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Abstract

Purpose Plitidepsin absorption, distribution, metabolism and excretion characteristics were investigated in a mass balance
study, in which six patients received a 3-h intravenous infusion containing 7 mg '*C-plitidepsin with a maximum radioactiv-
ity of 100 pCi.

Methods Blood samples were drawn and excreta were collected until less than 1% of the administered radioactivity was
excreted per matrix for two consecutive days. Samples were pooled within-patients and between-patients and samples were
screened for metabolites. Afterwards, metabolites were identified and quantified. Analysis was done using Liquid Chroma-
tography linked to an Ion Trap Mass Spectrometer and offline Liquid Scintillation Counting (LC-Ion Trap MS-LSC).
Results On average 4.5 and 62.4% of the administered dose was excreted via urine over the first 24 h and in faeces over
240 h, respectively. Most metabolites were found in faeces.

Conclusion Plitidepsin is extensively metabolised and it undergoes dealkylation (demethylation), oxidation, carbonyl reduc-
tion, and (internal) hydrolysis. The chemical formula of several metabolites was confirmed using high resolution mass data.

Keywords Aplidin - Plitidepsin - ADME - LC-MS/MS - Total radioactivity - Metabolite profiling

Introduction

Plitidepsin (Aplidin®; Fig. 1.) is a novel anti-cancer drug
currently investigated in late phases of clinical development.
The compound was originally isolated from the Mediterra-
nean tunicate Aplidium albicans in 1988, but it is now chem-
ically synthesised [1, 2]. It has been shown to have antitu-
mour activity, mainly in patients with multiple myeloma,

< L. van Andel
l.v.andel @nki.nl

Department of Pharmacy and Pharmacology, Antoni

van Leeuwenhoek/The Netherlands Cancer Institute

and MC Slotervaart, Louwesweg 6, 1066 EC Amsterdam,
The Netherlands

Division of Pharmacology, The Netherlands Cancer Institute,
Amsterdam, The Netherlands

Pharma Mar, S.A., Colmenar Viejo, Madrid, Spain

Division of Medical Oncology, Department of Clinical
Pharmacology, The Netherlands Cancer Institute,
Amsterdam, The Netherlands

Division of Pharmacoepidemiology and Clinical
Pharmacology, Department of Pharmaceutical Sciences,
Faculty of Science, Utrecht University, Utrecht,

The Netherlands

peripheral T-cell lymphoma, and melanoma [3]. Plitidepsin’s
antitumour activity is induced by targeting eEF1A2, one of
the isoforms of the alpha subunit of the eukaryotic Elonga-
tion Factor 1A2. This eEF1A2 protein is overexpressed in
human tumours and is known to possess oncogenic proper-
ties, favouring tumour cell proliferation while at the same
time inhibiting apoptosis [4]. Numerous clinical trials are
underway investigating plitidepsin’s use in combination
therapy [3, 5-9]. As part of the drug development program,
regulatory authorities have specified the need for a mass
balance and metabolite profiling study, in which excretory
pathways and circulating metabolites are investigated. This
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Fig. 1 Molecular structure of plitidepsin. The brackets show the dif-
ferent parts of this molecule susceptible for MS fragmentation. The
names of these parts are used throughout the manuscript to describe
where biotransformations have taken place. Di-methyl Tyr Di-methyl
tyrosine, Hip Hydroxyisovalerylpropionyl, Leu Leucine, Pro Proline,
Thr Threonine

information is, in fact, part of regulatory filing of the new
drug [10, 11].

A mass balance study was conducted to characterise the
absorption, distribution, metabolism and excretion (ADME)
of C-plitidepsin [12]. Evaluable patients received a 3 h
intravenous (i.v.) infusion containing a flat dose of 7 mg
(100 pCi) radiolabelled plitidepsin. Plasma, whole blood,
urine and faecal samples were collected and analysed by
Liquid scintillation counting (LSC) to determine the total
radioactivity (TRA). High performance liquid chromatogra-
phy—tandem mass spectrometry (HPLC-MS/MS) was used
to quantify plitidepsin in plasma, whole blood and urine.
TRA measurements from this mass balance study have been
reported before [12]. After the complete collection period,
a mean of 6.1% of the administered radioactive dose was
recovered in urine, whereas 71.3% was excreted via faeces.

