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Abstract

Purpose To characterize the trabectedin population pharmacokinetics in children and adolescent patients with cancer and
compare it with the trabectedin pharmacokinetics in adults.

Methods Plasma concentrations from ten adolescent and three children with cancer (age range 4.0—-17.0 years) treated with
trabectedin at doses ranging from 1.1 to 1.7 mg/m?, administered as a 24-h continuous intravenous infusion every 3 weeks,
were available for the analysis. An external model evaluation was performed to verify whether a previously developed adult
population pharmacokinetic model was predictive of the pediatric plasma concentrations of trabectedin. The maximum a
posteriori estimation of the individual pharmacokinetic parameters for pediatric patients was conducted, after successful com-
pletion of the external evaluation step. The relationships between pharmacokinetic parameters and body size were evaluated.
Results External evaluation methods showed no major differences between the adult population and children and adoles-
cent patients of this study. The mean =+ standard deviation (SD) of the individual estimated clearance and central volume
of distribution in these children/adolescent patients was 36.4+16.1 L/h and 13.2 +6.54 L, respectively. These values were
similar to the typical values reported for adult patients—37.6 L/h and 13.9 L (for females) and 16.1 L (for males). The median
area under the plasma concentration versus time curve (AUC) in children/adolescent patients was 55.1 ug h/L, while in the
adult population the median AUC was 61.3 pg h/L, both administered a 1.5 mg/m? dose regimen with mean (range) BSA
for adults =1.86 (0.90-2.80) vs children/adolescent patients = 1.49 (0.66-2.54).

Conclusions The adult population pharmacokinetic model adequately described the trabectedin plasma concentrations and
its variability in the pediatric population of patients involved in this assessment that mostly comprised adolescents. The
trabectedin systemic exposure achieved in this population was comparable (within 12%) to the exposure obtained in adult
population when the same dose, expressed in mg/m?, was administered.
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lated from the marine ascidian Ecteinascidia turbinata and
currently synthetically produced [1]. The mechanisms of
action of trabectedin seem to be unique and are still not
completely elucidated. It has been reported that trabectedin
interferes with several transcription factors, DNA-binding
proteins, and DNA repair pathways resulting in G2-M cell
cycle arrest and ultimately apoptosis [2, 3]. Moreover, tra-
bectedin induces a significant downregulation of cytokines,
chemokines, and inflammatory and angiogenic mediators,
which modify the tumor microenvironment, contributing to
the antitumor and antiangiogenic effects of trabectedin [4].
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The clinical activity of trabectedin has been demonstrated
in several clinical studies in adults [5—7]. In 2007, the Euro-
pean Medicines Agency (EMA) approved trabectedin for the
treatment of patients with advanced soft tissue sarcomas fol-
lowing failure of first-line chemotherapy or as first-line treat-
ment for patients unfit for anthracycline-based treatment,
and later (2009) trabectedin was also approved in Europe
for patients with relapsed platinum-sensitive ovarian cancer
in combination with pegylated liposomal doxorubicin. In
2015, the US Food and Drug Administration (FDA) gave
the marketing approval for trabectedin for the treatment of
patients with unresectable or metastatic liposarcoma and lei-
omyosarcoma who received a prior anthracycline-containing
regimen. The approved dose in adults is 1.5 mg/m? adminis-
tered as an intravenous infusion over 24 h every 3 weeks in
patients with normal hepatic function [8].

Trabectedin is extensively bound to human plasma pro-
teins, mainly to albumin site I (total protein binding of
94.2%) [9]. The binding of trabectedin to albumin together
with its large volume of distribution implies that it is highly
unlikely that clinically relevant interactions will occur based
on the displacement of trabectedin from plasma proteins.
Because of the high association constant of trabectedin
to albumin and the low trabectedin concentration relative
to albumin, moderate changes in albumin concentration
will also not change the fraction of bound trabectedin or
elimination processes [9]. Moreover, as trabectedin is an
intermediate-to-high hepatic extraction drug, changes in
unbound fraction will not have a major impact on elimina-
tion processes.

In vitro and in vivo studies suggested that trabectedin
is extensively metabolized by the liver. Experiments with
human liver microsomes showed that CYP3A4 is the prin-
ciple enzyme involved in the oxidative metabolism of tra-
bectedin [10]. In a mass balance study of trabectedin in
patients with cancer, 32-81% of the total radioactive dose
of administered '*C-trabectedin was recovered in the feces
[11]. Less than 10% of the radioactivity was excreted in the
urine, and less than 1% of the radioactivity corresponded to
unchanged trabectedin.

The population pharmacokinetics (PK) of trabectedin
in adults were characterized using data from 14 clinical
studies conducted in patients with advanced cancer (five
phase 1 studies) or soft tissue sarcoma, breast cancer, renal
cancer, ovarian cancer, colorectal cancer and melanoma
(nine phase 2 studies). A total of 603 patients receiving
intravenous trabectedin as monotherapy at doses ranging
from 0.024 to 1.8 mg/rn2 (administered as a 1-, 3- or 24-h
infusion every 21 days; a 1- or 3-h infusion on days 1, 8
and 15 of a 28-day cycle; or a 1-h infusion daily for 5 con-
secutive days every 21 days) were included in this popu-
lation PK analysis [12]. The integration of these phase
1/2 data demonstrated trabectedin linear elimination, dose
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proportionality up to 1.8 mg/m? and time-independent PK.
The mean (SD) trabectedin terminal half-life was approxi-
mately 180 (61.4) h. Model-based simulations indicated
that the median predicted trabectedin plasma concentra-
tions did not differ significantly between cycle 1 and cycle
2 of treatment, suggesting limited accumulation when
trabectedin is administered every 3 weeks [12]. Systemic
clearance was estimated to be 31.5 L/h with an inter-indi-
vidual variability [IIV; expressed as coefficient of varia-
tion (CV, %)] of 51%. The typical value of CL was 19.2%
higher in patients receiving concomitant dexamethasone.

