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Abstract

Purpose Olaratumab is a recombinant human IgG1 monoclonal antibody against PGDFRa. Olaratumab plus doxorubicin
improved survivalversus doxorubicin in an open-label, randomised phase 2 soft tissue sarcoma (STS) trial. We characterised
the olaratumab exposure—response relationship for progression-free survival (PFS), overall survival (OS), and safety.
Methods PFS and OS data from the 133 patients enrolled in the phase 2 study were analysed using time-to-event model-
ling. The effect of olaratumab on PFS/OS was explored using the trough serum concentration after cycle 1 (C;,;) and the
average concentration throughout treatment (C,,). The rate of treatment-emergent adverse events (TEAEs) was compared
across olaratumab exposure quartiles.

Results PFS and OS were described by models with an exponential hazard function and inhibitory Ey;,x functions to
describe the effect of olaratumab, regardless of the PK endpoint. The olaratumab EC50s for PFS (EC,;,;50=82.0 pg/mL,
EC,,50=179 pg/mL) and OS (EC,;,;50=66.1 pg/mL, EC,,,50=134 ug/mL) corresponded to the median and 25th percen-
tile of C,pi1/Cyy, in the study, respectively. Maximum predicted improvement in the hazard ratio for OS and PFS was approxi-
mately 75% and 60%, respectively. There was no change in the rate of TEAEs with increasing olaratumab serum levels.
Conclusions PFS/OS benefits occurred without a rate change in TEAEs across quartiles. Maximum benefit in OS was
achieved in the upper three quartiles and a potential of early disease progression in the lower quartile of olaratumab serum
exposure. These results prompted a loading dose strategy in the ongoing phase 3 STS trial.

min
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Introduction

Soft tissue sarcomas (STS) are a group of rare tumours
of mesenchymal origin, accounting for approximately 1%
of all adult cancers [1-3]. For most histological subtypes,
the standard management of localised disease consists of
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complete surgical resection with or without radiation.
Despite optimal management, however, high-risk patients
will develop recurrent locally advanced inoperable or met-
astatic disease. The outcome for patients with advanced
inoperable/metastatic STS is poor with a median overall
survival (OS) in the range of 12—-18 months [4-8]. There
are few treatment options available, and these have histori-
cally included doxorubicin with or without ifosfamide. Over
the last few years, a number of other drugs have emerged
including gemcitabine/docetaxel, trabectedin, pazopanib,
and eribulin [6, 9-12].

Olaratumab is a recombinant human immunoglobulin
G1 monoclonal antibody to platelet-derived growth factor
receptor alpha (PDGFRa) [13]. A randomised phase 2 trial
of doxorubicin with or without olaratumab in patients with
advanced STS demonstrated a significantly longer median
OS for the combination of doxorubicin and olaratumab com-
pared to doxorubicin alone (26.5 and 14.7 months, respec-
tively, hazard ratio [HR] 0.46, p =0.0003) [14]. The increase
in progression-free survival (PFS) was also significant (6.6
months and 4.1 months, respectively, HR 0.67, p=0.0615)
and the combination of olaratumab with doxorubicin led
to a slight increase in toxicity but remained well-tolerated.
Based on this phase 2 STS trial, olaratumab was granted
accelerated/conditional approval by a number of regulatory
agencies.

A matched case—control analysis [15] performed on the
phase 2 PFS and OS survival data stratified by quartiles of
olaratumab serum exposure indicated that patients in the
lowest quartile may not have received optimal level of clini-
cal benefit [14]. A population pharmacokinetic (PopPK)
analysis subsequently performed using PK data combined
from four phase 2 studies, including that in STS, indicated
that the dose of 15 mg/kg administered on Days 1 and 8
of a 21-day cycle yields olaratumab serum levels likely to
achieve full target saturation [16]. In light of these findings,
it seems necessary to better define the therapeutic window
of olaratumab and determine whether the dose of 15 mg/kg
used in the phase 2 study represents the optimal dose to be
used in combination with doxorubicin in STS patients. The
aim of this study was therefore to characterise the expo-
sure—response relationship of olaratumab in combination
with doxorubicin for PFS, OS, and safety for patients with
advanced STS.