Previous research by Brandon et al. [13, 14] has shown
the formation of four metabolites in incubated pooled human
microsomes and incubated human plasma, liver prepara-
tions, cytochrome P450 (CYP) and uridine diphosphoglu-
curonosyl transferase (UGT) supersomes. These metabo-
lites include plitidepsin hydroxylated at the isopropyl group
(Apli-h), plitidepsin C-dealkylated at the N(Me)-leucine
group (Apli-da), plitidepsin with both these converted amino
acid residues (Apli-da/h), and plitidepsin C-demethylated at
the threonine group (Apli-dm) [13]. It was also shown that
plitidepsin was metabolised by carboxylesterases in human
plasma. In particular, CYP2A6 was responsible for the
conversion of plitidepsin into C-demethylated plitidepsin,
whereas CYP3A4 caused the formation of the other three
metabolites [14]. CYP2E1 and CYP4A11 were shown to be
involved in plitidepsin metabolism as well, but the identity
of the metabolites generated by these experiments remained
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unknown. Moreover, it was discovered that plitidepsin
metabolites formed by CYP could be further conjugated by
phase I enzymes UGT, glutathione S-transferase (GST) and
sulfotransferase (SULT).

The aim of the present work was to search for in vivo
plitidepsin metabolites in human plasma, urine and faeces
as part of a mass balance study with the '*C-radioactivity-
labelled drug.

Materials and methods
Chemicals

Plitidepsin reference standard was provided by Pharma Mar
S.A. (Colmenar Viejo, Madrid, Spain). Acetonitrile, metha-
nol and water (Supra-Gradient grade) were obtained from
Biosolve Ltd (Valkenswaard, The Netherlands). Formic
acid (>98%; analytical grade), 2-propanol (>99.8%) and
25% ammonia were purchased from Merck (Amsterdam,
the Netherlands). Ammonium acetate (LC-MS grade) was
supplied by Sigma-Aldrich (Zwijndrecht, the Netherlands).
Ultima Gold™ was obtained from PerkinElmer (Groningen,
the Netherlands). Water (non-HPLC grade) was supplied by
B. Braun (Oss, the Netherlands).

Sample collection and storage

Six evaluable patients were enrolled in the phase I mass
balance clinical study. On Day 1, patients received a 3 h
i.v. infusion containing a flat dose of 7 mg of radiolabelled
plitidepsin with a radioactivity of 100 uCi (PRA Health Sci-
ences, Zuidlaren, the Netherlands). More information about
the enrolment specifics can be found elsewhere [12]. Blood
sampling was done at the following time points: pre-infu-
sion, halfway through infusion, just before the end of infu-
sion (EOI) and 15 min, 30 min, 1, 1.5, 2,4, 9, 24, 48, 72, 96,
120 and 192 h after EOI. Blood samples were drawn using
a peripheral line and plasma was obtained by centrifugation
(3000 rpm, 10 min, 4 °C). Urine and faeces were collected
for the duration of the study period, which ended when less
than 1% was recovered in the matrix for two consecutive
days. Urine was collected over 2-h periods for the first 12 h,
and over the next 12 h afterwards. Additionally, urine was
collected over 8-h periods for the next day and from Day 3
onwards urine was collected over 24 h. After each collec-
tion period, portions were transferred to smaller tubes and
stored at — 80 °C. Faeces were collected per stool. Each stool
was diluted with water (3:1, w/w) and homogenised using
a T25 basic Ultra Turrax (IKA Works, Staufen, Germany).
Afterwards, aliquots were stored at —80 °C.
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Selection of samples for screening
and quantification

Metabolite profiling was performed on a representative
selection of samples. Selection of samples was based on
the amount of radioactivity recovered in individual sam-
ples, as well as on the difference between TRA levels
and plitidepsin concentrations measured in plasma and
urine by LC-MS/MS, the results of which were published
before [12]. It was important to select samples in which
the amount of radioactivity was sufficient for analysis by
LSC, but it was also vital to choose time points which had
shown a difference between TRA and plitidepsin levels
since this is indicative of circulating metabolites. Radio-
activity as well as plitidepsin levels were rather low in
plasma. Therefore, besides a pre-dose, a sample around
the maximum concentration was selected for metabolite
screening to ensure sufficient sensitivity during analysis.