The typical values of the volume of distribution at
steady state for male and female patients were 6070 L and
5240 L, respectively. None of the other covariates evalu-
ated (age, body size variables, aspartate aminotransferase,
alanine aminotransferase, alkaline phosphatase, lactate
dehydrogenase, total bilirubin, creatinine clearance, albu-
min, total protein, Eastern Cooperative Oncology Group
performance status and presence of liver metastases)
were statistically related to trabectedin PK parameters.
Co-administration of dexamethasone (inducer of hepatic
CYP3A4 enzymes at high dose) as an antiemetic and
hepatoprotective agent did not have any meaningful impact
on the PK profile of trabectedin [12].

Trabectedin intravenous infusion has been evaluated for
the treatment of pediatric patients with solid tumors in two
phase 1 studies [13, 14], and three phase 2 studies [15, 16]
and results were submitted to the US FDA to address the
use of trabectedin in the pediatric population. As part of the
study assessments, trabectedin PK were evaluated in the two
phase 1 studies [13, 14] and two of the phase 2 studies in
pediatric patients [15, 16]. Trabectedin was administered in
these studies as a 24-h intravenous infusion every 3 weeks
or as a 3-h infusion every 3 weeks. One phase 1 study was
conducted to determine the maximum tolerated dose, toxic-
ity profile and PK characteristics of a 24-h continuous intra-
venous infusion of trabectedin as single agent at an initial
starting dose of 1.1 mg/m?, escalated to 1.5 and 1.7 mg/m? in
three patient cohorts [13]. This study enrolled children and
adolescents with refractory or relapsed solid tumors. The
recommended dose of trabectedin determined in this phase
1 study was 1.5 mg/m? infused intravenous over 24 h every
21 days, the same to the recommended dose and schedule
for adults. Non-compartmental PK analysis approach (NCA)
was used to characterize the PK in children and adolescent
patients and concluded that the disposition of trabectedin in
this population was similar to adults [13]. The second phase
1 study was a nonrandomized, open-label, dose-escalation
study that evaluated the maximum tolerated dose, PK, anti-
tumor activity, and safety of trabectedin administered as a
3-h intravenous infusion every 21 days to pediatric patients
with refractory solid tumors [14]. The PK were character-
ized with a mean half-life (+ SD) of 43.8 + 18.4 h, total body
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clearance of 28.2 + 10.5 L/h/m?, and a steady-state apparent
volume of distribution of 959 + 807 L/m?> [14].

Additionally, PK were obtained in a phase 2 study con-
ducted in children with recurrent rhabdomyosarcoma, Ewing
sarcoma, or non-rhabdomyosarcoma soft tissue sarcomas to
determine the toxicity, efficacy and PK of trabectedin given
over 24-h continuous intravenous infusion every 3 weeks
[16]. The PK of trabectedin were reported in pediatric
patients with mean clearance (£ SD) of 24.3 +16.2 L/h/m?
and mean half-life of 52.6 + 18.4 h, similar to those observed
in adults [16].

Thus far, no pooled PK analysis of the available trabect-
edin plasma concentrations from pediatric oncology popula-
tion has been published. Therefore, the aim of the current
analysis was to characterize the PK of trabectedin in pedi-
atric patients with cancer following intravenous administra-
tion using a population PK analysis after pooling the data
obtained from a phase 1 and a phase 2 study described above
[13, 16]. These two studies were selected for the analysis as
trabectedin plasma concentrations were determined using
the standard assay used for the development of the popu-
lation PK model in adult population [12]. The other two
pediatric studies [14, 15] were excluded because a different
bioanalytical method was used. In particular, the cross-vali-
dation of this method indicated that it was characterized by
a significant analytical bias and a larger variability compared
to the standard bioanalytical method.

For the characterization of PK in children and adolescent
patients, the previous population PK model developed to
describe the PK of trabectedin in adult population following
intravenous administration was used.

Methods

Study designs, treatment, sample collection
and bioanalytical method

Data were available from two clinical studies conducted in
pediatric population, in accordance with the principles for
human experimentation as defined in the Declaration of Hel-
sinki [13, 16]. The two studies were approved by the Human
Investigational Review Board of each study center and by
the health authority of each country. Informed consent was
obtained from each parent or guardian after being told about
the potential risks and benefits, as well as the investigational
nature of the study.

The phase 1, multicenter, open-label, non-randomized,
dose-escalation study, planned to evaluate 1.1, 1.5 and
1.7 mg/m2 of trabectedin, administered as a 24-h intra-
venous infusion on day 1 of each 21-day cycle [13]. The
study included children and adolescents with several types
of refractory solid tumors. PK data were collected during

cycle 1 prior to infusion and at 4, 8, 16, 23.9, 24.5, 25, 27,
30, 48, 96 120, and 168 h after the start of the infusion at the
three dose levels above. All patients were to be pre-treated
with dexamethasone 2.5 mg/m? intravenously every 12 hx 8
doses beginning 12—24 h prior to the trabectedin infusion.

