
Defining a therapeutic
window for the novel TGF-β
inhibitor LY2157299
monohydrate based on
a pharmacokinetic/
pharmacodynamic model
Ivelina Gueorguieva,1 Ann L. Cleverly,1 Anja Stauber,2 N. Sada Pillay,2

Jordi A. Rodon,3 Colin P. Miles,1 Jonathan M. Yingling2 &

Michael M. Lahn2

1Lilly Research Laboratories, Sunninghill Road, Windlesham, Surrey, UK, 2Lilly Research Laboratories,

Indianapolis, Indiana, USA and 3Molecular Therapeutics Research Units, Vall d’Hebron Institute of

Oncology and Medical Oncology Department, Vall d’Hebron University Hospital, Barcelona, Spain

Correspondence
Dr Ivelina Gueorguieva PhD, Lilly UK,
Global PK/PD, Sunninghill Road, Erl Wood
Manor, EMC Building, Windlesham, Surrey
GU20 6PH, UK.
Tel.: +44 (0) 12 7648 3408
Fax: +44 (0) 12 7648 3588
E-mail: gueorguieva_ivelina@lilly.com
-----------------------------------------------------------------------

Keywords
PK/PD model, TGF-β inhibitor, therapeutic
window
-----------------------------------------------------------------------

Received
3 July 2013

Accepted
17 September 2013

Accepted Article
Published Online
15 October 2013

AIMS
To identify prospectively a safe therapeutic window for administration of a
novel oral transforming growth factor β (TGF-β) inhibitor, LY2157299
monohydrate, based on a pharmacokinetic/pharmacodynamic (PK/PD) model.
Simulations of population plasma exposures and biomarker responses in
tumour were performed for future trials of LY2157299 in glioblastoma and other
cancer populations.

METHODS
The model was updated after completion of each cohort during the
first-in-human dose (FHD) study. The flexible design allowed continuous
assessment of PK variability by recruiting the required number of patients in
each cohort. Based on 30% inhibition of TGF-β RI kinase phosphorylates
(pSMAD), biologically effective exposures were anticipated to be reached from
160 mg onwards. The therapeutic window was predicted, based on animal data,
to be between 160 and 360 mg.

RESULTS
No medically significant safety issues were observed and no dose limiting
toxicities were established in this study. Observed plasma exposures (medians
2.43 to 3.7 mg l−1 h, respectively) with doses of 160 mg to 300 mg were within
the predicted therapeutic window. Responses, based on the MacDonald criteria,
were observed in these patients.

CONCLUSIONS
A therapeutic window for the clinical investigation of LY2157299 in cancer
patients was defined using a targeted PK/PD approach, which integrated
translational biomarkers and preclinical toxicity. The study supports using a
therapeutic window based on a PK/PD model in early oncology development.

WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT
• TGF-β signalling has been recognized as an

important regulator of tumour growth in
advanced cancers for the last 20 years.
However, due to severe non-monitorable
toxicities in animal studies, no small
molecule TGF-β inhibitor has thus far
progressed into clinical trials in oncology
patients.

WHAT THIS STUDY ADDS
• Although similar cardiovascular toxicities

were observed in animal studies for
LY2157299 monohydrate, we applied a
pharmacokinetic/pharmacodynamic model
to establish prospectively a therapeutic
window. Using a therapeutic window
approach we identified doses and
exposures where we observed responses in
glioblastoma patients with this potential
first in class treatment. This study supports
using a therapeutic window approach
based on a pharmacokinetic/
pharmacodynamic model in early oncology
development.
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Introduction

The transforming growth factor β (TGF-β) superfamily of
ligands has an important role in the regulation of a variety
of physiological processes [1]. TGF-β signalling has been
recognized as an important regulator of tumour growth in
advanced cancers [2, 3]. Inhibiting TGF-β signalling is a
novel approach that will simultaneously inhibit tumour
spread and neo-angiogenesis and improve the host’s anti-
tumour immune response. There are three known human
TGF-β ligands [2]: TGF-β1, TGF-β2, and TGF-β3. Of all the
isoforms, TGF-β1 is most prevalent. TGF-β signalling is ini-
tiated when TGF-β ligands engage TGF-β type-I (RI) and
type-II (RII) receptors. This induces phosphorylation of
the TGF-β receptor kinases [4]. The TGF-β RI kinase
phosphorylates SMAD2 (pSMAD2) and SMAD3 (pSMAD3)
result in the formation of SMAD complexes, which are
subsequently translocated into the nucleus to stimulate
gene transcription of TGF-β responsive genes [5]. Hence,
changes in pSMAD2 and pSMAD3 levels can be used to
determine activity of the TGF-β signalling or inhibitors to
this pathway.

