonal antibody (mAb) that binds
specifically to PDGFRa. In vitro studies have demonstrated
that olaratumab inhibits PDGFRa pathway signaling in
tumor and stromal cells. In addition, in vivo studies have
shown that olaratumab disrupts the PDGFRo pathway in
tumor cells and inhibits tumor growth. An open-label,
phase Ib and randomized phase II clinical study with
olaratumab plus doxorubicin versus doxorubicin alone in
patients with advanced or metastatic soft tissue sarcoma
(STS) recently met its predefined primary endpoint for
progression-free survival and achieved a highly significant
improvement of 11.8 months in median overall survival
over doxorubicin alone [5]. The study also demonstrated
that a dose of 15 mg/kg (administered on days 1 and 8 of a
21-day cycle), which resulted in mean steady-state con-
centrations between 123 and 487 pg/mL, resulted in an
acceptable safety profile in patients with advanced STS.

Given the clinically positive benefit-risk observed in the
phase 1b/1I study in advanced STS, a better understanding
of the pharmacokinetics (PKs) of olaratumab was needed
to ensure that serum levels associated with improved
clinical outcomes can be achieved in as many patients as
possible in the clinical setting. In this study, we present a
population PK analysis of olaratumab in cancer patients
enrolled in four phase II studies carried out in the US and
EU. The primary objective was to analyze the PK data by
means of nonlinear mixed-effect modeling (NONMEM) in
order to estimate the typical PK properties and interpatient
variability (IPV) in the cancer patient population. The PK
model developed was also used to examine the effect of
patient factors, including immunogenicity, as well as the
effect of chemotherapy on the PKs of olaratumab in cancer
patients.

2 Materials and Methods
2.1 Study Design and Study Population
The analysis of olaratumab PKs was based on data

collected from four phase II studies in various cancer
patient populations: nonsmall cell lung cancer (NSCLC),
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glioblastoma multiforme (GBM), STS, and gastroin-
testinal stromal tumors (GISTs). In STS patients
(n = 95), olaratumab was tested at a dose of 15 mg/kg
administered as a 60-min infusion on days 1 and 8 of a
21-day cycle, combined with 75 mg/m? doxorubicin on
day 1 of the cycle for up to 8 cycles (53 patients
received olaratumab monotherapy after disease progres-
sion in the control arm). In NSCLC patients (n = 50),
olaratumab was tested at a dose of 15 mg/kg adminis-
tered as a 30-min infusion on days 1 and 8 of a 21-day
cycle in combination with 200 mg/m? paclitaxel and
AUC 6 carboplatin. In GBM (n = 7) and GIST patients
(n = 19), olaratumab was tested as a single agent at a
dose of 20 mg/kg administered as a 90- to 60-min
infusion every 14 days. In all studies, olaratumab was
administered until disease progression or unaccept-
able toxicity was observed. In the NSCLC, GIST and
STS studies, efficacy assessment, including tumor
assessments, were performed according to the Response
Evaluation Criteria in Solid Tumors (RECIST, version
1.1) guidelines every 6 weeks. No tumor size data were
available from the seven patients enrolled in the GBM
study.