The phase 2 study was an open-label, multicenter, inves-
tigator-initiated study to evaluate the efficacy, safety, and PK
of trabectedin in children with histologically documented
recurrent or refractory rhabdomyosarcoma, non-rhabdomyo-
sarcoma soft tissue sarcoma, and Ewing sarcoma/peripheral
primitive neuroectodermal tumors [16]. Trabectedin was
administered as 24-h continuous intravenous infusion every
3 weeks. The study was performed in two parts: a limited
dose escalation in Part 1 followed by an efficacy evaluation
in Part 2. The dose-escalation phase evaluated three possible
trabectedin dose levels, starting at 1.3 mg/m? and followed
by either 1.5 mg/m? or 1.1 mg/m?, depending on the toxic-
ity observed. PK data were collected during cycle 1 prior to
infusion and at 1.5, 4, 8, 23.5 and 26.5 h after the start of
the infusion at the dose of 1.5 mg/m>. Additional samples
were collected up to 1 week after dosing. Dexamethasone
2.5 mg/m? was to be administered orally on the evening
before trabectedin administration (day 0) and every 12 h
on days 1, 2, and 3 of each cycle. On day 1, the first dose
of dexamethasone was to be given immediately prior to the
trabectedin infusion. Patients could receive dexamethasone
intravenously if they were unable to take oral dexamethasone
[16].

Plasma concentrations of trabectedin in both studies were
determined using a bioanalytical high-performance liquid
chromatography coupled to mass spectrometry/mass spec-
trometry (LC/MS/MS) method validated with the stable
isotope-labeled internal standard (trabectedin-D3), with a
calibration range from 25 to 50,000 pg/mL. In short, trabect-
edin was isolated from 200 pL aliquots of plasma by solid-
phase extraction using Bond Elut Certify 130 mg columns
(Varian) and elution with methanol/NH,OH 25% (98/2 v/v).
The extract was evaporated under nitrogen at 40 °C and the
residue was reconstituted in 100 pL of methanol +50 pL
of ammonium acetate/formic acid. A 10 pL aliquot of this
extract was injected onto the LC-MS/MS. Chromatography
was on a 4.6 mm X 50 mm HILIC Silica (Atlantis™) 3 pm
column; elution was with ammonium acetate/formic acid
in methanol at a flow rate of 1 mL/min. Detection was by
tandem mass spectrometry (Sciex AP4000) with Turbo Ion-
spray operated in the positive mode. Trabectedin and the
internal standard were measured at mass transitions m/z
744.3 —495.0 and 747.3 —496.0, respectively. Both the
intra- and inter-batch accuracies were within the limits of
85-115% (80-120% at the lower limit of quantification) with
values between 97.6 to 113.6% for intra-batch accuracy and
101.1-108.4% for inter-batch accuracy. The intra- and inter-
batch precision was within 15% (20% at the lower limit of
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quantification) with values between 0.0% and 5.7% for the
intra-batch precision and 1.2% and 4.8% for the inter-batch
precision.

Pharmacokinetic analysis
Software

The data were analyzed by a nonlinear mixed-effects mod-
eling approach using NONMEM software (version 7.3;
Icon Development Solutions, Ellicot City, MD, USA) [17].
Dataset preparation, exploration, visualization, as well as
graphical analysis of NONMEM outputs were conducted
using R v.3.3.3 [18].

Pharmacokinetic model

The PK model previously developed by Perez-Ruixo et al.
[12] in adult patients was used to assess the similarities in
trabectedin PK between pediatric and adult patients. The
concentration—time profiles of trabectedin following differ-
ent dosing schedules and infusion durations in adult patients
were well described by a four-compartment PK model with
linear elimination (Fig. 1). The PK model consisted of a
central plasma compartment and three peripheral compart-
ments. Trabectedin was assumed to have linear and nonlinear
distribution from the central compartment to the deep and
shallow peripheral compartments, respectively. The model
also included a catenary compartment representing a tissue
compartment of the shallow peripheral compartment. The
model was parameterized in terms of elimination clearance
from the central compartment (CL), V, for the central vol-
ume of distribution, and intercompartmental rate constants
describing the distribution between the central compartment
and peripheral compartments (k;,, k,, k3, k34, and k43). The

transfer to one of the peripheral compartments was satura-
ble and described by a Michaelis—Menten equation (V,,, for
maximum rate of distribution and K, the Michaelis—Menten
constant, corresponding to the concentration that produces
half of V). Gender and dexamethasone comedication intake
were included as covariates in the PK model. Males had a
16.0% larger V, relative to females. The plasma clearance
of trabectedin was 19.2% higher in patients who received
concomitant dexamethasone administration compared to
those who did not.

The IIV in adults was modeled assuming a lognormal
distribution. The same IIV model was used for estimation
of the IIV in pediatric population. As only data for one cycle
of administration were available for pediatric patients, inter-
occasion variability (IOV) from the adult PK model was
not included in the current analysis. The residual variability
(RV) in adults was evaluated using an additive error model
after natural logarithmic transformation of the measured
plasma concentrations and model predictions [12] and for
pediatric population, the same RV model was used. A mix-
ture model for RV was used in adult population to distin-
guish between patients whose data were well described by
the model versus others less well described by the model.
Given the limited number of pediatric patients included in
the current analysis and the rich PK profile available for
most of the patients, the mixture model was removed from
the model and only the random effect of lower magnitude
was used for RV in pediatric population. Parameter values
for the adult PK model, including IIV and IOV, are presented
in Table 1.