Adenosine triphosphate (ATP)-mimetic drugs, which
target the kinase domain of TGF-β RI, have been devel-
oped [6]. These ATP-mimetic drugs are small molecule
inhibitors designed to block specifically the phosphory-
lation of SMAD2 and SMAD3 at the TGF-β RI kinase site [1].
As the kinase domains of the nodal type I receptor, activin
receptor-like kinase 7 (ALK7) and ALK4 are similar to that of
TGF-β R1, the specificity of such small molecule inhibitors
is not complete. This may explain some of the observed
toxicities, which are considered severe, in animals admin-
istered such TGF-β small molecule inhibitors [7]. One of
these ALK5-inhibitor programmes was terminated
because of the heart valve lesions induced in animals [8].
Their lead ALK5 inhibitor demonstrated an incidence of
haemorrhagic, degenerative and inflammatory lesions in
heart valves, which occurred during a 10 day dose range
finding study. Additional 10 day toxicological studies with
six other ALK5 inhibitors at high doses were performed,
but again heart valve lesions were observed. The authors
reported that no lesions were found either when there was
inadequate level of exposure or when they used a much
less potent ALK5 compound with no real pharmacological
activity. Hence, they concluded that this cardiac toxicity
was a class-wide pharmacological effect preventing this
class of inhibitors from moving to clinical investigation [8].
Another group also reported similar histopathological
findings in all four heart valves for their two ALK5 inhibi-
tors at all doses [9]. As a result of these toxicities observed
in animals, drug development programmes aimed at iden-
tifying TGF-β-receptor kinase inhibitors did not progress
beyond animal studies [8, 9].

We investigated several ALK5 inhibitors [6] from
which LY2157299 monohydrate (identified as LY2157299
in the text below) was selected for clinical investiga-

tion based on its unique properties in animal toxicology
studies. Although we also found similar cardiovascular
toxicities for our ALK5 inhibitors [10], we were able
to apply a pharmacokinetic/pharmacodynamic (PK/PD)
model to establish prospectively a therapeutic window for
LY2157299. This PK/PD model was updated after comple-
tion of each cohort during the first-in-human dose (FHD)
study. Due to the relatively narrow window and non-
monitorable (specifically, heart valve lesions) preclinical
toxicity, we were careful to characterize systematically
between patient variation in exposure. The model was
used to simulate population plasma exposures and
biomarker responses in tumour for future trials of
LY2157299 in glioblastoma and other cancer populations.

Methods

Preclinical data and modelling
The primary objective of preclinical PK/PD modelling of
LY2157299 in preparation for the phase 1 study was to
estimate a pharmacologically effective and tolerable dose
range in humans.

As previously reported in mice [11], we combined
plasma concentrations, biomarker response data (percent-
age of pSMAD2 and pSMAD3) in tumour and efficacy data
in terms of tumour size. It was concluded that 30% inhibi-
tion over 24 h, combined with maximum response (Emax) of
50%, was required to achieve preclinical efficacy. There
were also preclinical toxicity constraints, which are
described in detail in [10]. Briefly, valvulopathy was a con-
sistent finding in both dog and rat. Short duration (1 month
or less) non-clinical toxicology studies in rats and dogs
identified the heart valve as a target organ of toxicity for
LY2157299. A toxicology study in rats using intermittent
dosing (2 weeks on/2 weeks off schedule for 3 months)
established a no-observed-effect level of 50 mg kg−1 for the
cardiovascular changes. Preclinical PK i.v. data from mouse,
rat and dog studies, using allometric scaling, were used to
predict the human i.v. PK parameters for clearance, volume
and absorption. Human i.v. clearance and volume of distri-
bution were predicted to be 20.9 l h−1 (8.11–53.76) and
94.57 l (44.13–202.69), respectively, given as mean (95%
confidence intervals [CI]). Mice and rat models [11]
enabled prediction of the targeted inhibition of SMAD
phosphorylation under different dosing regimens. We
used the predicted PK and PD from preclinical information
(Calu6 mouse model) to simulate the average inhibition of
pSMAD in tumour over 24 h (areas under the efficacy
curves, AUE/24) was estimated after once daily and twice
daily administration of LY2157299.

