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Abstract

Purpose To evaluate the exposure—overall survival (OS) relationship in patients with advanced pancreatic cancer treated
with galunisertib plus gemcitabine (GG) or gemcitabine plus placebo (GP).

Methods Galunisertib 300 mg/day was given orally as intermittent dosing and gemcitabine as per label. Galunisertib expo-
sure metrics for each patient in the GG arm (n=99) of a phase 2 study of pancreatic cancer were calculated. Parametric
survival models were used to identify influential baseline and response covariates on OS.

Results The population pharmacokinetics dataset included data from 297 patients/healthy subjects (age: 22—84 years, weight:
39-126 kg) across multiple studies, including this pancreatic cancer study. Galunisertib was rapidly absorbed with peak con-
centrations attained within 0.5-2 h and had an elimination half-life of 8 h. Between-subject variance on apparent clearance
was estimated to be 47%. Age was the only characteristic to have a statistically significant effect on apparent clearance. A
parametric Weibull survival model with treatment effect (dose) estimated a hazard ratio of 0.796, after adjusting for patient
baseline factors that were significantly associated with OS. There was also a flat daily exposure—OS relationship within the
observed exposure range, once all significant baseline covariates were included. Response covariates, such as reduction in
CA19-9, time on treatment, and cumulative exposure over treatment cycles were also identified as significant factors for OS
for patients with pancreatic cancer.

Conclusions This analysis suggests that 300 mg/day galunisertib administered as 150 mg twice daily for 14 days on/14 days
off treatment is an appropriate dosing regimen for patients with pancreatic cancer.

Keywords Pharmacokinetics - Pharmacodynamics - Randomized controlled trial - Anticancer drugs

Introduction
Electronic supplementary material The online version of this . . .
article (https://doi.org/10.1007/500280-019-03931-1) contains The transforming growth factor beta (TGF-p) signaling path-
supplementary material, which is available to authorized users. way plays an important role in cancer promotion and pro-

gression [1]. Pathological forms of TGF-f signaling promote
tumor growth by inducing epithelial-to-mesenchymal tran-
sition, extracellular matrix remodeling, evasion of immune

P4 Ivelina Gueorguieva
gueorguieva_ivelina@lilly.com

' Global PK/PD, Eli Lilly and Company, Sunninghill surveillance, metastasis, and chemoresistance [2—4]. TGF-f
Road, Erl Wood Manor, ROB building, Windlesham, signaling is initiated by the binding of TGF-f to type I or
Surrey GU20 6PH, UK type II TGF-f receptors, causing the heterotetramerization

? Vall d’Hebron University Hospital and Institute of Oncology of both ligand and receptor. Upon heterotetramerization,
(VHIO), IOB-Quiron, Barcelona, Spain downstream SMAD-dependent (canonical) and SMAD-

?  Digestive Molecular Clinical Oncology, University independent (non-canonical) pathways can be activated [5].
of Verona, Verona, Italy Whole-genome sequencing analyses confirmed that TGF-3

*  Eli Lilly and Company, Indianapolis, IN, USA signaling was one of the recurrently mutated signal transduc-

5 Eli Lilly and Company, Bridgewater, NJ, USA tion pathways in pancreatic cancer [6]. Despite the steady

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00280-019-03931-1&domain=pdf
https://doi.org/10.1007/s00280-019-03931-1

1004

Cancer Chemotherapy and Pharmacology (2019) 84:1003-1015

increase in survival for most cancers, advances have been
slow for pancreatic cancer, for which the 5-year relative
overall survival (OS) rate is 7-8% [7, 8].

The efficacy of the pharmacological inhibition of the type
I TGF-p receptor (TGF-BRI) in preclinical models of pan-
creatic cancer has previously been demonstrated [9]. Gal-
unisertib is an oral small molecule inhibitor of TGF-fRI
that specifically downregulates SMAD?2 phosphorylation,
abrogating activation of the TGF-p canonical pathway [4].
Galunisertib, as well as other inhibitors of the TGF-f signal-
ing pathway, has demonstrated potent inhibition of canoni-
cal, and to a lesser extent, non-canonical pathways in a vari-
ety of in vitro carcinoma cell lines and preclinical models
[9-12]. Due to cardiovascular toxicities in rats and beagle
dogs [13], a pharmacokinetic/pharmacodynamic (PK/PD)
approach, which integrated translational biomarkers and pre-
clinical toxicity, was developed. This allowed for prospective
definition of a therapeutic window for galunisertib, which
was further characterized in human trials [14].

In a randomized, double-blind, phase 2 study (Clinical-
Trials.gov; NCT01373164) to evaluate the efficacy of gal-
unisertib in combination with gemcitabine (GG) in patients
with advanced pancreatic cancer, patients who received gal-
unisertib combination therapy showed an approximate 20%
improvement in OS relative to patients who received gemcit-
abine plus placebo (GP) [15, 16]. Galunisertib is, to date, the
most advanced signaling inhibitor of TGF-BRI under clinical
development [3]. However, for optimal dose identification
for cancer patients, it is important to understand the relation-
ship between observed patient exposures and OS [17, 18].