External evaluation

The first step for the analysis of pediatric data was to
perform an external model evaluation to verify whether

Zero-order
input
Vin = Gp
k21 Km + CP k34
C
P
k12 k31 k43
2 1 3 4
CL/V,

Fig. 1 Schematic representation of the trabectedin pharmacokinetic
model for adults [12]. CL Clearance for central compartment, Cp
plasma drug concentration, K,, Michaelis—-Menten constant, corre-

sponding to the concentration that produces half of V,,, k, intercom-
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partmental rate constant from compartment x to compartment y, V,,
volume of maximum rate of distribution, V,; volume of the central
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Table 1 Final parameter estimates and standard errors for adult population pharmacokinetic model [9]

Pharmacokinetic parameter Typical value Inter-individual variability (%CV) Inter-occasion variability
(%CV)
Final estimate % SEM Final estimate % SEM Final estimate % SEM
V. (L) 13.9 7.8 34.06 17.40 29.72 21.60
Additive increase on V¢ for males® 2.22 31.6 - - - -
CL (L/h) 31.5 7.6 50.99 13.10 27.80 24.50
Additive increase on CL for taking 6.05 344 - - - -
dexamethasone®
Additive increase on CL for unknown  4.60 54.1 - - - -
dexamethasone status
ki, (A7 4.04 8.0 38.99 20.70 27.13 27.90
ky (A7 0.0115 7.9 - - - -
V(™ 3420 7.8 - - - -
K, (ng/mL) 557 Fixed - - - -
kyy (B 1.03 7.1 28.64 32.90 - -
ks (A7) 0.497 4.6 - - - -
kg3 (A7 0.156 6.5 - - - -
RV fraction 0.634 5.6
RV—subpopulation 1 (SD) 0.18 10.3 - - - -
RV—subpopulation 2 (SD) 0.53 13.3 - - - -

CL apparent total clearance, CV coefficient of variation kxy, intercompartmental rate constant from compartment x to compartment y, RV resid-
ual variability, SD standard deviation, SEM standard error of the mean, V, volume of distribution of the central compartment

*Relative increase on Vc is approximately 16.0%. TVVc=13.9+ (1 — SEXF)x2.22 (SEXF=0 for males)

PRelative increase on CL is approximately 19.2%. TVCL=31.5+DXMI x 6.05+DXM2x4.60 (DXM1 =1 for patients taking dexamethasone.
Otherwise DXM1=0; DXM2 =1 for patients with unknown dexamethasone status. Otherwise DXM2 =0)

the adult population PK model previously developed was
predictive of the pediatric plasma concentrations of tra-
bectedin. The adult population PK model developed from
the original dataset was used to predict the trabectedin
plasma concentrations in the validation dataset for pedi-
atric patients [19]. For this purpose, the following tools
were used:

1. Visual Predictive Check (VPC) The VPC was performed
for visual comparison between distributions of simu-
lated data using the currently available adult population
PK model and the pediatric dataset [20]. A total of 500
replicates were generated and used for each analysis.
Relative standard error of the adult parameter estimates
was not considered in this analysis.

2. Numerical Predictive Check (NPC) Based on the
parameter estimates for adult population, 500 repli-
cates of the pediatric dataset were simulated. The NPC
was performed on the mean, the percentile (25th, 50th
and 75th), the SD and the CV of the exposure param-
eter area under the plasma concentration versus time
curve (AUC), calculated as dose/clearance. These met-
rics reflect the central tendency and variability in the
observed data in the analysis dataset. Therefore, these
statistics were computed for each replicate, and then

summarized across replicates and compared with the
actual values observed in the pediatric dataset [20, 21].
3. Goodness-of-fit plots A maximum a posteriori estima-
tion, using the population PK model for adults previ-
ously developed as prior information, was used to esti-
mate the individual PK parameters in pediatric patients.
This analysis was conducted using the MAXEVAL =0
option in NONMEM. The goodness-of-fit plots were
graphically assessed by the examination of scatterplots
of observed trabectedin plasma concentrations versus
population/individual predicted concentrations.

Estimation of pharmacokinetic parameters in pediatric
patients

As the external validation step was successful, the adult PK
model was used to get estimates of the individual Bayesian
PK parameters of trabectedin in the pediatric patients using
MAXEVAL =0 option in NONMEM.
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Results
Population pharmacokinetic sampling dataset

A total of 129 trabectedin plasma concentration sam-
ples were available for the PK analysis from 13 pediatric
patients (5 from the phase 1 study and 8 from the phase
2 study). Summary statistics for baseline characteristics

in pediatric patients are presented in Table 2. Overall the
dataset included three children (23.1%), eight adolescents
(61.5%) and two patients (15.4%) 17 years of age. The
median age of children was 11 years (range 4-12) while
for adolescents was 13.5 years (range 13—15). The median
body weight was 26.3 kg (range 15.7-31.5 kg) for children
and 51.4 kg (range 34.6-74.9 kg) for adolescents. For the
two 17-year-old patients, the median body weight was
95.9 kg (47.4 and 144.3 kg).

Table2 Summary of

) . Patient characteristics (units)
continuous and categorical

Value (N=13) Missing covariates®

covariates on the children and

Age (years)
adolescent patient population

Body weight (kg)
Height (cm)
Body surface area (m?)