Predicting therapeutic dose range
Simulations were performed to predict expected inhibi-
tion of pSMAD in tumour for a variety of doses to define
the prospective dose range in patients. Using the pre-
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viously proposed preclinical PK/PD model, clearance,
volume, absorption and bioavailability terms were sub-
stituted by predicted values in humans. Bioavailability
was assumed to be 50%. This assumption was based
on biopharmaceutical data and absolute bioavailability
observed in rats of 73%. In addition, the PD parameters,
such as kout, Imax and IC50 [11], were assumed to be similar to
those in animals. Applying these assumptions, the pre-
dicted inhibitions of pSMAD in tumour in humans across a
range of doses are presented in Figure 1. Specifically, fol-

lowing 200mg once daily and twice daily, the AUE/24 was
29.71% and 35.64% with Emax at 69.10 and 55.48, respec-
tively. The predicted AUE/24 and Emax following 400 mg
once daily were 40.86% and 81.51 and 400 mg twice daily
were 50.77% and 71.27, respectively. Similar conclusions
for the required dose range in humans were reached using
MX1 data in mice and rats. Following a twice daily dosing
regimen, the average percentage of inhibition of pSMAD
over 24 h was always higher compared with a daily dosing
regimen. The comparative percentage inhibition of
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Figure 1
Simulated % of inhibition (median and 5th, 95th percentiles) of pSMAD in tumour in humans from Calu6 models in mice after once daily and twice daily
administration of total daily doses of 40 and 500 mg LY2157299
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pSMAD over a 24 h period between once daily and twice
daily doses for same total dose day−1 (40 mg and 500 mg)
are plotted in Figure 1. The top panels show inhibition of
pSMAD following twice daily and the bottom panels fol-
lowing once daily dosing.

Predicting a safe therapeutic dose range
In addition to the PK/PD model, we included the animal
toxicity information to determine whether the expected
antitumour efficacy of LY2157299 would fall within
or outside of the toxicology risk range. The toxicity of
LY2157299 was characterized in repeat and intermittent
dose non-clinical safety studies up to 6 months’ duration in
rats and dogs [10]. The no-observed-effect level (NOEL)
in rat for the cardiovascular changes in the 3 month
intermittent dosing study was 50 mg kg−1. In dog, the
no-observed-effect level in the 30 day study was
20 mg kg−1. Margins of safety for cardiac changes were
derived using the no-observed-effect level exposures in
the toxicology studies and the exposures predicted from
the PK/PD model for the clinical starting dose (40 mg),
a dose predicted to be within the biologically effective
dose range (240 mg) and the highest proposed dose
(360 mg). The systemic exposures [area under the plasma
concentration–time curve (AUC(0,24 h)) (μg ml−1 h)] from
the toxicology studies in male and female Fischer 344 rats
(n = 5 in each group) following 50 mg kg−1 3 months’ inter-
mittent dosing (2 weeks on/2 weeks off) on day 83 were
8.01 and 20.77, respectively. The margin of safety to the
NOEL for cardiovascular changes, based on exposure, to
the midpoint of the predicted biologically efficacious dose
range (240 mg) and highest anticipated clinical doses
(360 mg) were 1.4 and 0.95, respectively.

A dose escalation scheme (Table 1) was proposed,
starting with a total daily dose of 40 mg and increasing up
to (potentially) 360 mg. Using the scaled human PK model
we projected median (20th and 80th percentile) exposures
at each dose level, assuming dose proportionality in

patients. We anticipated that we should start reaching bio-
logically effective exposures from cohort 3 (160 mg)
onwards. An unacceptable risk was defined as the prob-
ability of exceeding 10.96 mg l−1 h being greater than 20%.