Here, we describe a population PK meta-analysis across
indications for galunisertib, which is necessary to describe
individual patient exposure in the current pancreatic cancer
(JBAJ) study. In addition, we report on the observed expo-
sure—response (as measured by OS) relationship in patients
with advanced pancreatic cancer treated with either GG or
GP. The two key objectives of these analyses were (a) to
characterize the PK of galunisertib in patients with cancer
and in healthy subjects from a range of studies and indi-
cations, identifying patient factors and laboratory param-
eters that may influence galunisertib disposition, and (b) to
explore the relationship between galunisertib exposure and
0OS, identifying important markers for survival benefit in
patients with pancreatic cancer.

Materials and methods
Galunisertib population PK model
PK data from the current phase 2 study in patients with pan-

creatic cancer (JBAJ) were combined with data from five
other studies for meta-analyses (Table 1). All studies were
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conducted in accordance with the International Confer-
ence on Harmonization Good Clinical Practice guidelines
and were approved by the appropriate independent review
boards. This analysis was conducted to establish a compre-
hensive database of galunisertib PK information to allow
comparison of PK profiles of future studies to this database
and thus identify possible PK-related efficacy and safety
factors.

Galunisertib was administered as an oral tablet twice
daily (BID) for 14 days on treatment and 14 days off treat-
ment. In all studies, one cycle was defined as 28 days and
constituted 14 days on/14 days off treatment. In the clinical
pharmacology studies, only single doses were administered.
Subjects in all studies included in the meta-analyses, apart
from the food effect study, took galunisertib on an empty
stomach. Samples of approximately 4 mL of venous blood
were collected and used for measurement of galunisertib
concentrations using a liquid chromatography/mass spec-
trometry (LC/MS) method. Details of blood collection inter-
vals are also provided in Table 1.

Plasma samples obtained during this study were analyzed
for galunisertib using validated LC—API/MS/MS methods
(BPLY215A and BPLY215B) at Intertek Pharmaceuti-
cal Services (El Dorado Hills and San Diego, California,
USA). For BPLY215A, the lower limit of quantification
was 0.0500 ng/mL and the upper limit of quantification was
10,000 ng/mL. For BPLY215B, the lower limit of quantifica-
tion was 5000 ng/mL and the upper limit of quantification
was 1000,000 ng/mL. All samples were initially analyzed
using BPLY215B and those below the limit of quantifica-
tion for this method (5000 ng/mL) were re-analyzed using
BPLY215A. Samples above the limit of quantification were
diluted and re-analyzed with BPLY215B to yield results
within the calibrated range. The inter-assay accuracy (%
relative error) during validation of BPLY215A ranged from
—3.778 to — 1.268%. The inter-assay precision (% relative
standard deviation) during validation of BPLY215A ranged
from 1.695 to 5.086%. The inter-assay accuracy (% relative
error) during validation of BPLY215B ranged from — 2.22
to — 1.79%. The inter-assay precision (% relative standard
deviation) during validation of BPLY215B ranged from
2.21 to 5.07%. Galunisertib was stable for up to 148 days
(ARLY215A) and 109 days (ARLY215B) when stored at
approximately — 20 °C. Galunisertib was stable for up to
753 days (ARLY215A) and 1147 days (ARLY215B) when
stored at approximately — 70 °C. Long-term storage stabil-
ity was conducted by the sponsor, except for the 753-day
assessment (ARLY215A).

A population PK model was developed for galunisertib
by fitting a model to concentration—time data using NON-
MEM version 7.3 (ICON Development Solutions, Leop-
ardstown, Dublin, Ireland) in conformity with the Food
and Drug Administration’s (FDA) Guidance for Industry:
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Table 1 Summary of studies included in the population PK analysis

Study Indication

Galunisertib dose (mg/day)

Dosing regimen (mg/day)  PK blood sampling collec- N

tion intervals (h)

JBAJ (NCTO01373164) Part A: solid tumors
Part B: pancreatic cancer Phase 2: 300

Doses in both parts given

BID

JBAH Solid tumors; 2nd GBM

Doses given BID

JBAH-RBA Solid tumors 150 single dose

JBAL 2nd GBM

BID

JBAU
Food effect study

Healthy subjects 150 single dose

JBAM
14C study

Healthy subjects 150 single dose

Phase 1b: 80, 160, 300

40, 80, 160, 240, 300

300 doses given as 150 mg

Galunisertib: 300 mg/day
(days 1-14)

Gemcitabine: 1000 mg/
m? once weekly for up to

7 weeks, 28-day cycle

Part 1b, cycle 1: Day 1: 113
predose, 0.5, 2, 3, 6

Day 7: predose, 0.5, 2,3, 6

Day 14: predose, 0.5, 2, 3,
6,24, 48

Part 2, cycle 1:

Day 1: predose, 0.5-2,
3.5-6

Day 7: predose, 0.5-2

Day 14: predose, 0.5-2,
3.5-5,24,48

Cycle 1: Day 1: predose, 37
05,2,3,6

Day 3: predose, 2

Galunisertib monotherapy
(Part A)

40, 80, 160, 240, 300

Galunisertib + lomustine Day 6: predose, 2
(Part B): 160, 300 Day 14: predose, 0.5, 2,

14 days on/14 days off = 1 3,6
cycle (28 days) Day 15: 24

Day 16: 48

Cycle 2:

Day 1: predose, 0.5, 2,3, 6

Day 14: predose, 0.5, 2,
3,6

Day 15: 24

In 3 periods with different 13
formulations

Predose, 0.5, 1, 2, 3,5, 8,
12,24, 48

Cycle 1: Day 1: predose, 114
0.5-2,3.5-5

Day 3: predose

Day 14: predose, 0.5-2,
3.5-5

Day 15: 24

Day 16: 48

In 2 periods (fed/fasted) 14
predose, 0.5, 1, 2, 3, 4, 6,
8,10, 12, 24, 48,72

Predose, 0.5, 1,2, 3,4, 6, 6
8, 10, 12, 24, 48, 72, 96,
120, 144

Galunisertib monotherapy

Galunisertib 4+ lomustine
14 days on/14 days off =
1 cycle (28 days)

Galunisertib monotherapy

Galunisertib monotherapy

BID twice per day, 2nd GBM second-line treatment glioblastoma multiforme, PK pharmacokinetics, RBA relative bioavailability

Population Pharmacokinetics [19]. Plasma concentrations
below the quantification limit of the assay were treated as
missing values and were not included in the analysis. In the
PK observations, there were only 62 samples (beyond Day
1 predose) below the limit of quantification out of a total of
3097 observed galunisertib concentrations. Due to the small
percentage (2%) of samples below the quantification limit,
treating them as missing will not influence the analysis. In
general, missing values of independent variables (demo-
graphic and laboratory) were imputed by the last observa-
tion carried forward method. Different structural models
were tested, such as 1-, 2-, and 3-compartment PK models.

Data analysis was conducted using the PREDPP subroutine
ADVAN4 (TRANS4) and the first-order conditional estima-
tion method with interaction. A series of pharmacostatis-
tical models were systematically evaluated to identify the
model that best described the data. Inter-subject variability
was evaluated on all parameters. With each combination
of structural model, and inter-subject variability model,
combined additive and proportional residual error models
were added. Selection of the most appropriate base model
was based upon agreement between predicted and observed
plasma concentrations, randomness in the weighted residuals
versus the predicted values, convergence of the estimation
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and covariance routines, reasonable parameter and error
estimates based upon the known PK of the compound, good
precision of the parameter and error estimates, and decreases
in the minimum objective function (MOF) (— 2* log likeli-
hood of the data; — 2LL) of at least 7.88 points (p <0.005).

Stepwise covariate modeling was implemented using
Perl-speaks-NONMEM version 7.3 [20]. The criterion
for forward inclusion was a P value no greater than 0.005
(A7.879 MOF for inclusion of one parameter) with a back-
ward deletion threshold of 0.001 (A10.828 MOF for exclu-
sion of one parameter). Patient/healthy subject factors
included were age and body weight at baseline, body mass
index, sex, alcohol use status, smoking status, caffeine use
status, study, fed/fasting status, and drug formulation. A vis-
ual predictive check (VPC) was performed on the base and
final models to investigate agreement between the observed
and predicted concentrations.

The final covariate population PK model was used to
simulate individual patient concentration predictions over
time and calculate individual patient exposure for patients
with pancreatic cancer in study JBAJ.

Exposure-0S analysis

Study JBAJ was a two-part study: phase 1b was an open-
label, multicenter, dose-escalation phase; phase 2 was a 2:1
randomized, double-blind, placebo-controlled phase of GG
versus GP. In phase 1, galunisertib (80, 160, or 300 mg/
day given in two daily doses) was administered in combina-
tion with 1000 mg/m? of gemcitabine. In phase 1b, patients
with metastatic solid malignancies that had not responded
to anticancer therapies and/or were amenable to gemcit-
abine therapy were included. Phase 2 included patients
with advanced or metastatic pancreatic adenocarcinoma at
first presentation or after local relapse who were considered
eligible for first-line chemotherapy with gemcitabine. The
primary objective of the phase 2 part of study JBAJ was to
compare OS in patients with Stage II-IV unresectable pan-
creatic cancer when treated with GG (galunisertib 300 mg/
day plus gemcitabine 1000 mg/m?) versus GP (placebo plus
gemcitabine 1000 mg/m?). Secondary objectives included
evaluation of the galunisertib PK profile and comparison of
biomarker responses.