Rich and/or sparse sampling was conducted in patients.
Rich sampling was generally limited to cycles 1 and 3, and
peak and trough concentrations were collected for most of
the remaining treatment cycles. Clinical data were col-
lected by a series of questions contained in the clinical
report forms, while information such as date of birth, habits
(e.g. alcohol consumption, smoking), historical diagnoses,
and chronic conditions were collected by patient self-re-
port. Clinical parameters such as weight, blood pressure,
and pulse were measured at specific visits at investigator
sites. Laboratory tests to measure standard clinical chem-
istry panel, such as total bilirubin, albumin, etc., were
conducted at investigator laboratories or a sponsor-desig-
nated laboratory. Serum samples of olaratumab were ana-
lyzed wusing a validated modified enzyme-linked
immunosorbent assay (ELISA) method at ICON Devel-
opment Solutions (Whitesboro, NY, USA). The lower limit
of quantitation was 1 pg/mL and upper limit of quantifi-
cation was 100 pg/mL. Samples above the limit of quan-
tification were diluted with 0.2% human serum with
Blocker™ BLOTTO in Tris-buffered saline to yield results
within the range of quantification. The potential formation
of treatment-emergent anti-drug antibodies (TE-ADAS) in
serum was assessed using a validated ELISA following a
four-tier approach: identification of putative positive sam-
ples (Tier 1); confirmation of detected antibodies (Tier 2);
titer of detected antibodies (Tier 3); and characterization as
neutralizing or non-neutralizing (Tier 4). Samples that were
identified as being positive for ADAs were further evalu-
ated in the neutralizing ADA assay.
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2.2 Model Development and Analysis

The PK model development, evaluation, and validation
generally follow recent guidelines for PKPD modeling
[6]. The PKs of olaratumab were characterized by means
of nonlinear mixed-effect modeling using NONMEM
(version 7.3; ICON Development Solutions, Gaithers-
burg, MD, USA). A series of compartmental models
were evaluated to best describe olaratumab concentra-
tion—-time data. Given the exposure-dependent disposi-
tion of monoclonal antibodies targeting membrane-
bound antigens, such as olaratumab, both linear and
Michaelis—Menten (MM) clearance (CL) terms were
tested. IPV was investigated for all parameters, and
covariance between parameters was assessed using an
omega block. Proportional and combined additive and
proportional error models were also evaluated. Estimates
of the PK parameters and error terms were obtained
using the first-order conditional (FOCE) with epsilon-eta
interaction estimation method in all analyses. Missing
data, PK data below the quantification limit of the assay,
or incomplete data items (i.e. missing time/date entries)
were excluded from the analysis. Missing values of
independent variables (patient characteristic data) were
imputed within a given patient, using the last observa-
tion carried forward (LOCF) method.

Selection of the most appropriate PK base model
structure was based on agreement between predicted and
observed serum concentrations, lack of pattern (i.e. ran-
domness) in the weighted residuals versus the predicted
values, changes in the IPV, and significant decreases in the
minimum objective function (MOF). A visual predictive
check (VPC) was also performed on the base model to
investigate the agreement between the observed and pre-
dicted concentrations.

Upon establishment of an appropriate structural and
statistical model, the effects of patient factors were
assessed for their influence on the disposition of olara-
tumab. The patient factors tested comprised both contin-
uous and categorical covariates (Table 1). Given there
was an acceptable level of ETA shrinkage, selection of
the covariates began with visual inspection of covariate
effects on the IPV of relevant parameters. Covariates that
exhibited correlation in the distribution of IPV of PK
parameters were then selected for further evaluation.
Stepwise covariate modeling (SCM) was implemented
using Perl-Speaks NONMEM (PsN) [7]. Continuous
covariates were tested using linear, power, or exponential
models, as shown in Eq. (1) through Eq. (3). Categorical
covariates were tested using a categorical model, as
shown in Eq. (4).

Table 1 Patient intrinsic and extrinsic factors assessed in the popu-
lation pharmacokinetic analysis

Covariate Type Parameters tested
Age Continuous CL, V|, V5, O
Body weight Continuous CL, Vy, V5, O
Body mass index Continuous CL, V|, V5, O
Body surface area Continuous CL, V|, V,, 0
Sex Categorical CL, Vi, V,, O
Race Categorical CL, Vi, V,, Q
Ethnicity Categorical CL, Vi, V,, Q
Calculated creatinine clearance Continuous CL, Vi, V,, Q
Albumin Continuous CL, Vi, V5, O
Aspartate transaminase Continuous CL, V|, V5, O
Alanine transaminase Continuous CL, V|, V,, O
Alkaline phosphatase Continuous CL, V|, V,, 0
Total bilirubin Continuous CL, Vi, V,, QO
Absolute dose (mg) Continuous CL, Vi, V,, QO
Treatment dose (mg/kg) Categorical CL, Vi, V,, Q
Cancer indication Categorical CL, V|, V5, O
Tumor size (mm) Continuous CL, V|, V,, O
Chemotherapeutic agent Categorical CL, V|, V,, O