Combining, anticipated biologically effective expo-
sures and exposure associated with toxicity allowed us to
define a therapeutic window (Figure 2), which would
justify a safe evaluation in patients. Due to this relatively
narrow window and non-monitorable preclinical toxicity,
we were careful to characterize systematically between
patient variation in exposure. Driven by the necessity to
understand fully exposure variation between patients, we
expanded cohorts for PK once we were in the desired dose
range. It was also evident that this safe therapeutic
window could only be achieved in humans if the PK vari-
ability was low to moderate.

FHD clinical trial design
The study was conducted in accordance with the princi-
ples for human experimentation as defined in the most
recent version of the Declaration of Helsinki and was
approved by the Investigational Review Board. Informed
consent (ICD) was obtained from each patient after they
had been told the potential risks and benefits, as well as
the investigational nature of the study.

LY2157299 was administered orally as a tablet on an
empty stomach. Patients in cohorts 1 and 2 were adminis-
tered LY2157299 as a continuous treatment and took a
single total daily dose of LY2157299 on day 1 and no drug
on day 2. This was done in order to obtain a full patient
pharmacokinetic profile after a single dose of LY2157299,
which was compared with the same patient’s profile at the
last day of study treatment in a cycle. Before dosing of
cohort 3, unexpected toxicities (based on preliminary find-
ings) were observed in non-clinical toxicology 6 month
continuous oral administration of LY2157299 studies in
rats and dogs. As the result of the 3 month non-clinical
study in rats [10], an intermittent dosing regimen with a 28
day cycle (14 days on/14 days off) was used starting in
cohort 3 in patients with glioma. The intermittent dosing
regimen for a cycle (28 days) was defined as 2 weeks of
LY2157299 twice daily administration followed by 2 weeks
without LY2157299 administration. The planned duration
of treatment, in the absence of disease progression
or dose-limiting toxicity, was two treatment cycles of
LY2157299. After the second cycle, if the patients did
not have progressive disease based on RECIST [12] or
MacDonald criteria [13], they could continue treatment as
long as they signed a second ICD. During monotherapy
with LY2157299, there was a cohort-by-cohort safety and
PK analysis to allow an informed decision prior to each
dose escalation and no intra-patient dose escalation was
allowed. A minimum of three patients were enrolled per
dose level. The highest dose of LY2157299 administered
was not to exceed 360 mg day−1, as discussed in the previ-
ous section, unless the observed exposure (AUC) in

Table 1
Y2157299 proposed dose-escalation scheme for clinical study

Dose
level

Total
daily dose
(mg day−1) % increase

Predicted median
AUC (20th – 80th
percentile range)
(mg l−1 h)

1 40 – 0.93 (0.76–1.22)
2 80 100 1.86 (1.51–2.44)

3 160 100 3.73 (3.03–4.87)
4 240 50 5.59 (4.54–7.31)

5 360 50 8.38 (6.81–10.96)

The dose levels in bold are doses that will be administered intermittently (2 weeks
on/2 weeks off) based on study protocol amendment. Dose levels 1 and 2 were
administered prior to amendment. AUC, area under the plasma concentration vs.
time curve.
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patients was less than predicted based on the non-clinical
PK model or there were compelling reasons to escalate
beyond this dose. Due to systemic exposure being directly
related with non-monitorable toxicity in animals, between
patient variability on exposure had to be low to moderate,
i.e. below 50%. Should the exposure variability be any
higher, an unacceptably higher proportion of patients
would be at risk of exceeding the predefined exposure
limit.

Venous blood samples of approximately 4 ml were
drawn into sodium heparinized tubes for measurement of
LY2157299. Plasma samples collected were assayed for
LY2157299 using a validated liquid chromatography/mass
spectrometry (LC/MS) method. The lower limit of quantifi-
cation was 0.05 ng ml−1 and the upper limit of quantifica-
tion was 1000.00 ng ml−1. Samples above the limit of
quantification were diluted and reanalyzed to yield results
within the calibrated range. The inter-assay accuracy (%
relative error) during validation ranged from −3.4% to
6.0%. The inter-assay precision (% relative SD) during vali-
dation. ranged from 3.7% to 8.5%. LY2300559 was stable
for up to 42 days when stored at approximately −20°C and
was stable for up to 481 days when stored at approxi-
mately −70°C.