Serum creatinine (mg/dL)

Creatinine clearance (mL/min/1.73 m?)®

Lean body mass (kg)
Body mass index (kg/m?)
Albumin (g/L)
Aspartate aminotransferase (U/L)
Alanine aminotransferase (U/L)
Alkaline phosphatase (U/L)
Total bilirubin (pmol/L)
Total protein (g/L)
Gamma glutamyltransferase (U/L)
Lactate dehydrogenase (U/L)
Sex
Male
Female
Race
White, not Hispanic or Latino
Black
White, Hispanic or Latino
Others
CYP3A4 inducers
Not taken
Taken
CYP3A4 inhibitors
Not taken
Taken
Liver metastases
Dexamethasone comedication
Not taken
Taken

13.0 (4.0-17.0) 0(0)
474 (15.7-144.3) 0 (0)
161.8 (101.7-177.5) 0 (0)
1.49 (0.66-2.54) 0(0)
0.58 (0.38-0.70) 8 (61.5)
113.2 (86.6-177.7) 8 (61.5)
38.1 (13.3-74.1) 0(0)
17.6 (14.0-45.8) 0(0)
0.36 (0.25-0.39) 8 (61.5)
- 13 (100)
- 13 (100)
133.0 (63.0-597.0) 0(0)
8.55 (5.13-12.0) 8 (61.5)
0.63 (0.61-0.71) 8 (61.5)
- 13 (100)
141 (130-161) 9 (69.2)
0 (0)
4(30.8)
9 (69.2)
0(0)
6 (46.2)
2(15.4)
2(15.4)
3(23.1)
8 (61.5)
5(38.5)
8 (61.5)
4(30.8)
1 (7.69)
- 13 (100)
0(0)
0 (0.00)
13 (100.0)

Continuous variables were expressed as median (range), whereas categorical variables are expressed as

counts (%)

*Missing covariates were expressed as number of patients (percentage) in the dataset with missing values

PCreatinine clearance was calculated using the Schwartz formula [27]
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External evaluation

The time course of trabectedin plasma concentrations after
intravenous infusion over 24 h is shown in Fig. 2a. After
reaching a maximum plasma concentration (C,,,,) of around
1 ng/mL, concentrations declined following a three-compart-
ment model, consistent with the pattern observed in adult
patients [12]. Findings from the VPC, NPC and goodness-
of-fit plots confirmed the ability of the adult population PK
model to describe the time course of trabectedin plasma

concentrations and its variability in children and adolescent
patients with several types of cancer.

In the VPC (Fig. 2a), with 129 trabectedin plasma con-
centrations in the dataset, it was expected that 10% of the
samples (~ 13) would be outside of the 90% prediction inter-
val. In total, 13 plasma concentrations were beyond the 90%
prediction interval, thus confirming the capacity of the adult
PK model to describe the data in children and adolescent
patients involved in this assessment, including its variability.
Furthermore, in the NPC (Fig. 2b), the AUC metrics (25th,
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Goodness-of-fit plots

Fig.2 External evaluation of the trabectedin population pharmacoki-
netic model developed in adult population. a The solid black line
represents the median of 50th percentile and the dashed black lines
represent the 5th and 95th percentiles, respectively. The blue shaded
area represents the 90% prediction interval for the corresponding
adult model-based predicted percentiles computed for each bin across
time and replicates. The green filled circles represent the young-
est patient (4 years of age, dose 1.5 mg/m?) included in the dataset
while the orange filled circles represent the oldest patients (17 years
of age, dose 1.5 mg/m?) and showed that data were contained within

Standard Deviation of AUC (ug*h/L) Coefficient of Variation of AUC (%)

Numerical predictive check of the trabectedin PK model developed
in adult population

the PI. b The gray shaded area represents the histograms of the 500
replicates of the simulated AUC using the previous adult pharma-
cokinetic model. The vertical dashed blue lines represent the 95% CI
of the simulated AUC while the vertical solid red line represents the
observed AUC values (derived from individual predicted CL) in the
pediatric population included in this analysis. ¢ Observations plotted
against population predicted concentrations (left panel) and against
individual predicted concentrations (right panel). The solid line is the
identity line
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50th and 75th percentiles, the SD and CV) of trabectedin
exposure in these children and adolescent patients were con-
tained inside the corresponding 95% CI of the simulated
AUC metrics confirming the appropriateness of the adult
model in predicting PK in children and adolescents. In addi-
tion, the goodness-of-fit plots (Fig. 2c) showed a random
normal scatter around the identity line indicating the absence
of systematic bias for population and individual predictions,
thus illustrating good predictive performance.

Population pharmacokinetic parameters

As the results of the external evaluation showed that the
previously developed PK model of trabectedin in the adult
population adequately described the PK in pediatric patients,
the adult PK model was used to derive estimates of the indi-
vidual PK parameters of trabectedin in these children and
adolescent patients. In Table 3, estimates of the individual
PK parameter for each patient and summary statistics are
displayed.

The mean + SD of the individual estimated clearance in
children and adolescent patients was 45.1 +19.0 L/h/1.73 m?
(i.e., 26.1 L/h/m?). The individual trabectedin clearance
estimates for each pediatric patient included in the present
analysis normalized for a typical body surface area value in
adults of 1.73 m? were plotted versus age (upper panel) or
body surface area (lower panel) (Fig. 3). These plots provide
evidence that PK of trabectedin in children and adolescent
patients are similar to the PK of trabectedin in adults, and
that further dose adjustment is not needed to achieve the
same exposure as in the adult population when pediatric
patients are dosed according to the body surface area.

Discussion

Collection of sizeable PK data in pediatric patients is
often challenging due to ethical and logistic constraints
[22]. Dosing regimens in pediatric patients are commonly
derived empirically from adult doses using linear extrapo-
lation based on age or body weight that may preclude the
influence of nonlinear developmental factors and clinical
conditions that are known to greatly impact PK [23, 24].
Population PK models are advanced tools that integrate
Bayesian forecasting and nonlinear mixed-effects mod-
eling approaches and improve empirical dose selections
by involving clinical study simulations and evaluation of
drug disposition under specific clinical conditions. This
approach provides valuable information on sources of
drug exposure variability that influence the efficacy and
safety of a drug and have relevant implications in clinical
practice. Trabectedin is an important therapeutic option
for children with recurrent malignant sarcomas that are

@ Springer

associated with dismal post-relapse survival rate of <25%
[25]. However, there are limited data characterizing the
disposition of trabectedin in pediatric patients.