Similar problems were encountered in urine samples.
Again, radioactivity levels were low, as well as plitidepsin
concentrations. A mean of 6.1% of the administered dose
of plitidepsin was recovered in urine over 240 h and 4.6%
accounted for unchanged parent drug [12]. Only 1.5% was
attributed to plitidepsin metabolites. The following intra-
patient pools were prepared first: pre-dose, 0-24 h and
48-72 h. Afterwards, these samples were pooled between
patients. Inter-patient pools were used for screening and
intra-patient pools for quantification.

For faeces, the following pools were made: pre-dose,
0-72, 72-144 and 144-240 h. Again, inter-patient pools
were analysed during screening and the intra-patient pools
were analysed afterwards for metabolite quantification.

Preparation of biological samples

Plasma samples (500 pL) were extracted once with
1000 pL acetonitrile—methanol (50:50, v/v). The obtained
supernatant was evaporated to dryness under a gentle
stream of nitrogen. The dried supernatant was reconsti-
tuted in 75 pL 0.1% formic acid in acetonitrile and 75 pL
0.1% formic acid in water.

Faeces homogenate samples (300 pL) were extracted
once with 900 uL acetonitrile-methanol (50:50, v/v). The
obtained supernatant was evaporated to dryness and the
dried supernatant was reconstituted in 300 uL. 1 M aqueous
ammonia in water—acetonitrile (50:50, v/v). An aliquot of
the plasma and faeces extracts was analysed for TRA to
calculate pre-treatment recovery. The remaining superna-
tant was used for LC-Ion Trap MS-LSC analysis. Urine
samples were injected onto the LC system without sample
pre-treatment.

LC-MS/MS" systems

Two chromatographic systems were developed for metabo-
lite screening and identification. For both systems, a LC-
20AD pump and a SIL-HTc autosampler (Shimadzu, Kyoto,
Japan) were used. For metabolite separation in plasma and
urine, the LC system (referred to as method I) was sup-
plied with a Symmetry C18 column (150 4.6 mm, 3.5 pm,
Waters). The oven was set at 30 °C and a flow rate of 1 mL/
min was applied. Separation was achieved with the following
gradient: 10%B, to 90%B in 31.1 min, held for 5 min, before
returning to start conditions (36.1-50 min). For faeces, the
chromatographic system did not achieve sufficient separation
between the numerous metabolites. Therefore, a different
column was used (Synergi Hydro-RP 250x4.6 mm, 4 um,
Phenomenex) and a longer gradient was applied (method II):
from 10 to 47%B in 8.3 min, held until 28.3 min, to 90%B in
50 min, held for 8.3 min, after which the gradient returned to
starting conditions (total run time of 78 min). Moreover, the
column temperature was set at 80 °C as opposed to 30 °C for
method 1. Mobile phase A consisted of 0.1% formic acid in
water and 0.04% formic acid in water for methods I and II,
respectively. Mobile phase B was 0.1% formic acid in ace-
tonitrile and 0.04% formic acid in acetonitrile for method,
I and 1II, respectively. Detection was performed on a LTQ
XL mass spectrometer (Thermo Electron, Waltham, MA,
USA). Structural information on plitidepsin metabolites was
obtained using data-dependent acquisition, causing further
fragmentation of the most abundant ions to obtain MS? and
MS? spectra.

One fourth of the flow was directed into the MS and the
remainder was directed to a fraction collector (Fraction
Collector III, Waters). The collector was set to collect one
fraction per minute and for each fraction radioactivity was
measured by LSC (Tri-Carb 4910TR, PerkinElmer). Since
one fraction per minute was collected, this meant that the
fraction number corresponded directly to the retention time
in the chromatogram, i.e. a peak eluting between 4 and 5 min
would be found in fraction 5.

Accurate mass measurements were performed on an
LTQ Orbitrap Discovery (Thermo Scientific) to confirm the
chemical structures of the metabolites. For accurate high res-
olution analysis, two additional systems were developed and
were made compatible with micro LC. These were referred
to as method III (for plasma and urine) and method IV (for
faeces). Both systems made use of an Ultimate 3000 RLSC
NanoSystem LC (Dionex, Amsterdam, the Netherlands).
Settings for all four systems are summarised in Table 1.