PK analysis methods
Preliminary non-compartment results from the mono-
therapy part of the FHD study of LY2157299 have been
presented previously [14, 15]. Here we present a popula-
tion PK evaluation of LY2157299 given as an intermittent
dosing in 30 patients with glioma at a dose range of 80,
120 and 150 mg twice daily (morning and evening)
[cohorts 3 (15 patients), 4 (six patients) and 5 (nine
patients)]. In addition, the population PK analysis included
three patients from cohort 1 (40 mg day−1) and four
patients from cohort 2 (80 mg day−1). In cohort 3, 15
patients were evaluable for PK in cycle 1 and nine patients
were evaluable for PK in cycles 1 and 2. In cohort 4, four out
of six patients were evaluable for PK in both cycles 1 and 2
and in cohort 5, seven out of nine patients were evaluable
for PK in both cycles 1 and 2.

Non-compartmental PK analyses were performed
using WinNonLin Professional Version 5.3 (Pharsight
Corporation, Mountain View, CA, USA). All population PK
analyses were performed using non-linear mixed effects
modelling in NONMEM, version 7.2 [16, 17], using first order
conditional estimation (FOCE) method. The assumptions
on the population PK model were as described in the
Appendix. Demographic characteristics were tested as
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potential covariates on PK parameters and posterior pre-
dictive checks were carried out.

Results

From five dose escalation cohorts, a total of 717 observa-
tions from 37 patients were obtained. Observed concen-
trations against time for LY2157299 at each dose level are
shown in Figure 3A. Figure 3B shows dose-normalized
observed plasma concentration data across cohorts,
cycles, and on day 1 and at steady-state (day 14). Figure 3C
shows histograms of patient characteristics.

Non-compartmental analyses
LY2157299 was rapidly absorbed and plasma concentra-
tions were measurable for at least 48 h. At steady-state, on

day 14, the median time to maximum concentration (tmax,ss)
ranged from 0.5 to 2 h post-dose, independent of dose.
Both the maximum observed concentration at steady-
state (Cmax,ss) and exposure increased with dose. Formal
assessment of time-linear kinetics, that is, whether the
observed exposure (AUC(0,∞)), day 1 and AUC(0,∞), day 14
were similar, was not possible. However, no accumulation
of LY2157299 in the five cohorts was observed over the 14
day twice daily dosing regimen. From the statistical analy-
sis of the PK parameters, the estimated ratios of geometric
means for the AUC(0, ∞) and Cmax,ss between 40 mg and
300 mg daily were 5.61 (90% CI 3.80, 8.30) and 3.99 (90% CI
2.43, 6.54), respectively. For a doubling of dose, the fold
increases for AUC(0,∞) and Cmax,ss were 1.81-fold with cor-
responding 90% CIs (1.58, 2.07) and 1.61-fold with 90% CIs
(1.36, 1.91), respectively. This suggests dose proportional
PK for at least a doubling dose within the studied dose
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range of 40 mg to 300 mg, particularly for AUC(0,∞). Within
and between patient coefficients of variation were esti-
mated as 29% and 42% for AUC (0,∞) at steady-state,
respectively, and 31% and 55% for Cmax,ss, pooled across the
five cohorts from the dose proportionality analysis.

LY2157299 population PK model in patients
with glioblastoma
A first order absorption linear two compartment model
with elimination from the central compartment provided
the best fit to the plasma data with parameter estimates
listed in Table 2. The oral mean population apparent clear-
ance of LY2157299 was 38 l h−1 with acceptable between
patient variability at 46%. Between-occasion (in the two
different treatment cycles) variability on apparent clear-
ance was small, estimated at 18%. The goodness of fit of
the model to the data for LY2157299 was assessed and
deemed acceptable. The model fit was assessed in terms of
population-weighted residuals. The population weighted
and individual weighted residuals appeared to be distrib-
uted evenly around the group mean predicted concentra-
tions and the majority of the weighed residuals lay
between ± 2 SDs from the mean.

LY2157299 was rapidly absorbed into the systemic cir-
culation with an absorption rate constant of 2.2 h−1, with
some variation of 76% between patients, which could
either reflect a real observation or (more probably) be
due to sparse sampling during the absorption phase. The
model predicted individual patient concentration–time
profiles and exposures well (Figure 4). Visual inspection,
followed by piecewise covariate search, did not reveal any
significant demographic covariates. The model was also
used to define optimal sparse PK sampling times, using the
software PopDes [18], for subsequent trials requiring
sparse blood draws.