Materials and methods
Clinical trial and data
OS, PFS, and safety data were obtained for the 133 patients

enrolled in a randomised, open-label, multicenter, phase 2
trial where the efficacy of olaratumab in combination with

@ Springer

doxorubicin was tested in patients with histologically con-
firmed locally advanced or metastatic STS (NCT01185964)
[14]. Patients were randomly assigned in a 1:1 ratio to
receive olaratumab (15 mg/kg) intravenously on Day 1
and Day 8 plus doxorubicin (75 mg/mz) (n=66) or doxo-
rubicin alone (75 mg/m?) on Day 1 of each 21-day cycle
for up to eight cycles (n=67). Randomization was stratified
according to number of previous lines of treatment (0 versus
1 +lines), histological tumour type (that is, leiomyosarcoma
versus synovial sarcoma versus other tumour type), Eastern
Cooperative Oncology Group performance status (ECOG
PS) (0, 1 versus 2), number of prior lines of treatment (0
versus > 1), and PDGFRa expression (positive versus nega-
tive). Throughout the study, patients were assessed for
tumour response every 6 weeks according to RECIST 1.1.
Patients on the investigational arm without disease progres-
sion could continue to receive olaratumab until the develop-
ment of unacceptable toxicity, noncompliance or withdrawal
of consent by the patient, or investigator decision.

The study was conducted in accordance with the Dec-
laration of Helsinki and the International Conference on
Harmonisation Guidelines for Good Clinical Practice. The
local institutional review boards at each participating study
site approved the study protocol, and all patients in the study
provided written informed consent to participate.

Olaratumab PK endpoints

The effect of olaratumab serum exposure on clinical out-
come was described using two PK endpoints: the trough
concentration at the end of the first cycle of treatment
(Cpin1)> and the average concentration over each patient’s
entire treatment (C,,,). These endpoints were selected pri-
marily because they allow the description of olaratumab
serum exposure in two different methods: C,;,; describes
the intended serum exposure prior to any dose reductions,
whereas C,,, summarises serum exposure retrospectively
and captures the impact of dose reductions during the course
of treatment. Individual estimates of C,;,; and C,,, for each
patient in the experimental arm were obtained from the
population PK model developed using PK data combined
from a total of four phase 2 studies, including that in STS

patients [16].
Survival models for OS and PFS

OS and PFS were described by means of parametric time-to-
event modeling, where survival was calculated as the inverse
of the exponent of the cumulative hazard over time during
the study. Both OS and PFS were best described by a time-
to-event model where the baseline hazard remains constant
throughout the study, so that the time to event (survival dura-
tion) is exponentially distributed over time. The effect of
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olaratumab C,;,; and C,,, was incorporated into the OS and
PFS models as a fractional decrease to the hazard function.
Upon establishment of the appropriate survival model, the
intrinsic and extrinsic patient factors listed in Table 1 were

tested as covariates for their influence on OS and PFS.
Exposure-response for safety

The overall incidence of treatment-emergent adverse events
(TEAES) in the investigational arm of the study was strati-
fied by grade (< grade 2, > grade 2, > grade 4) and by quar-
tile of olaratumab C;,, and C,, in a tabular format and
compared to that in the control arm. The rates of neutropenia

and mucositis were also examined in a similar manner.

Results
Overall survival model

OS in the study was best described by a time-to-event model
with an exponential hazard function. In both the C,;,,- and
Cyg-based models, an inhibitory Ey;,x drug effect model
on the hazard function performed the best to describe the
effect of olaratumab. The visual predictive check (VPC)
showed good agreement between observed data and model
prediction (Fig. 1a). The precision of the parameter esti-
mates was verified by bootstrap analysis, except for the
Hill coefficient, which was fixed to allow model stability.
All parameter estimates for both OS models are listed in
Table 2. C,;, and C,,, had a similar predictive role for
drug effect, so that the half-maximum effective C,;,; and
Caye (ECyin150 and EC,,50) estimates corresponded to the
25th percentile of C;,; and C,, in the study, respectively.