Metabolite screening and identification

Data-dependent acquisition using a predefined parent list
was used to collect the MS data. Online, total ion current
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Table 1 MS settings

Pump LC-20AD (Shimadzu) Ultimate 3000 RSLC nanoSystem (Dionex)
LC method I (plasma, urine) LC method II (faeces) LC method III (plasma, LC method IV
urine) (faeces)
Flow rate 1 mL/min 1 mL/min 12 pL/min 12 pL/min
Analytical Symmetry C18 150X 4.6 mm, Synergi Hydro-RP 250X 4.6 mm, 4 um Synergi Hydro-RP 80A 150x 0.5 mm, 4 pm
column 3.5 um (Waters) (Phenomenex) (Phenomenex)
Column oven 30 °C 80 °C 45 °C
Run time 50 min 78 min 50 min 78 min
Mobile phase A 0.1% HCOOH in H,O 0.04% HCOOH in H,O 0.04% HCOOH in H,O
Mobile phase B 0.1% HCOOH in ACN 0.04% HCOOH in ACN 0.04% HCOOH in ACN
Gradient compo- Time (min) Mobile Time (min) Mobile Time (min) Mobile Time (min) Mobile
sition phase B phase B phase B phase
(%) (%) (%) B (%)
0.0 10 0.1 10 0.0 10 0.0 10
31.1 90 8.3 47 31.1 90 8.3 47
36.0 90 28.3 47 36.0 90 28.3 47
36.1 10 50.0 90 36.1 10 50.0 90
50.0 10 58.3 90 50.0 20 58.3 90
58.4 10 58.4 10
78.0 10 78.0 10
Autosampler SIL-HTc (Shimadzu) Ultimate 3000 RS autosampler (Dionex)
Purge solvent Methanol
Tray tempera- 4°C 4°C
ture
Injection volume 50 pL 1L
Splitter Accurate (LC packings) NA
Split ratio 3:1 NA
(collector:-MS)
Mass spectrom- LTQ XL (Thermo Electron) LTQ Orbitrap Discovery (Thermo Scientific)
eter
Ionisation/inter- ESI ESI
face
Scan range 150-1350 200-1200
Valve Waste: 0-0.2 min, source: 0.2 min-end Not used
Sheath gas flow 50 arb 15 arb
Aux gas flow 2 arb 0 arb
Sweep gas flow 1 arb 0 arb
Spray voltage 5.50 kV 5kV
Normalized col- 35 (TIC 150-1350), 45 (data-dependent scans)
lision energy
Capillary tem- 375 °C 270 °C
perature
Capillary volt- 43V 49V
age
Tube lens 150 vV 200

(TIC) chromatograms were obtained and from each m/z
signal above a threshold of 750 cps, MS/MS spectra were
generated when a match was found with a (predicted) parent
list. Spectra of unpredicted metabolites were obtained by
comparing TIC chromatograms of pre-dose samples with
those of post-dose samples. Potential plitidepsin-related ions
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were selected and added to the parent list. Samples were re-
injected and the MS/MS spectra of the unpredicted metabo-
lites were obtained. The nomenclature used throughout the
manuscript to identify parts of plitidepsin’s structure is
derived from Ngoka et al. (1999) and Brandon et al. (2005)
[13, 15].
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Results

The search for metabolites was initially based on predicted
metabolites using low resolution ion trap data (LTQ MS
ion trap data), after which fractions containing high radi-
oactive levels were further investigated for the presence
of plitidepsin-related compounds. For this purpose, the
search for specific isotopic patterns (2C/!*C ratio) in the
[M+H]*, [M+Na]* and [M+K]" ion clusters was started,
and furthermore interpretation of MS? and MS? spectra was
performed. Finally, high resolution data were obtained to
confirm the atomic composition of the suggested molecular
structures.