Biomarkers and efficacy
The trial was designed to collect pSMAD in plasma as a
surrogate for tumour tissue, as a biomarker for pharmaco-
logical activity. Unfortunately, results were not reliable
given problems with the assay. Based on the MacDonald
criteria, response was observed in four patients in cohorts
3 and 5. The responses all proceeded to disease stabiliza-
tion and were detected, except for one patient, after at
least four cycles of treatment. During the course of the
study no medically significant safety issues were observed
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Table 2
Pharmacokinetic parameters in final population model

Parameter description Population estimate (%SEE)
Inter-patient
variability (%SEE)

Rate of absorption

Parameter for Ka (h−1) 2.24 (20) 76 (36)
Clearance

Parameter for CL/F (l h−1) 38.4 (8.4) 46 (36)

Volume of distribution for first compartment

Parameter for V1/F (l) 100 (10) 42 (34)
Volume of distribution for second compartment

Parameter for V2/F (l) 92.8 (12) 48 (33)

Inter-compartment clearance

Parameter for Q (l h−1) 9.2 (13) 40 (57)
Between-occasion variability CL_IOV 18 (65)

Residual error (additive) 0.15 (20)
Residual error (proportional) 51 (10)

CL/F, apparent clearance; Ka, absorption rate constant; SEE, standard error of the estimate; V/F, apparent volume of distribution.
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and no dose-limiting toxicity was established at the doses
that were explored.

Discussion

Population PK/PD models are routinely utilized nowadays
in later phases of drug development, where sparse PK
samples and therapeutic drug monitoring are the norm.
Such models are required by regulators [19, 20] and rec-
ommendations based on them regularly feature on drug
labels [21]. In later phases of oncology development,
quantitative assessment is often supported through use of
PK/PD models, for instance in non-small cell lung carci-
noma [22]. A recent publication by a NIH working group
from 2011 recommends the quantitative integration of our
growing understanding of cellular and tissue level net-
works, where therapeutic and toxic effects of drugs can
best be understood at a systems level. There are very
limited examples in oncology, where such models with
early translational biomarkers are used in preclinical
phases of drug development [23, 24].

We used a targeted PK/PD approach during the early
development of LY2157299. This approach integrated
biomarkers and preclinical toxicity and allowed us to
define prospectively a therapeutic window for the clinical
investigation of LY2157299 in cancer patients. This
involved several steps, specifically in vivo preclinical evalu-
ation of: (i) target inhibition, (ii) pharmacological efficacy
and (iii) toxicity profile. In each of these three evaluations it
was important to have a detailed understanding of the in
vivo exposure necessary to modulate the target, which
allows the designing of the optimal dosing regimen
required for evaluation of traditional antitumour efficacy
and can be used to reduce off-target effects. Based on
preclinical data, we defined a therapeutic window for
exposure ranges to be investigated in patients. Scaling the
animal PK/PD model to humans, we calculated required
doses and exposures with optimal escalation schema to
effectively and safely reach concentrations within the
therapeutic range. During the clinical evaluation phase of
LY2157299, we prospectively, cohort by cohort, evaluated
PK. There was no excessive accumulation of LY2157299 as
it approached steady-state with a twice daily regimen.

1000

100

10

1

0 0 2 4 6 8 10

0 2 4 6 8 10

10 20 30 40 50 60

0 10 20 30 40 50 60

0.1

1000

10000

100

10

1

0.1

1000

10000

100

10

1

0.1

1000

100

10

1

0.1LY
21

57
29

9 
pl

as
m

a 
co

nc
en

tr
at

io
n

(n
g 

m
l−1

)
LY

21
57

29
9 

pl
as

m
a 

co
nc

en
tr

at
io

n
(n

g 
m

l−1
)

LY
21

57
29

9 
pl

as
m

a 
co

nc
en

tr
at

io
n

(n
g 

m
l−1

)
LY

21
57

29
9 

pl
as

m
a 

co
nc

en
tr

at
io

n
(n

g 
m

l−1
)