Potential baseline clinical prognostic factors together with
plasma exposure (measured in Cycle 1) were evaluated for
their impact on OS. The relationship between exposure and
OS was identified using three metrics; exposure at steady
state (area under the curve from time O to 24 h after drug
administration at steady state [AUC,_,, (1), minimum con-
centration at steady state (C, s,)> and maximum concentra-
tion at steady state (Cy,,, s)- All of these metrics were ana-
lyzed with respect to their relationship to OS as continuous
variables using parametric time-to-event models. Here, we
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report only AUC, , . Although there were planned off-
treatment periods (14 days on treatment, 14 days off treat-
ment) within a cycle, exposure at steady state (as observed
on day 14 for each individual patient) was assessed as
constant in OS analyses. Steady-state exposure, following
galunisertib twice daily dosing and t;,, of approximately
8 h, is achieved within 2 days of dosing in most patients.
Hence, assuming constant AUC for the first 14—-15 days of
a cycle is appropriate. However, in the exposure—OS analysis
we have also assumed the same constant exposure for the
planned off-treatment period. It is not clear how this assump-
tion affected results, especially as time period to event/cen-
soring varied between a cycle and up to 21 treatment cycles.

Potential clinical prognostic and predictive factors meas-
ured at baseline were evaluated for their impact on the expo-
sure—OS relationship. Continuous laboratory variables were
categorized according to quartile values and/or less than or
equal to median observed baseline values (specifically for
TGF-B1 levels) calculated across all patients. Assessing
reductions in carbohydrate antigen19-9 (CA19-9) or TGF-p1
levels can help with evaluating possible antitumor activity
[21, 22]. Patients were considered to be CA19-9 respond-
ers if they had a reduction of >20% in CA19-9 levels in the
first 12 weeks of treatment, in contrast to <8 weeks in other
assessments [23, 24]. Based on a study suggesting that gal-
unisertib reduces TGF-f in hepatocellular carcinoma [21,
25], TGF-B was assessed similarly to CA19-9. Reductions
in CA19-9 and TGF-B, cycles on treatment and cumulative
exposure over the treatment course were all considered as
potential explanatory covariates of OS. Cumulative exposure
was calculated without taking dose modifications into con-
sideration. Howeyver, this is not considered to be important as
the overall mean dose intensity of galunisertib/placebo was
similar between treatment groups (99% in the GP group and
96% in the GG group based on tablet count).

In addition, we assessed whether observed exposure dif-
fered in patients with baseline TGF-p level as a categori-
cal covariate (<4220 pg/mL vs.> 4220 pg/mL). These
additional analyses were carried out on all patients and
then separately on patients who stayed on treatment for at
least 3 months. The cutoff point of 3 months was chosen to
exclude patients with very poor prognoses, whose data might
have masked any existing exposure—OS relationship.

Univariate and multivariate Cox regression analyses were
performed to evaluate the exposure—efficacy relationship for
the efficacy end point, OS, and to estimate the hazard ratios
between patients treated with galunisertib plus gemcitabine
and patients treated with placebo and gemcitabine. Expo-
sure parameters, such as AUC, ,, , were evaluated with
patients categorized into groups dependent on their expo-
sure quartiles. It is possible that due to the relatively small
sample size in each quartile as well as the shape of the sur-
vival curve, the assumption of proportional hazards made
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in the Cox regression models was not appropriate. Hence,
to investigate this, a parametric model, including baseline
hazard and AUC,, », i, as a continuous variable was fitted
to the data to further explore the exposure—OS relationship
in study JBAJ. Parametric models, specifically Weibull and
exponential models, were used to interpret the data.

The effects on survival probability of selected identified
important baseline covariates, with entry p value of 0.2 and
exit p value of 0.2, were investigated. Those covariates are
a mixture of categorical [Eastern Cooperative Oncology
Group (ECOG) performance status and presence of liver
metastasis] and continuous factors (AUC,_,4 i, CA19-9,
and age). The effect of continuous covariates at different
time cutoff points (2, 6, 12, and 24 months) were plotted
using Monte Carlo simulations using the variance—covari-
ance matrix.

Results

This phase 1b/2 study, mainly in patients with pancreatic
cancer, was conducted in 24 centers across siX countries.
There were 14 patients with evaluable PK observations
(excluding four screen-failure patients) in the phase 1b part
of the study. Of the 199 patients who entered phase 2, 156
were randomly assigned 2:1 to study treatment, yielding 104
and 52 in the GG and GP arms, respectively. Of the 104
patients in the GG arm, only 99 patients had measured gal-
unisertib concentrations. These patients, together with the 52
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Fig.1 Visual predictive check (prediction corrected) for a final
model (entire concentration—time profile) and b final model (only
18 h post-dose). Solid red line: median of observed concentrations;
dashed black lines: 5th and 95th percentiles of observed concentra-
tions; dark gray-shaded area: confidence interval for the median of

patients from the GP arm, were included in the exposure—OS
analyses (N=151).