min
The maximum effect (Ey;5x) estimates corresponded to a

min

Table 1 Patient factors assessed in the population pharmacodynamic
analysis

Covariate Type Parameters tested

ECOG group Categorical BASE_HAZ, Ey,x, EC50
Tumour size Continuous BASE_HAZ, Eyzx, EC50
Tumour histology Categorical BASE_HAZ, Ey;,x, EC50
Age group Categorical BASE_HAZ, Eyxx, EC50
Gender Categorical BASE_HAZ, Ey;,x, EC50
Race Categorical BASE_HAZ, Eysx, EC50
Body weight Categorical BASE_HAZ, Eyjsx, EC50
Prior treatment Categorical BASE_HAZ, Eysx, EC50
Hemoglobin Continuous BASE_HAZ, Eysx, EC50
Albumin Continuous BASE_HAZ, Eyzx, EC50

ECOGEastern Cooperative Oncology Group, BASE_HAZ baseline
hazard, E;;,y maximum response achievable from a dose, EC50 con-
centration of a drug that gives half-maximal response

predicted improvement in the hazard ratio of approximately
75% (Fig. 1b). Consistent with the high value for the Hill
coefficient, there was no notable change predicted in the HR
for patients in the lowest quartile of olaratumab exposure,
whereas E,;,x was reached within the range of olaratumab
serum concentrations achieved in the study. The ECOG PS
and the number of prior treatments were found to be sig-
nificant covariates affecting the baseline hazard for both the
Ciyin1- and Cy,-based models. Patients with an ECOG PS> 1
have a predicted 86.2% increase in the baseline hazard and
patients who had received no prior lines of treatment had a

58.3% decrease in the baseline hazard.

Progression-free survival model

PFS was best described by a model with a structure simi-
lar to that used for OS. Parameter estimates are listed in
Table 3 and the model VPC is shown in Fig. 2a. Again,
Cpnin1 and C,, had a similar predictive role for drug effect.
The EC,;;,;50 and EC,,,50 estimates corresponded to the
median of Cy;,; and C,,, in the study, rather than their 25th
percentile (Fig. 2b). The maximum predicted effect of olara-
tumab on PFS was also lower compared to OS, with Ey;ax
estimates of approximately 0.60. None of the covariates
explored were found to have a significant effect on PFS in
our analysis.

Exposure-response for safety

The incidence of TEAEs in the phase 2 trial stratified by
grade and by olaratumab C;,, and C,, quartiles are listed in
Table 4. The addition of olaratumab to doxorubicin led to a
moderate increase in the rate of TEAEs compared to doxoru-
bicin alone, consistent with previous reports. However, when
examined across quartiles of olaratumab serum exposure,
there was no change in the rate of TEAEs with increasing
olaratumab serum concentrations in the investigational arm,
regardless of the PK endpoint considered.

Discussion

The objective of this analysis was to characterise the
exposure—response relationship of olaratumab for sur-
vival outcomes and safety when combined with doxoru-
bicin in patients with advanced STS. The combined expo-
sure—response information for efficacy and safety was then
used to optimise the dosing strategy of olaratumab and better
target its therapeutic window in the ongoing confirmatory
phase 3 study (NCT02451943) after accelerated approval by
Food and Drug Administration and the conditional approval
by the European Medicines Agency.

@ Springer
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Fig.1 Visual predictive check and model prediction of the over-
all survival models. a Left graph is the VPC of the C,;,,-based OS
model. Right graph is the VPC of the C,,-based OS model. The

avg
shaded areas indicate the predicted OS in the control (green) and

experimental (blue) arm; the solid blue lines describe the correspond-
ing observed OS signals. b Overall survival as predicted by C,

minl~
based model (left panel) and the Cavg—based model (right panel). The

solid red lines describe the change in HR as a function of C,;,, and

Cyyes the grey histograms describe the distribution of olaratumab

The exposure—response relationship of olaratumab was
first characterised for survival outcomes. OS in the study
was best described by a model with a constant baseline
hazard, and a sigmoidal relationship for the effect of olara-
tumab. The C,;,;-based model yielded an EC_;,;50 estimate
(66 pg/mL) corresponding to the 25th percentile of the C;,,
distribution in the study, and a Hill coefficient indicative of
a steep exposure—response relationship. The Ey;,x estimate
corresponded to a maximum decrease in the HR of approxi-
mately 75%, and was reached within the range of olaratumab
serum concentration achieved in the study. Importantly, a
similar exposure—response relationship was identified with
the C,,,-based model: the baseline hazard, Ey;,, and Hill