A population PK approach was used to characterize the
trabectedin PK in children and adolescents with several
types of refractory solid tumors or recurrent or refractory
rhabdomyosarcoma, non-rhabdomyosarcoma soft tissue
sarcoma, and Ewing sarcoma/peripheral primitive neu-
roectodermal tumors. Due to the complexity of trabect-
edin disposition, the limited sample size of the patients
included in these pediatric studies, and the sparse sam-
pling obtained in pediatric patients, an external valida-
tion based on the adult PK model for trabectedin was used
to describe the pediatric data and understand the simi-
larities in trabectedin PK between pediatrics and adults.
Three different and complementary tools (VPC, NPC,
and goodness-of-fit) were used for this purpose. Overall,
there were no major differences in the PK of trabectedin
between adult and children/adolescent patient population
involved in this assessment, which justified the use of the
adult PK model to determine the individual PK parameters
in the pediatric patients and, therefore, the exposure in this
special population.

A four-compartment PK model was suitable to ade-
quately describe the time course of trabectedin plasma
concentrations in pediatric patients following 24-h intra-
venous infusion. The model included linear elimination,
linear and nonlinear distribution to the deep and shallow
peripheral compartments, respectively, and a catenary
compartment representing a tissue compartment of the
shallow peripheral compartment.

The PK parameters estimated for children and ado-
lescent patients were similar to those obtained for adults
and in the previous pediatric NCA [13, 14]. Thereby, for
female and male patients included in the present analysis,
the mean (SD) of V, were 11.8 (4.0) L and 16.5 (10.3) L,
respectively, close to the typical adult values (13.9 L and
16.1 L, respectively). The mean (SD) of the individual
estimated clearance in children and adolescent patients
was 36.4 (16.1) L/h similar to the value reported in adult
patients (37.6 L/h). When normalized by body surface
area, systemic clearance of trabectedin in children and
adolescent patients from the current analysis (mean (SD)
45.1 (19.0) L/h/1.73 m?] was within 25% of the previously
reported values in adult patients receiving concomitant
dexamethasone (estimate from final PK model in adults:
36.09 L/h/1.73 m?). Moreover, the median of the AUC
(normalized for a 1.5 mg/m? dose) determined in the chil-
dren/adolescent patient population included in this analy-
sis was determined to be 55.1 ug h/L, which is generally
comparable (within 12%) to that obtained in adult popula-
tion using the same dosing regimen (61.3 ug h/L) and also
with those obtained after NCA PK analysis [26].
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Fig. 3 Individual trabectedin normalized clearance estimates obtained
using the population model plotted against age (upper panel) or body
surface area (lower panel) of the children and adolescent patients.
The filled circles represent the individual normalized clearance esti-
mates. The horizontal blue line represents the normalized population
clearance reported for adults and the red dashed lines represent the
95% prediction interval. BSA body surface area

Conclusions

The previously developed adult population PK model well
predicts the trabectedin plasma concentrations and its vari-
ability in the pediatric population of patients involved in
this assessment that mostly comprised adolescents. Based
on these data, there is no relevant difference in trabectedin
PK parameters between adult and pediatric populations
ranging from 4 to 17 years of age when normalized based
on the body surface area. Consequently, the trabectedin
systemic exposure achieved in children and adolescent
patients is comparable to the exposure obtained in adult
population when the same dose, expressed in mg/m?, is
administered. Thus, the approved adult dose of 1.5 mg/
m? dose regimen is expected to provide similar exposure
when administered in children and adolescent patients
with refractory cancers.

@ Springer

Acknowledgements The authors would like to thank all pediatric
patients and their families, nurses, and physician who participated in
the studies included in the analysis for their valuable contributions.
The authors also thank Priya Ganpathy, MPharm, ISMPP CMPP™
(SIRO Clinpharm Pvt. Ltd, Thane, India) for writing assistance and
Namit Ghildyal, Ph.D. (Janssen Global Services, LLC) for additional
editorial assistance.

Author contributions All authors met the ICMIJE criteria and those
who fulfilled the criteria are listed as authors. All authors provided
substantial contributions to the conception or design of the work; or the
acquisition, analysis, or interpretation of data for the work; and drafted
the work or revised it critically for important intellectual content; and
made the final decision about where to publish these data. All authors
agreed to be accountable for all aspects of the work.

Funding The population PK modeling study was supported by fund-
ing from Janssen Research and Development, LLC. The sponsor also
provided funding for development of this manuscript. Pediatric clinical
trials of trabectedin were supported by the NCI intramural program or
the Children’s Oncology Group, an NCI funded cooperative group.

Compliance with ethical standards

Conflict of interest IP is an employee of Janssen-Cilag, Italy; JJPR and
VH are employees of Janssen Pharmaceutica NV, Belgium; DO and
MG are employees of Janssen Research and Development, LLC, USA
(parent company Johnson and Johnson). BV received fees from Jans-
sen as a consultant on this analysis. EF was a government employee at
the time of the clinical trial and is currently a faculty member at the
Perelman School of Medicine at the University of Pennsylvania, she
received no funding from Janssen Pharmaceutica or Johnson and John-
son for conduct of the clinical trial or preparation of this manuscript.