CL clearance, V; central volume of distribution, V, peripheral volume
of distribution, Q intercompartmental clearance

Linear model P = @, - (1 + @, - (COV —MED)) (1)
Power model P = O, - (COV/MED)®, (2)
Exponential model P = O, - EXP(O, - (COV — MED))
(
(

w

)

Categorical model P = @, - (1 + O, - IND) 4)

where P is the individual’s estimate of the parameter (e.g.
CL, V), O, represents the typical value of the parameter,
O, represents the effect of the covariate, COV is the value
of the covariate, and MED is the population median of the
covariate. IND is an indicator variable with a value of
either 0 or 1 assigned for values of a dichotomous cate-
gorical covariate (e.g. female or male) and 1 to n for var-
ious values of a categorical covariate ranging from 1 to n,
where 7 is the number of categories (e.g. n geographies).
The criteria for the selection of covariates in the forward
selection was a statistically significant (p < 0.01) drop in
MOF (>6.635), whereas the criteria for backward elimi-
nation were more stringent (p < 0.001), with a greater drop
in MOF (>10.828). Model convergence, reasonable esti-
mates of parameter values, and parameter precision were
all additional factors for covariate selection. Once statisti-
cally significant covariates were identified, individual
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analysis was performed for each continuous covariate to
ensure the inclusion of the covariate results in a >2%
decrease in the IPV of the corresponding model parameter.
To demonstrate clinical relevance, covariates were only
retained if their effect on the corresponding parameter was
>15% for a dichotomous covariate, or >15% at the highest
or lowest observed covariate value for a continuous
covariate. In addition, model performance evaluated
through goodness-of-fit plots and VPCs was taken into
consideration during the selection process. Only those
covariates that met the above criteria were included in the
final PK model. Certain covariates deemed clinically sig-
nificant were included regardless of inclusion criteria. For
instance, given that olaratumab was administered based on
body weight, the influence of body weight at time of study
entry (WTE) on CL and V, was incorporated as a power
function (Eq. 2). Allometric scaling was also tested, with a
fixed power coefficient of 0.75 for CL parameters, and 1
for volume of distribution parameters [8].

Once the final PK model was established, a VPC was
performed to ensure that the model maintained fidelity with
the observed PK data and to ensure the inclusion of the
covariates visibly improved model performance. The sta-
bility and precision of final PK model parameter estimates
were assessed through a bootstrap analysis.

3 Results
3.1 Data Summary

Of the four studies included in this analysis, a total of 1748
data points from 196 patients were collected. Overall, 188
observations (10.8%) were below the quantifiable limit of
the PK assay and were therefore excluded from the anal-
ysis. Only 18 observations (1.0%) were taken after the start
of treatment. Another 59 observations (3.3%) were also
excluded due to missing data items. In total, 1501 olara-
tumab serum concentration observations from 171 patients
(NSCLC: 50 patients, 272 observations; GBM: 7 patients,
37 observations; STS: 95 patients, 1132 observations;
GIST: 19 patients, 60 observations) were retained in the
analysis. Continuous and categorical characteristics, as
well as details on the number of patients per treatment
regimen, are provided in Table 2. The number of samples
per patient ranged from 1 to 54, with a median of five
samples. Olaratumab serum concentration—time profiles
relative to the first olaratumab dose and time after dose are
illustrated in Fig. 1, along with the relative contributions of
data from the four studies. The blood sampling
scheme adopted in the studies facilitated the capturing of
increasing olaratumab serum concentrations as they
approached their steady state levels, as well as the
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elimination after the last dose. Across the entire analysis
database, the median number of treatment cycles with
olaratumab ranged from 4 to 5. A total of 32 patients
experienced at least one dose reduction.