avg
coefficient estimates were similar to those obtained in the
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Cinini-based model, and the EC,,,50 estimate (134 pg/mL)
also corresponded to the 25th percentile of the C,,, distri-
bution in the study. Both PK variables therefore seem to be
similarly predictive of the effect of olaratumab on OS.
These findings indicate that a small increase in C,,
or C,, in the vicinity of the EC50 is expected to lead to
a dramatic change from low to near maximal OS benefit.
Since the EC50 estimates correspond to the 25th percentile
of olaratumab exposure in the study population, the dose of
15 mg/kg, administered on Days 1 and 8 of a 21-day cycle,
therefore provides the majority of the study population with
near maximum OS benefit. This is consistent with results
from the PopPK analysis, where the linear clearance used

to describe the disposition of olaratumab suggested that the
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Table 2 Parameter estimates

Parameters Population estimate (%SEE) Bootstrap parameter results (5-95 percentile)
and bootstrap results for the OS
models C,nin; model Cyye model C.,in1 model Cyye model
Baseline hazard
Baseyy,,ard 0.00205 (2.18) 0.00203 (2.26) 0.00206 0.00204

Olaratumab effect

Eniax 0.765 (8.63)
EC 50 (g/mL)  66.1 (12.1)
EC,,50 (ug/mL) -

Hill 8 (fixed)
Covariate effects

EGRPg,, 0.862 (42.1)
PRVTRTg,, —0.583 (15.9)

(0.00158-0.00280) (0.00156-0.00277)

0.756 (9.07)  0.771 (0.625-0.884)  0.761 (0.607-0.876)
- 65.9 (50.9-80.3) -

134 (6.72) - 135 (115-163)

8 (fixed) 8 (fixed) 8 (fixed)

0.802 (44.0)  0.925(0.273-1.83) 0.857 (0.220-1.72)
—0.535(19.1) —0.57 — (0.740-0.345) — 0.528 — (0.706-0.282)

OSoverall survival, SEE standard error of the estimate, C,;,, trough serum concentration at the end of

Cycle 1, Cy,
from a dose, EC

min

average concentration over patient’s entire treatment, E,;,, maximum response achievable
;90 olaratumab C

yielding a 50% decrease in the baseline hazard, EC,,,50 olara-

min]

tumab C,,, yielding a 50% decrease in the baseline hazard, EGRPp,,, covariate effect of ECOG status on
the baseline hazard, PRVTRTy,,, covariate effect of the number of prior treatment on the baseline hazard

Table 3 Parameter estimates

Parameters Population estimate (%SEE) Bootstrap parameter results (5-95 Percentile)
and bootstrap results for the
PFS models C,,in1 model C,yg model Cping model C,yg model
Baseline hazard
Basey,,ara 0.00604 (2-52) 0.00616 (2.63) 0.00607 0.00619
(0.00473-0.00786) (0.00476-0.00805)
Olaratumab effect
Epax 0.571 (154) 0.614 (14.5) 0.567 (0.363-0.723) 0.617 (0.435-0.770)
EC 0150 (ug/mL) 82.0 (6-15) - 82.3(69.3-95.4)
EC,,50 (ng/mL) - 179 (9.33) 182 (149-241)
Hill 8 (fixed) 8 (fixed) 8 (fixed) 8 (fixed)

PFS progression-free survival, SEE standard error of the estimate, C,,;,; trough serum concentration at the

end of Cycle 1, C,

avg

average concentration over patient’s entire treatment, E,;,ymaximum response achiev-

able from a dose, EC,,;,;50 olaratumab C_; , yielding a 50% decrease in the baseline hazard, EC, 50
olaratumab C,, yielding a 50% decrease in the baseline hazard

dose of 15 mg/kg achieves serum levels leading to full target
saturation [16]. This is also in line with the results of a pre-
viously published matched-case control (MCC) analysis on
the same data [14] which indicated that: (1) patients in the
upper three C;,,; and C,, quartiles showed an improvement
in OS; (2) there was no consistent difference in OS benefit
across the upper three C,;,; and C,, quartiles; and (3) HR
values observed in the upper quartiles were in line with the
model-predicted Ey;,x. It should also be pointed out that the
ECOG PS and the number of prior lines of treatment were
found to have a significant influence on OS, which is in line
with the current understanding of clinical prognostic factors
in STS and further supports the validity of our findings.
PFS in the study was also best described by a model with
a constant baseline hazard and a sigmoidal relationship for
the effect of olaratumab. The EC ;50 and EC,,,50 esti-

avg
mates corresponded, respectively, to the median C,;; and

avg

Cly 1n the study population, and the predicted Ey;,x was
lower than that for OS. In addition, the HR for PFS was not
predicted to improve until the C,;,, or C,,, reaches values
corresponding to the 25th percentile of their distribution in
the study. These findings are line with the lower activity on
PFS compared with OS previously reported for olaratumab
and with the previous MCC analysis on PFS which sug-
gested that patients in the lowest exposure quartile tend to
experience disease progression within the first two to three
cycles of treatment.