Galunisertib population PK model

A total of 297 patients/heathy subjects were included in the
population PK analysis (Table 1). The age of the popula-
tion ranged from 22 to 84 years (mean =060 years) at study
entry and weight ranged from 39 to 126 kg (mean="75.1 kg).
The majority of subjects were Caucasian (n =189, 63.0%).
By indication, patients presented with second-line glioblas-
toma (48.5%), pancreatic cancer (33.3%), and other can-
cers (11.4%). The remainder of the population (6.7%) was
healthy.

The median predicted concentrations generally closely
followed the median observed concentrations, with a slight
deviation at later time points, where less data were available.
The 5th and 95th percentiles were generally well predicted,
although they were slightly underpredicted at earlier time
points, notably around the peak concentrations (Fig. 1).
The PK of galunisertib was best described by a two-com-
partment model with first-order absorption and elimination
rate, assuming a log-normal distribution of inter-patient
variability. Galunisertib was rapidly absorbed with peak
concentrations attained within 0.5 to 2 h and an elimination
half-life of 8 h. Mean population apparent clearance of gal-
unisertib was 35 L/h and the steady-state apparent volume
of distribution was 190 L. The between-subject variance was
estimated to be 47% on the population-based apparent total

(b)
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simulated data; light gray-shaded areas: confidence intervals for the
5th and 95th percentiles of simulated data. Observed data and simula-
tions following 300 mg/day, administered as 150 mg twice daily, at
steady state
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clearance (CL/F). Shrinkage on CL/F and Ka was 5% and
14%, respectively.

The final PK model included effects of food and for-
mulation on absorption rate and of age on the CL/F
(Table 2a). Although the effect of age on CL/F between-
subject variability was small (reducing inter-patient vari-
ability from 49% down to 47%), it was statistically signifi-
cant and kept in the final model. CL/F decreased with age
in a linear fashion. Galunisertib systemic exposure was
not influenced by weight (median 72 kg, range 39-126),
sex (22% female), race (63% Caucasian), smoking status
(24% smokers), and consumption of alcohol (29% consum-
ing) or caffeine (33% consuming). The absorption rates in
fasted subjects with high shear wet granulation (HSWG)

and roller compaction slurry-milled (RCS) formulation
were estimated to be 1.18 h~! and 0.467 h~!, respec-
tively, whereas in fed and fasted subjects with HSWG
formulation, the absorption rates were 0.309 h~! and
1.18 h™!, respectively. This was expected and supported
by the conclusions from a separate food effect study and
the relative bioavailability study (data from both studies
included within the meta-dataset), where, although expo-
sure was not changed in either case, Cmax and, for one
of the formulations, tmax were reduced by approximately
20%, which was not clinically meaningful with chronic
dosing of galunisertib. Plots of the included factors (as
listed in Table 2a) against Ka and CL/F from the final
model are available in Supplementary Materials (Figure

Table 2 (a) Mean population, inter-patient, and covariate parameters in the final population PK model (b) and mean and relative SE estimates

from the full Weibull model

Parameter Estimate (relative SE %) Inter-patient variability

for PK (relative SE %)

(@
Absorption rate constant
Ka (h™") 1.18 (13) 156% (12)
Effect of food on Ka -0.738 (6.3) NE
Effect of RCD formulation on Ka -0.49 (8.2) NE
Effect of RCS formulation on Ka -0.604 (14) NE
Clearance
CL/F (L/h) 349 (3.4) 47.1% (13)
Effect of age on CL/F (year‘l) -0.0122 (26) NE
V of D for 1st compartment (L) 79.9 (6.8) NE
V of D for 2nd compartment (L) 110 (11) NE
Inter-compartment clearance (L/h) 6.68 (7.6) NE
Residual error (additive) 0.188 (43)
Residual error (proportional) 76.0% (2.1)
Parameter Estimate Relative SE (%)
(b)
Aps (1/month) 0.0478 8.6
s 1.38 6.9
sace1 (1/year) 0.0351 41.6
sageTs (1/year) —0.659 52.4
scarg (1/KU/L) 0.0000124 25.2
6ECOGI —0.469 46.7
TECOG 1.03 32.8
SLMPE —0.463 44.7
9PREGEM - 112 41
0DOSE 0.228 93.9

(a) Apparent clearance is age dependent as follows: CL/F=34.9 x (1 — 0.0122 X (age-61))

(b) OS model: objective function value: 788.016; termination message: minimization successful. Number of function evaluations used: 274;

number of significant digits in the final estimate: 4.3

Agel age (years) at baseline as continuous covariate, Age75 age at baseline cutoff 75 years, CA19 carbohydrate antigen19-9 in kU/L,CL/F appar-
ent clearance, D distribution, ECOG 1/2 Eastern Cooperative Oncology Group performance status 1 or 2, h hour, Ka absorption constant, GEM
gemcitabine, LMPB liver metastasis at baseline (yes; no), NE not estimated, OS overall survival, PK pharmacokinetics, Q inter-compartment

clearance, RCD roller compaction dry-milled, RCS roller compaction slurry-milled, SE standard error, V volume
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S1). Additionally, the final population PK model goodness
of fit plots are also available in Supplementary Materials
(Figure S2).