3.2 Base Model Development

The time course data of olaratumab serum concentrations
was best described with a two-compartment PK model
with linear clearance parameterized in terms of clearance
(CL), central volume of distribution (V7), peripheral vol-
ume of distribution (V,), and intercompartmental clear-
ance (Q). Parameter estimates for the base PK model are
presented in Table 3. During the initial model develop-
ment, a term describing target-mediated drug disposition
(TMDD) was incorporated into the model in the form of
an MM approximation. However, this mixed CL model
showed instability and poor precision in parameter esti-
mation, therefore the MM clearance term was removed
from the model. Log-normally distributed IPV was esti-
mated with high precision for V| and CL. There was no
significant correlation between the IPV of V; and CL.
Interoccasion variability (IOV) was also tested but was
removed from the model due to lack of precision in the
parameter estimate. Residual variability was best charac-
terized by an additive/proportional error model. Evalua-
tions of diagnostic goodness-of-fit plots (data not shown)
indicated good agreement between model-predicted and
observed PK data, as well as random distribution of
residual error.

3.3 Covariate Analysis and Final Model

The effect of the covariates listed in Table 1 on V; and CL
was initially assessed visually (data not shown). Since none
of the examined covariates changed over time, the analysis
was conducted using their values at the time of initial
assessment. Since olaratumab is administered per kilogram
of body weight, the effect of WTE was incorporated into
the model prospectively. Evaluation of the body weight
effect on CL and V; showed that using estimated power
coefficients for body weight resulted in the best fit and was
thus retained. After implementing the prespecified inclu-
sion/exclusion criteria for the remaining covariates, only
tumor size effect on CL using a linear model was retained
in the final model. Incorporation of WTE effect on CL and
V, resulted in decreases in IPV of 2.6 and 6.6% points for
CL and V;, respectively. Subsequent incorporation of
tumor size effect on CL resulted in an additional decrease
of 2.3% points in IPV of CL. Overall, the incorporation of
WTE effect on CL and Vy, and tumor size effect on CL, led
to a total decrease in IPV of 4.9 and 6.6% points for CL and
V1, respectively.
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NSCLC and STS Populations
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Fig. 1 Observed olaratumab serum concentrations in four completed studies. GBM glioblastoma multiforme, GIST gastrointestinal tumor,

NSCLC nonsmall cell lung cancer, STS soft tissue sarcoma

The final population PK model parameters were all
estimated with high precision (Table 3). Goodness-of-fit
plots show good agreement between model-predicted and
observed PK values, as well as randomness in residual
variability (electronic supplementary Fig. S1). The VPC of
the final PK model (Fig.2) showed good agreement
between predicted and observed values in all prediction
intervals in the early half of sampling times where data are
rich. However, at later sampling times after drug treatment
where data are sparse, the variability in the model predic-
tion increases as expected. Bootstrap analysis of the final
model showed the model was stable and that model
parameters were all estimated with high precision
(Table 3).

3.4 Immunogenicity

Across the four studies, a total of nine subjects tested
positive for TE-ADAs, corresponding to an incidence of
5% of the total patient population. An overlay of the time
course of olaratumab serum concentration and ADA titers
in TE-ADA-positive patients showed no correlation
between olaratumab concentration and ADA titers
(Fig. 3a). Furthermore, there was no difference between
the individual CL estimates in patients who tested positive
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versus those who tested negative for TE-ADAs (Fig. 3b).
The effect of ADAs on the CL of olaratumab was thus not
included in the model.