References

1. Cuevas C, Francesch A (2009) Development of Yondelis (trabect-
edin, ET-743). A semisynthetic process solves the supply prob-
lem. Nat Prod Rep 26(3):322-337. https://doi.org/10.1039/b8083
31lm

2. D’Incalci M, Galmarini CM (2010) A review of trabectedin (ET-
743): a unique mechanism of action. Mol Cancer Ther 9(8):2157—
2163. https://doi.org/10.1158/1535-7163.MCT-10-0263

3. Pommier Y, Kohlhagen G, Bailly C, Waring M, Mazumder A,
Kohn KW (1996) DNA sequence- and structure-selective alkyla-
tion of guanine N2 in the DNA minor groove by ecteinascidin
743, a potent antitumor compound from the Caribbean tunicate
Ecteinascidia turbinata. Biochemistry 35(41):13303-13309. https
://doi.org/10.1021/b1960306b

4. Germano G, Frapolli R, Belgiovine C, Anselmo A, Pesce S, Lig-
uori M, Erba E, Uboldi S, Zucchetti M, Pasqualini F, Nebuloni M,
van Rooijen N, Mortarini R, Beltrame L, Marchini S, Fuso Nerini
I, Sanfilippo R, Casali PG, Pilotti S, Galmarini CM, Anichini
A, Mantovani A, D’Incalci M, Allavena P (2013) Role of mac-
rophage targeting in the antitumor activity of trabectedin. Cancer
Cell 23(2):249-262. https://doi.org/10.1016/j.ccr.2013.01.008

5. Demetri GD, von Mehren M, Jones RL, Hensley ML, Schuetze
SM, Staddon A, Milhem M, Elias A, Ganjoo K, Tawbi H, Van
Tine BA, Spira A, Dean A, Khokhar NZ, Park YC, Knoblauch
RE, Parekh TV, Maki RG, Patel SR (2016) Efficacy and safety
of trabectedin or dacarbazine for metastatic liposarcoma or leio-
myosarcoma after failure of conventional chemotherapy: results


https://doi.org/10.1039/b808331m
https://doi.org/10.1039/b808331m
https://doi.org/10.1158/1535-7163.MCT-10-0263
https://doi.org/10.1021/bi960306b
https://doi.org/10.1021/bi960306b
https://doi.org/10.1016/j.ccr.2013.01.008

Cancer Chemotherapy and Pharmacology (2019) 84:707-717

717

10.

11.

12.

13.

14.

15.

16.

of a phase III randomized multicenter clinical trial. J Clin Oncol
34(8):786-793. https://doi.org/10.1200/JC0O.2015.62.4734
Khalifa J, Ouali M, Chaltiel L, Le Guellec S, Le Cesne A, Blay
JY, Cousin P, Chaigneau L, Bompas E, Piperno-Neumann S,
Bui-Nguyen B, Rios M, Delord JP, Penel N, Chevreau C (2015)
Efficacy of trabectedin in malignant solitary fibrous tumors: a ret-
rospective analysis from the French Sarcoma Group. BMC Cancer
15:700. https://doi.org/10.1186/s12885-015-1697-8

Le Cesne A, Cresta S, Maki RG, Blay JY, Verweij J, Poveda A,
Casali PG, Balana C, Schoffski P, Grosso F, Lardelli P, Nieto A,
Alfaro V, Demetri GD (2012) A retrospective analysis of anti-
tumour activity with trabectedin in translocation-related sarco-
mas. Eur J Cancer 48(16):3036-3044. https://doi.org/10.1016/j.
ejca.2012.05.012

Yondelis Prescribing Information. https://www.janssenmd.com/
pdf/yondelis/yondelis_pi.pdf. Accessed 27 Sep 2018

Beumer JH, Lopez-Lazaro L, Schellens JH, Beijnen JH, van Tell-
ingen O (2009) Evaluation of human plasma protein binding of
trabectedin (Yondelis, ET-743). Curr Clin Pharmacol 4(1):38-42
Vermeir M, Hemeryck A, Cuyckens F, Francesch A, Bockx M,
Van Houdt J, Steemans K, Mannens G, Aviles P, De Coster R
(2009) In vitro studies on the metabolism of trabectedin (YON-
DELIS) in monkey and man, including human CYP reaction
phenotyping. Biochem Pharmacol 77(10):1642-1654. https://
doi.org/10.1016/j.bcp.2009.02.020

Beumer JH, Rademaker-Lakhai JM, Rosing H, Lopez-Lazaro L,
Beijnen JH, Schellens JH (2005) Trabectedin (Yondelis, formerly
ET-743), a mass balance study in patients with advanced cancer.
Investig New Drugs 23(5):429—436. https://doi.org/10.1007/s1063
7-005-2902-4

Perez-Ruixo JJ, Zannikos P, Hirankarn S, Stuyckens K, Ludwig
EA, Soto-Matos A, Lopez-Lazaro L, Owen JS (2007) Population
pharmacokinetic meta-analysis of trabectedin (ET-743, Yondelis)
in cancer patients. Clin Pharmacokinet 46(10):867-884

Chuk MK, Aikin A, Whitcomb T, Widemann BC, Zannikos P,
Bayever E, Balis FM, Fox E (2012) A phase I trial and pharma-
cokinetic study of a 24-hour infusion of trabectedin (Yondelis(R),
ET-743) in children and adolescents with relapsed or refractory
solid tumors. Pediatr Blood Cancer 59(5):865-869. https://doi.
org/10.1002/pbc.24201

Lau L, Supko JG, Blaney S, Hershon L, Seibel N, Krailo M, Qu
W, Malkin D, Jimeno J, Bernstein M, Baruchel S (2005) A phase
I and pharmacokinetic study of ecteinascidin-743 (Yondelis) in
children with refractory solid tumors. A Children’s Oncology
Group study. Clin Cancer Res 11(2 Pt 1):672-677