Final PK model parameter estimates were used to simu-
late galunisertib PK profiles for individual JBAJ patients
and calculate individual patient exposure (AUC_,4), Cppax ss»
Chninss» and time to maximum concentration at steady state
(Thax, ss)- The calculated median (25th-75th) population
exposure at steady state was 5560 ng h/mL (3820-7910 ng h/
mL) with C,,, and T, of 904 ng/mL (668-1194) and 1.5 h
(1-2.5), respectively. Although there was one patient with
very high exposure, the predicted AUC,, ,, , for patients
with pancreatic cancer in study JBAJ following a 300-mg/
day dose (administered as 150 mg BID) was within the ther-
apeutic window (3730 to 8380 ng h/mL) defined previously
[14]. These exposure metrics were used in exposure—OS
analyses, reported below.

Exposure-response (0S) relationship in patients
with pancreatic cancer

It appeared from the OS data that there was not a constant
relative hazard, which makes Cox regression an inappropri-
ate method to use. To address this, parametric models were
explored; of these, Weibull described the data best. In this
parametric analysis, although there are assumptions on dis-
tributional form of base hazard and hazard over time, there
is no need for the proportional hazard assumption. Using
the Weibull parametric model, OS data were adequately
described and it was possible to investigate the important
covariates including exposure as a continuous potential
covariate. The Weibull model (Eq. 1) provided a good fit to
the data; significant covariates, including treatment effect
(dose) were included (Table 2b).

haeatn(®) = Aos@os (1)°™" - exp (34651 (AGE — 67.5)
+68c061 ECOG1 +75c0g2 ECOG2 +g) \pg LMPB

+opreEcEMPREGEM +p0s;; DOSE),
()
S(t) = exp """,
where ECOG1 =1 for baseline ECOG 0, and 0 other-
wise; ECOG2 =1 for baseline ECOG 2; and 0 otherwise;
PREGEM =1 for previous gemcitabine treatment, and O
otherwise; LMPB =1 for no baseline liver metastasis, and O
otherwise; AGE =age at baseline as continuous covariate;
AGE75 =1 for age (years) at baseline <75 years, 0 other-
wise; CA19=CA19-9 as continuous covariate; DOSE=1
for GP, 0 for GG.
Including the treatment effect as a significant covariate,
the hazard ratio (90% confidence interval) was estimated

as 0.796 (0.56, 1.13). For the treatment comparison, a haz-
ard ratio < 1 indicates a lower risk of death in the GG treat-
ment group compared with the GP treatment group. From
the Kaplan—Meier OS curve and 90% VPC, based on 100
parametric model simulations predicting OS probability
for each treatment arm, the model was able to predict the
observed OS in both arms of the study (Fig. 2).

In the analysis of potential covariates of OS, a flat rela-
tionship between exposure (AUC,,_,, () at steady state and
OS was apparent when considering exposure as a covariate
and once all significant covariates (namely ECOG, pre-
treatment with gemcitabine, age [continuous], baseline
CA19-9 [continuous], and liver metastasis [binary]) were
included (Fig. 3a). Similar results were found for C,,,
and C,;,  (data not shown). The age-to-survival prob-
ability relationship was not linear and there appeared to be
an inflection point around 65 to 75 years of age where the
slope changed (data not shown). A categorical cutoff by
age (patients > 75 years and patients <75 years) was found
to be a significant covariate in the analysis. Unusually,
patients > 75 years of age (small number of patients, n=19
in the GG arm) appeared to have a higher survival prob-
ability compared with younger patients, especially at later
time points (Fig. 3b). The survival curve differences were
primarily driven by approximately 14 of 19 patients in the
GG arm, aged > 75 years. There might have been other
reasons, for example, different tumor mutations, but it was
not possible to identify these within our dataset. We there-
fore selected age as an inflection point. Patients with liver
metastasis on study entry fared worse than those without
liver metastases (Table 2b). Patients with an ECOG per-
formance status of 2 at baseline had a lower probability of
survival compared with patients with an ECOG status of 0
or 1 (Table 2b). Patients with high levels of CA19-9 (as a
continuous variable) at baseline had a lower survival prob-
ability compared with patients with lower CA19-9 levels
(Table 2b). TGF-p baseline levels were not found to be a
significant prognostic marker for OS. Observed exposure
was lower and appeared less variable in patients with base-
line TGF-$ <4220 pg/mL (AUC ,, =5719 ng h/mL, %
coefficient of variation [CV]=49; n=51) than in patients
with TGF-p > 4220 pg/mL (AUC,_», s=7674 ng h/mL,
CV=76;n=23).