Time (h) Time (h)

Time (h)Time (h)

Prediction intervals following 80mg twice daily oral administration

Prediction intervals following 150mg twice daily oral administration

Figure 4
Steady-state (day 14) observed LY2157299 plasma concentrations and model-simulated median, 5th, 20th, 80th and 95th percentiles following adminis-
tration of 150 mg twice dailyand 80 mg twice daily LY2157299 doses. , time vs. median; , 5–95 percentiles; , 20–80 percentiles; , observed
concentrations

I. Gueorguieva et al.

804 / 77:5 / Br J Clin Pharmacol



Additionally, with the favourable study design of collect-
ing PK during the first two cycles of treatment, we esti-
mated low between occasion variability of 18%, i.e. there
were minor changes in the PK profile in the same patient
during different cycles of LY2157299 administrations.
Observed plasma exposures for cohorts 3, 4 and 5 were
within the predicted therapeutic window, where we antici-
pated efficacy and were below exposures associated with
toxicity in animals. Based on the MacDonald criteria,
response was observed in four patients in cohorts 3 and 5.
The responses all proceeded to disease stabilization and
were detected, except for one patient, after at least four
cycles of treatment.

The preclinical PK/PD model, which simulates pSMAD
tumour levels in rats [11], is now updated with the popu-
lation PK model in patients. Using the same doses as those
administered to patients, we simulated probable tumour
pSMAD–time profiles. These median simulated pSMAD
profiles in tumours following 80 mg twice daily and
150 mg twice daily administration of LY2157299 are
plotted in Figure 5. Currently, there are no observations of
pSMAD levels in tumours in patients. There are qualitative
assessments of ID1 levels of one patient with glioblastoma
from this trial [25], where a salvage surgical resection was
indicated for one patient after 2 months of treatment. The
optimal measurement of the exposure that TGF-β RI
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encounters is to measure concentrations of LY2157299 in
the cytoplasm of the tumour. For patients with glioblas-
toma the molecule has to pass though the blood–brain
barrier, but the only measures of concentrations of
LY2157299 we currently have are plasma exposure.
However, as the patients were at steady-state on day 14,
where the dose administered is equal to the amount of
LY2157299 eliminated from the body and distribution
equilibrium was reached, we may assume that the
observed total plasma concentrations (Figure 5) were
similar to those in tumour. The maximum observed con-
centrations of LY2157299 following administration of
150 mg twice daily were at 800 and 990 ng ml−1, which
were just above 2 μM (774 ng ml−1). Using LY2157299 con-
centrations of 10, 2, 0.2 and 0.02 μM in reference [25], spe-
cifically shown in Figure S3, showed that there was a clear
response of pSMAD by immunoblotting at 10 and 2 μM. In
our simulation (Figure 5), following 150 mg twice daily
administration of LY2157299, concentrations were at the
2 μM level with corresponding maximum pSMAD inhibi-
tion of 60%, maintained above 50% over close to 8 h.
During treatment in the study, LY2157299 was adminis-
tered twice daily, hence at 12 h another dose was admin-
istered and continuous maintenance of required pSMAD
inhibition was achieved. Future studies of target-related
modulation of pSMAD or other TGF-β-associated
biomarkers may be conducted in other studies, where pre-
and post-treatment biopsies are more easily obtained than
in patients with glioblastoma. Also concentrations of
LY2157299 in cerebrospinal fluid will help to understand
the rate this compound crosses the blood–brain barrier.
Both of these measures, although useful, are invasive and
difficult to obtain on a routine basis.

A quantitative, PK/PD driven approach was undertaken
very early in drug development, during candidate identifi-
cation of a small molecule inhibiting the TGF-β RI kinase
pathway administered orally [24]. This ensured that
although we encountered similar cardiovascular preclini-
cal pathology [10] to other investigators [8, 9], an appro-
priate therapeutic window was identified between the
exposure (and target-linked biomarker) required for effi-
cacy and the exposure associated with toxicity in animals.
Using a therapeutic window is not a novel idea and it has
been used to establish utility functions in late phases of
drug development and post-marketing in a number of
therapeutic areas [26], including oncology [27]. Although
utilizing such an approach early in development is
unusual, it is now recommended as beneficial [28].
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