3.5 Drug-Drug Interaction

Potential drug—drug interaction (DDI) of olaratumab with
paclitaxel/carboplatin and doxorubicin was explored using
the same PK analysis dataset, which contained olaratumab
serum data collected from patients who received olara-
tumab as a single agent (n = 53), as well as in combination
with paclitaxel/carboplatin (n = 45) or doxorubicin
(n = 73). Model estimates of individual patient CL and V;
across the three groups are graphically presented in Fig. 4.
No difference in olaratumab CL or V, was observed
between individuals who received olaratumab alone or in
combination with either a doxorubicin or paclitaxel/car-
boplatin regimen.

3.6 Body Weight-Based versus Fixed Dosing

Since body weight was a significant covariate for olara-
tumab CL and volume of distribution, the model developed
in this study was used to evaluate the effect of body
weight-based and fixed dosing strategies on the variability
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Table 3 Pharmacokinetic and covariate parameter estimates of the base

and final models

Parameter Base PK model Final PK model
descriptions - - - -
Population Interpatient ~ Population Interpatient ~ Bootstrap results (95% CI)  Bootstrap results of
estimates variability estimates variability interpatient
(%SEE) (%SEE) (%SEE) (%SEE) variability
(95% CI)

Structural model
Clearance, CL (L/h)  0.0241 (4.02) 38.2% (15.7)  0.0233 (3.67)

Central volume of 4.19 (4.32) 22.2% (18.8) 4.16 (1.79)
distribution, V; (L)

Peripheral volume 3.58 (20.1) - 3.58 (13.2)
of distribution, V, (L)

Intercompartmental 0.0316 (25.6)
clearance, Q (L/h)

Residual error model

0.0315 (25.8)

Additive (ug/mL) 9.78 (56.2) 10.1 (15.5)

Proportional 22.6% (24.8) 22.5% (18.1)
Covariate model

WTEq ? - 0.431 (10.2)

WTEy,” - 0.610 (12.9)

TUMR¢ ? - 0.00158 (25.8)

33.3% (12.9)  0.0233 (0.0215-0.0253) 32.8% (27.7-38.0)
15.6% (30.1) 4.15 (3.99-4.31) 15.4% (11.4-19.1)

- 3.66 (2.69-4.90)

- 0.0335 (0.0196-0.0524)

11.4 (3.56-31.5)
22.2 (16.5-27.2)

0.433 (0.216-0.654)
0.611 (0.476-0.760)
0.00159 (0.000817-0.00252)

SEE standard error of the estimate, CI confidence interval, PK pharmaco!

kinetic, TUMR; tumor size effect on clearance, WTE; body weight

effect on clearance, WTEy; body weight effect on central volume of distribution
* CLjpg = CL x (WTE/median(WTE))*WTEc x (1 + TUMR¢p x (TUMR — median(TUMR))

® Vima = Vi (WTE/median(WTE))"WTEy,

500
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- |

Olaratumab [Conc] (ug/mL)

10

T 1
0 200 400 600 800 1000 1200 1400
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Fig. 2 Visual predictive check of the final olaratumab population
pharmacokinetic model. a Full time course of data available after
dose. b Early time points where rich data are available. Black circles
indicate observed data, dashed lines depict the observed 5th, 50th, and

of olaratumab concentrations between patients. Specifi-
cally, a dose of 15 mg/kg and a flat dose of 1200 mg,
infused on days 1 and 8 of a 21-day cycle, were simulated
using post hoc individual PK parameter estimates of all
patients from the four studies. The distribution of the
simulated trough concentration after cycle 1 (Cp,;,;) and

w

500

T _,

2 /%//////////////W .
* ~ 2 _on
. 7 //////////%%//////

100 &%

50

Olaratumab [Conc] (ug/mL)

T T T T 1
] 100 200 300 400 500

Time from Dose (h)