Further analysis of OS, including concentrations of the
two biomarkers over time, revealed that CA19-9 reduc-
tion (defined as at least one occurrence of a >20% reduc-
tion from baseline in the first 12 weeks of treatment) was
a significant explanatory factor of OS, whereas TGF-f
reduction (collected only during the first three treatment
cycles) was not a significant covariate. Additionally, time
on treatment (number of cycles) was identified as a sig-
nificant covariate of OS, but cumulative exposure was
not. Baseline factors CA19-9, age, and pre-treatment with
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Fig.2 Exposure-overall survival analysis: Parametric model—sur-
vival probability over time in a gemcitabine plus placebo (GP) and b
galunisertib plus gemcitabine (GG) treatment arms. Visual predictive
check for the Kaplan—-Meier OS curve (based on 100 simulations).
The observed Kaplan—-Meier curve (solid line) from study JBAJ is

gemcitabine remained significant covariates for OS within
this model.

Investigating only patients who survived for >3 months
in additional analyses (not reported here in detail), time
on treatment (number of cycles), and cumulative exposure
(AUC, ,4,) Over the treatment course (Fig. 4a) were both
found to be independent significant response markers for OS.
Baseline CA19-9, pre-gemcitabine treatment, and CA19-9
reduction (Fig. 4b) were also found to be important covari-
ates in this subgroup. In the CA19-9 reduction analysis, 20%
reduction at week 12 was treated the same even at observa-
tions < 12 weeks and hazard at week 1 was dependent on
observations not available until week 12. This may explain
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compared to the 90% confidence interval (gray area) derived from
parametric Weibull model simulations predicting OS probability. The
censored values are shown with short black lines on the solid curve.
OS overall survival

underprediction in earlier months and overprediction at later
months (Fig. 4b).

Discussion

This exploratory phase 2 study showed that the novel com-
bination of GG was more effective than the standard of
monotherapy gemcitabine for OS [15] and the magnitude
of effect was encouraging for future studies. We assessed
whether known baseline factors, such as ECOG and liver
metastasis, influenced OS. Specific investigation was car-
ried out to assess whether OS was influenced by variability
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Fig.3 Potential and identified covariates for overall survival by
baseline factors: a exposure and b age. a Model-predicted survival
probability (black solid line) at 2, 6, 12, and 24 months against expo-
sure (AUC, ,4)- Short black lines on the x-axis indicate observed
exposure in each patient from study JBAJ. b Visual predictive

in achieved galunisertib plasma exposures (on a per-patient
level) following a 300-mg/day dose. To characterize vari-
ability in galunisertib PK, we developed a population PK
model, using all available galunisertib plasma concentration
observations over time from a range of studies. In the popu-
lation PK analysis, galunisertib PK was evaluated in 277
patients with solid tumors and 20 healthy subjects using a
population modeling approach. This was carried out to elu-
cidate and quantify major sources of inter-patient variability
for galunisertib PK.

check (shaded area) for the Kaplan—Meier overall survival curve
(solid line) stratified by the significant categorical covariate age
(patients <75 years and patients>75 years). Note different x-axis
scales. AUC,, ,,  area under the curve from time 0-24 h, at steady
state

Galunisertib was rapidly absorbed into the systemic cir-
culation with a time to maximum concentration of up to
2 h, which is consistent with the findings for other small
molecule inhibitors [26, 27]. We found that there was a
small, but statistically significant, effect of age on CL/F;
food consumption and formulation also affected the rate of
galunisertib absorption. Our analysis showed that there was
an underprediction of maximal concentrations of galunis-
ertib in some patients. However, by plotting the VPC and
scaling the x-axis to only 18 h, the majority of observa-
tions were captured within the prediction intervals. At later
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Fig.3 (continued)

time points, beyond 50 h post-dose, inter-patient variability
was overestimated, reflecting perhaps the smaller number of
observations made. Exposure (AUC), rather than C,,, .
was related to both safety (daily and different intermittent
schedules were used in rat and dog studies, where the main
non-monitorable toxicity was valvulopathy) and preclinical
efficacy of galunisertib [13, 14]. If this observation in pre-
clinical species holds true for patients as well, this under-
prediction of maximum concentration is less of a concern
with chronic dosing.

Other than the effect of age on clearance, none of the
patient demographic characteristics were found to be sig-
nificant covariates for galunisertib PK. Overall, the PK
in patients with pancreatic cancer were similar to the PK
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observed in patients with other cancer types to date, and
were within the predefined therapeutic window [14]. Due
to systemic exposure of galunisertib being directly related
to non-monitorable toxicity in animals, it is important that
the inter-patient variability in exposure was found to be
moderate at 47% [14]. Apparent clearance of galunisertib
decreased with age in a linear fashion. As with other small
molecule inhibitors, the renal clearance of galunisertib is
low [27]; only 6% of the galunisertib dose was recovered
in urine as the intact parent drug (data on file, Eli Lilly and
Company).