Food and Drug Administration. Clinical Pharmacology Review.
NDA207953. https://www.fda.gov/downloads/Drugs/.../Devel
opmentResources/UCM614989.pdf. Accessed 25 Sept 2018
Baruchel S, Pappo A, Krailo M, Baker KS, Wu B, Villaluna D,
Lee-Scott M, Adamson PC, Blaney SM (2012) A phase 2 trial
of trabectedin in children with recurrent rhabdomyosarcoma,

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

Ewing sarcoma and non-rhabdomyosarcoma soft tissue sarco-
mas: a report from the Children’s Oncology Group. Eur J Cancer
48(4):579-585. https://doi.org/10.1016/j.ejca.2011.09.027
NONMEM Users Guides (1989-2011). Icon Development Solu-
tions, Ellicott City

R Development Core Team (2007) R: a language and environment
for statistical computing. R Foundation for Statistical Computing,
Vienna. ISBN 3-900051-07-0. http://www.R-project.org

Ralph LD, Sandstrom M, Twelves C, Dobbs NA, Thomson AH
(2006) Assessment of the validity of a population pharmacoki-
netic model for epirubicin. BrJ Clin Pharmacol 62(1):47-55. https
://doi.org/10.1111/j.1365-2125.2006.02584.x

Yano Y, Beal SL, Sheiner LB (2001) Evaluating pharmacokinetic/
pharmacodynamic models using the posterior predictive check. J
Pharmacokinet Pharmacodyn 28(2):171-192

Post TM, Freijer JI, Ploeger BA, Danhof M (2008) Extensions to
the visual predictive check to facilitate model performance evalu-
ation. J Pharmacokinet Pharmacodyn 35(2):185-202. https://doi.
org/10.1007/s10928-007-9081-1

Kearns GL, Abdel-Rahman SM, Alander SW, Blowey DL, Leeder
JS, Kauffman RE (2003) Developmental pharmacology—drug dis-
position, action, and therapy in infants and children. N Engl J Med
349(12):1157-1167. https://doi.org/10.1056/NEJMra035092

De Cock RF, Piana C, Krekels EH, Danhof M, Allegaert K,
Knibbe CA (2011) The role of population PK-PD modelling
in paediatric clinical research. Eur J Clin Pharmacol 67(Suppl
1):5-16. https://doi.org/10.1007/s00228-009-0782-9

Meibohm B, Laer S, Panetta JC, Barrett JS (2005) Population
pharmacokinetic studies in pediatrics: issues in design and analy-
sis. AAPS J 7(2):E475-E487. https://doi.org/10.1208/aapsj07024
8

Merchant MS, Mackall CL (2009) Current approach to pediatric
soft tissue sarcomas. Oncologist 14(11):1139-1153. https://doi.
org/10.1634/theoncologist.2009-0160

van Kesteren C, Cvitkovic E, Taamma A, Lopez-Lazaro L, Jimeno
JM, Guzman C, Math t RA, Schellens JH, Misset JL, Brain E,
Hillebrand MJ, Rosing H, Beijnen JH (2000) Pharmacokinetics
and pharmacodynamics of the novel marine-derived anticancer
agent ecteinascidin 743 in a phase I dose-finding study. Clin Can-
cer Res 6(12):4725-4732

Schwartz GJ, Munoz A, Schneider MF, Mak RH, Kaskel F,
Warady BA, Furth SL (2009) New equations to estimate GFR in
children with CKD. J Am Soc Nephrol 20(3):629-637. https://doi.
org/10.1681/ASN.2008030287

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1200/JCO.2015.62.4734
https://doi.org/10.1186/s12885-015-1697-8
https://doi.org/10.1016/j.ejca.2012.05.012
https://doi.org/10.1016/j.ejca.2012.05.012
https://www.janssenmd.com/pdf/yondelis/yondelis_pi.pdf
https://www.janssenmd.com/pdf/yondelis/yondelis_pi.pdf
https://doi.org/10.1016/j.bcp.2009.02.020
https://doi.org/10.1016/j.bcp.2009.02.020
https://doi.org/10.1007/s10637-005-2902-4
https://doi.org/10.1007/s10637-005-2902-4
https://doi.org/10.1002/pbc.24201
https://doi.org/10.1002/pbc.24201
https://www.fda.gov/downloads/Drugs/%e2%80%a6/DevelopmentResources/UCM614989.pdf
https://www.fda.gov/downloads/Drugs/%e2%80%a6/DevelopmentResources/UCM614989.pdf
https://doi.org/10.1016/j.ejca.2011.09.027
http://www.R-project.org
https://doi.org/10.1111/j.1365-2125.2006.02584.x
https://doi.org/10.1111/j.1365-2125.2006.02584.x
https://doi.org/10.1007/s10928-007-9081-1
https://doi.org/10.1007/s10928-007-9081-1
https://doi.org/10.1056/NEJMra035092
https://doi.org/10.1007/s00228-009-0782-9
https://doi.org/10.1208/aapsj070248
https://doi.org/10.1208/aapsj070248
https://doi.org/10.1634/theoncologist.2009-0160
https://doi.org/10.1634/theoncologist.2009-0160
https://doi.org/10.1681/ASN.2008030287
https://doi.org/10.1681/ASN.2008030287

	Population pharmacokinetics of trabectedin in adolescent patients with cancer
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Study designs, treatment, sample collection and bioanalytical method
	Pharmacokinetic analysis
	Software
	Pharmacokinetic model
	External evaluation
	Estimation of pharmacokinetic parameters in pediatric patients


	Results
	Population pharmacokinetic sampling dataset
	External evaluation
	Population pharmacokinetic parameters

	Discussion
	Conclusions
	Acknowledgements 
	References