95th percentiles, and the blue shaded areas define 90% confidence
intervals of the 5th, 50th and 95th percentiles of the stimulated model
predictions. Actual time from dose was rounded to the nearest 200 h
to facilitate percentage calculation. Conc concentration

the average concentration (Cy,y,) showed no visible dif-
ference between a weight-based or flat dosing strategy
(Fig. 5). As expected, plots of Cpiy; and C,ye versus WTE
show that weight-based and flat dosing could lead to dif-
ferent olaratumab serum levels in patients with very low or
very high body weights.
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Fig. 3 Effect of anti-drug antibody titers on olaratumab pharmacoki-
netics. a Sample time course of olaratumab serum concentration (grey)
overlaid with time course of anti-drug antibody titer (red) in patients
tested positive for treatment-emergent anti-drug antibody. b Post hoc
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Box plots depict the 5th, 25th, 50th, 75th, and 95th percentiles.
Value within Box Plot is the Geometric Mean

Fig. 4 Pharmacokinetic model estimates across treatments. Compar-
ison of individual CL (leff) and V; (right) estimates in patients who
received olaratumab as a single agent or in combination with either

4 Discussion
4.1 Study Overview

The objectives of this work were to develop a popu-
lation PK model to characterize the PKs of olaratumab
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clearance estimates of patients negative for TE-ADAs versus those
positive for TE-ADAs. ADA anti-drug antibody, CL clearance, NSCLC
nonsmall cell lung cancer, PK pharmacokinetic, STS soft tissue
sarcoma, TE-ADAs treatment-emergent anti-drug antibodies
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in cancer patients. The PK model would be used to
characterize the IPV of olaratumab PKs, and identify
patient factors, including immunogenicity, that may
influence olaratumab disposition. As olaratumab was
used either as a single agent or in combination with
doxorubicin or paclitaxel/carboplatin, the model was
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Fig. 5 Weight-based versus flat dosing effect on olaratumab con-
centrations. Overlay of simulated olaratumab Cy,iny (leff) and Caye
(right) following weight-based dose of 15 mg/kg or flat dose of

also used to assess the effect of chemotherapy on the
disposition of olaratumab.

4.2 Structural Model

The final PK model for olaratumab was a two-compartment
model with IPV in CL and V,. The CL of olaratumab was
found to be linear at the doses tested, with an elimination
half-life estimated to be approximately 11 days, which is
typical of therapeutic monoclonal antibodies [9]. As the
disposition of an mAb is influenced by the relative
expression and turnover of the target, commonly referred to
as TMDD [10], TMDD was evaluated during model
development. Although numerous models were previously
developed to describe TMDD for mAbs [11-13], an MM
approximation [14, 15] was used, as is commonly done
with clinical PK data due to parameter identifiability con-
cerns [16]. The MM parameters could be identified, but
were estimated with poor precision and the model exhib-
ited instability during bootstrap validation. These findings
suggest that the MM parameters associated with TMDD
were only supported by data from a small subset of the
patient population, and were no longer identifiable when
these were replaced during the bootstrap analysis. The
linear PK model was thus retained as the final structural
model, which in turn indicates that the doses of 15 and

1200 mg in the current study patient population. C,,, average serum
concentration, C,,;,; trough serum concentration during cycle 1, CV
coefficient of variation

20 mg/kg administered on days 1 and 8 of a 21-day cycle
or every 14 days, respectively, yield olaratumab serum
levels likely to achieve full target saturation.