In the pancreatic cancer phase 2 study (JBAJ), we used
a randomized design emphasizing the experimental arm
and enriching the control arm. We pooled data from the
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Fig.4 Identified response markers for overall survival in patients
with pancreatic cancer: a cumulative exposure (AUC, ,, ) and b
CA19-9 reduction in patients surviving >3 months. Visual predic-
tive check (shaded area) for the Kaplan—-Meier overall survival curve

control arm of other trials of patients with similar charac-
teristics, allowing for a smaller study sample size in study
JBAIJ [15]. Here, we investigated the relationship between
individual patient-observed galunisertib exposures and OS
and whether there were any trends in plasma exposure,
even following only one dose level (300 mg/day), leading
to an improved survival benefit.

On review of Kaplan—Meier analyses, whereby median
OS time within each exposure quartile was estimated, there
were no clear separations between the OS curves in the
first three quartiles and higher exposure was not associated
with longer survival. Indeed, patients in the highest quar-
tile of exposure had the shortest median OS (6.7 months).
This was shorter than the median OS observed in the GP
arm (7.6 months), suggesting that other factors may have
been more influential in predicting the OS of patients in
this quartile. We therefore employed parametric models to
investigate the exposure—OS response relationship, where
exposure could be added as a continuous explanatory vari-
able. Other patient characteristics were also integrated into
the model enabling an assessment of exposure to be made
after adjusting for these covariates. Although assump-
tions have been made on the functional form of distribu-
tions for base hazard and hazard over time in parametric
models, there is no need for a constant proportional haz-
ard assumption in these models, in contrast to the usual

(b) No Reduction

1 1 1 1 1 1 1 1 1 1 1 1 1

Reduction 220%

100 } + 100 =

Survival (%)
Survival (%)

40

Time (mo) Time (mo)

(solid line) based on 100 simulations and stratified by covariate val-
ues. Note different x-axis scales. AUC, ,, , area under the curve from
time 0-24 h, at steady state

semi-parametric Cox regression model. We identified that
the Weibull model [28] best described the data.

Important covariates for OS were pre-treatment with
gemcitabine, baseline liver metastasis, ECOG status, CA19-
9, age continuous, and age categorical (<75 and >75). There
was a treatment effect (GP vs. GG), but higher exposure
within the 300-mg/day dose group was not associated with
an improvement in OS. These findings were consistent for
all three exposure measures. The flat relationship between
exposure, together with the significant dose effect, and OS,
after adjusting for the baseline factors that were significantly
associated with OS, suggests that the chosen dose of galuni-
sertib (300 mg/day) achieved sufficient plasma galunisertib
levels for the treatment of pancreatic cancer in the study
JBAJ.

A 20% reduction in CA19-9 over 12 weeks was identi-
fied as an important marker of response to treatment. This is
consistent with previous findings in patients with pancreatic
cancer [23, 24]. A reduction of the TGF-f in response to gal-
unisertib exposure has also been associated with improved
OS in patients with hepatocellular carcinoma [25], although
we did not identify this to be an important covariate in our
study. However, AUC,_,, i, did appear to be lower and less
variable in patients with baseline TGF-p <4220 pg/mL.
Owing to the relatively small sample size and the explora-
tory nature of the analyses, the interpretation of the TGF-f3
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results should be approached with caution. Additionally,
time on treatment (number of cycles) was found to be a
significant marker for OS. Investigating only patients who
survived for >3 months, we found that time on treatment and
cumulative exposure (AUC_», () over the treatment course
were both independently significant response markers for
OS.

A limitation of this study of galunisertib PK is that data
were restricted to 297 patients from six different studies.
In future meta-analyses, all galunisertib plasma concentra-
tion data could be combined with data from studies where
PK was measured in different cycles in larger numbers of
patients. Exposure response could also be assessed in terms
of progression-free survival, which has the advantages of
smaller sample sizes and shorter follow-up times [29]. This
study did not consider hepatic impairment function as a
potential covariate, which could be of importance given the
low renal clearance of galunisertib. Inclusion of patients
with varying degrees of hepatic function impairment would
also facilitate estimation of inter-occasion variability, inter-
patient variability on other parameters, and better parameter
precision estimates. Similarly, OS analyses were limited to
the collected baseline and response markers, and we did
not consider and/or correct for immortal time bias. We did
not assess the exposure—response relationship with markers
associated with inflammatory processes in pancreatic cancer
or immune subgroups, i.e., patients with pre-existing CD4 T
cells. This last consideration becomes important in studies
with immune-targeting agents.

In conclusion, this meta-analysis suggests that the PK
of galunisertib was similar in patients with different types
of solid tumors. For patients with pancreatic cancer, gal-
unisertib 300 mg/day (given as 150 mg BID) provides the
desired PK plasma exposure, with steady-state concentra-
tions consistently within the predefined therapeutic window.
We report a survival advantage for patients treated with the
combination of galunisertib plus gemcitabine, with an esti-
mated hazard ratio of 0.796 after adjusting for patient base-
line factors. In addition, patients who show a>?20% reduc-
tion in CA19-9 over the first 12 weeks on treatment have a
better survival probability. Such a model can facilitate the
design of future trials and help predict anticipated effects of
galunisertib when used clinically.
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