Patients who received olaratumab in combination with
doxorubicin did experience an increase in the rate of
TEAEs when compared to doxorubicin alone, consistent
with the toxicity profile of doxorubicin. There was, how-
ever, no apparent additional increase in the rate of TEAEs
with increasing olaratumab serum levels, regardless of the
TEAESs examined in the patients examined thus far. The

@ Springer
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The shaded areas indicate the predicted PES in the control (green)
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responding observed PFS signals. C,,, = average concentration over

patient’s entire treatment. b Progression-free survival as predicted
by C,,-based model (left panel) and the C, -based model (right

minl avg
panel). The solid red lines describe the change in HR as a function of

exposure—response relationship of olaratumab for toxicity
is thus very shallow, so that an increase in clinical benefit
may be achieved without an increase in serious (high grade)
TEAESs. The findings from the safety assessment should
be interpreted with caution due to the limited number of
patients that experienced TEAEs. Safety data from the ongo-
ing confirmatory phase 3 study will provide more conclusive
results.

Altogether, our analysis indicates that olaratumab has a
wide therapeutic window, characterised by a steep expo-
sure—response relationship for efficacy and a shallow expo-
sure—response relationship for toxicity. It also indicates
that the therapeutic window of olaratumab was effectively
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sion-free survival, VPC visual predictive check

targeted by the dose of 15 mg/kg tested in the randomised
phase 2 study where approximately 75% of the population
were exposed to olaratumab serum levels associated with OS
benefit and maximum OS benefit was potentially reached.
Finally, our analysis suggests that an olaratumab C,;,, of
66 pg/mL or C,,, of 134 ug/mL may represent a minimum
threshold for delaying disease progression and providing OS
benefit in STS.

This hypothesis was used to further optimise the dos-
ing strategy for the ongoing randomised phase 3 study of
olaratumab combined with doxorubicin (ANNOUNCE).
Simulations using the PopPK model previously developed
for olaratumab indicate that the use of a loading dose of
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20 mg/kg on Days 1 and 8 of Cycle 1 would achieve olara-
tumab serum levels comparable to those observed at steady
state with 15 mg/kg. The dosing strategy for the randomised
phase 3 study therefore consists of a loading dose of 20 mg/
kg of olaratumab during Cycle 1 followed by 15 mg/kg in
ensuing cycles. This dosing strategy is expected to better tar-
get the therapeutic window of olaratumab by (1) minimising
the number of patients whose C,;,,, falls below 66 pg/mL at
the start of treatment; (2) replicating olaratumab steady-state
serum levels associated with OS benefit; and (3) preserving
the positive benefit-risk ratio of olaratumab by maintaining
olaratumab serum levels with the same total range as in the
randomised phase 2 olaratumab trial.

Conclusions

The exposure—response relationship of olaratumab for PFS
and OS are best described by time-to-event models with
exponential hazard functions, and the effects of olaratumab
on PFS and OS were well-characterized by inhibitory Ey s
functions with Hill coefficients. Both PK endpoints, C,,;,;
and C,,, were equally predictive of the effect of olaratumab
on OS and PFS. The model estimated maximum OS benefit
was achieved by 75% of the patients in the trial, whereas
only 50% of the patients are estimated to have achieved max-
imum benefit in PFS. The therapeutic window of olaratumab
appears wide as increasing olaratumab serum concentration
was not associated with increased incidence rate of TEAEs.
Based on the analysis presented here and the evidence pre-
viously reported on this clinical study, a loading cycle of
20 mg/kg of olaratumab was incorporated into the confirma-
tory phase 3 study with the aim to prevent early disease
progression and increase the number of patients that could
potentially experience OS benefit.
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