4.3 Covariate Model

The effect of different covariates (including sex, age, body
weight, race, albumin, hepatic function, and renal function)
on the disposition of olaratumab was also investigated in the
analysis. As olaratumab is administered in milligrams per
kilogram, WTE was prospectively added as a covariate and
was found to have a significant effect on both CL and V;.
Most importantly, the effect of WTE was less than directly
proportional on either CL or V;, with exponent values of
approximately 0.5. Compared with flat dosing, the body
weight-based dosing paradigm currently adopted for olara-
tumab is therefore not expected to inflate PK variability on
either CL or V; [17]. This was confirmed by simulations
using our population PK model, which showed that the
distributions of olaratumab concentrations (Cin1 and Cyyg)
are similar under the two different dosing strategies. How-
ever, it should be noted that our analysis is based on data
collected from studies carried out in the US, therefore the
distribution of WTE may not be fully descriptive of that in
the worldwide population. The effect of weight-based ver-
sus flat dosing on olaratumab serum levels and its activity in
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patients with extreme body weight values could thus not be
fully understood, which supported carrying body weight-
based dosing into the global STS phase III study (Clini-
calTrials.Gov identifier: NCT02451943). Tumor size was
also found to have a significant effect on CL, whereby a
larger tumor burden was associated with higher CL. Several
potential contributing factors, such as variation in tumor
biology, target expression [18], and the uneven distribution
of the number of patients in the four trials, may explain this
observation. Since the PKs of olaratumab are best described
by a model with linear disposition within the range of serum
levels observed in our dataset, it is unlikely that CL in
patients with larger tumors increased because of a higher
level of target expression and TMDD. The distribution of
CL and V; across the different tumor types was also ana-
lyzed in order to rule out a potential contribution of uneven
tumor type representation during the SCM; no differences
were found (data not shown). Overall, although inclusion of
WTE and tumor size as covariates fulfilled all statistical
criteria, comparison of base and final model goodness-of-fit
plots indicates that their overall contribution to variability
remains limited. IPV on the PK parameters of the final
population PK model was low to moderate (33.3% for CL,
15.6% for V)), as commonly observed with monoclonal
antibodies [16]. The lack of correlation between liver or
renal status and CL can be expected given the known
mechanisms involved for clearance of antibodies
[16, 19, 20].

4.4 Immunogenicity

The small incidence of immunogenicity in the database
(5% across all four studies) did not allow the inclusion of
immunogenicity in an integrated model [21]. However, the
comparison of individual post hoc estimates for olaratumab
CL showed no notable difference between patients who
tested positive or negative for TE-ADAs, not unexpected
considering that ADAs were of low titer. This is consistent
with a visual analysis of the time profile of TE-ADA titers
overlaid with that of olaratumab serum concentration,
where increases in TE-ADA titers did not correspond with
a decrease in olaratumab serum concentrations. Although
not all TE-ADAs will affect the PKs of mAbs [22], in some
cases the development of TE-ADAs can have profound
effects on the disposition of mAbs [23]. Therefore, it was
important to rule out the involvement of TE-ADAs in the
PKs of olaratumab. These findings should also be con-
firmed using data from other clinical studies of olaratumab
in a similar patient population [ClinicalTrials.Gov identi-
fiers: NCT02326025 and NCT02451943].
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4.5 Drug-Drug Interactions

It was possible to examine the potential effect of
chemotherapy on the PKs of olaratumab based on olara-
tumab serum concentration data collected from patients
who received olaratumab as a single agent as well as in
combination with paclitaxel/carboplatin or doxorubicin, in
the PK database. As expected for a biologic, no clinically
relevant difference in olaratumab CL or V| was observed
as a result of the combination with either chemothera-
peutic regimen. These findings are in line with previous
reports [24, 25] and, together with the results of a DDI
study showing no effect of olaratumab on the PKs of
doxorubicin [26], support the use of olaratumab in com-
bination with chemotherapeutic agents without dose
adjustments.

5 Conclusion

The population PK model developed in this study indicates
that olaratumab exhibits linear drug disposition suggestive
of full target saturation at the dose levels tested in the four
studies included in the analysis. Olaratumab elimination
half-life was approximately 11 days, which corresponds to
a time to steady state of approximately 50 days. The dis-
position of olaratumab was found to be influenced by
patient body weight and tumor size, but simulations using
the final model indicate that the current weight-based
dosing is adequate in limiting IPV of drug concentrations.
Finally, neither the development of TE-ADAs nor the
combination with chemotherapies affected the PK proper-
ties of olaratumab.
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