Screening and identification
Metabolites in plasma

Radioactivity levels in plasma were low and plasma sam-
ples were not available in excessive amounts. Straightfor-
ward extraction procedures did not achieve high recoveries
(£50%), and several approaches were tried to improve the
extraction efficiency. This resulted in an improved extrac-
tion recovery of 66% using acetonitrile-methanol (50:50,
v/v), after which it was decided to not further develop the
pre-treatment method due to limited sample availability.
Ultimately, screening of metabolites was done using sam-
ples that contained relatively higher radioactivity levels
(> 10 Bqg/g). Mean C_,, of plitidepsin and TRA in these
samples was 17.6 and 24.5 ng/mL, respectively, and the
volume of distribution of plitidepsin was 2180 L [12].
Plitidepsin is highly distributed to peripheral tissue and the
difference between the C,,, of plitidepsin and TRA is small.
Hence, low concentrations of metabolites are expected. The

201 A
Plitidepsin
——

154
s
o
e
> 104
=
2
s
1%}
<

5-

07 T T T T T T T

1 6 1 16 21 26 31 36

Retention time (min)

radiochromatograms of the samples are shown in Fig. 2.
Even in these samples, only small traces of radioactivity
were detected. The majority of the radioactivity found in
these samples was attributed to plitidepsin, but radioactiv-
ity levels did not exceed 16 DPM, while the LOD was 4
DPM. Amounts were so low that it was impossible to obtain
MS? and MS? spectra, which made structural characterisa-
tion impossible. In the recently published mass balance and
pharmacokinetic study, the area under the plasma concentra-
tion—time curve from zero to last measured time point (AUC
o0-1as) Was 81.1 ng h/mL for plitidepsin compared to a TRA
AUC_j, of 281.7 ng h/mL. A large amount of the AUC
should therefore be explained by circulating metabolites,
but they could not be elucidated. The metabolite screening
could only detect unchanged plitidepsin. This could mean
that the metabolites are present in even smaller amounts than
plitidepsin. Nevertheless, it is highly unlikely that individual
metabolites account for more than 10% of the AUC of all
drug-related material.

Metabolites in urine

Figure 3 shows the radiochromatograms of the two urine
screening samples. It was apparent from LC-MS/MS and
TRA data that only 6.1% of the total administered dose
was excreted via urine, of which the large majority was
accounted for by the parent compound [12]. Moreover,
already 4.5% was excreted over the first 24 h. After screen-
ing for metabolites in three inter-patient pooled samples,
only low metabolite levels were detected. Besides a peak
corresponding to plitidepsin, identified by comparing the
MS spectra with the authentic standard, only two peaks
were observed in urine (U), one eluted between 2 and 5 min,
which was given the name Pliti-M1 and one eluted in frac-
tion U25. No structural information could be obtained for
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Fig.2 Radiochromatograms of two 15 min after EOI plasma samples collected after administration of ~7 mg '“C-plitidepsin (~80 uCi) over a

3-h infusion to two cancer patients
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Fig.3 Radiochromatograms of a 0-24 h (A) urine screening sample and a 24-48 h (B) urine screening sample collected after a 3-h i.v. infusion
of ~7 mg "C-plitidepsin (~ 80 uCi) to cancer patients. Fraction U26-27 contains plitidepsin. Please note that the scale of the y-axes is different

Pliti-M1, and it was confirmed that the metabolite in fraction
U25 was identical to metabolite Pliti-M19 found in faeces.

Metabolites in faeces

Figure 4 shows the radiochromatograms from faeces samples
during screening. During the development of a chromato-
graphic method it became evident that many metabolites
were formed and excreted via the biliary route, or directly
excreted directly into the intestines. Efforts were made to
achieve sufficient separation between these metabolites,
which resulted in a different elution gradient (method II) as
opposed to the one for plasma and urine (method I). Finally,
separation was improved, however, no baseline separation
was achieved for all metabolites on the Symmetry C18
column.

A few fractions contained single chromatographic peaks;
these included F34, F41-42, F43 and F44-45, where F refers
to the faeces origin and the number on the fraction in the
LC analysis. Other fractions contained multiple peaks which
could not always be separated from each other, nor could
they always be identified. Quantification was therefore based
on (combined) fractions.

Metabolite names were given as follows: “Pliti”, followed
by the letter M (metabolite) and a number. The numbers in
the names were given in chronological order. A few metabo-
lites were not structurally identified. These included Pliti-
M2, Pliti-M4, Pliti-MS5, Pliti-M9 and Pliti-M13.

Below is an overview of all other fractions analysed with
MS and structural elucidation of metabolites.

F44-45 Between 43 and 45 min a peak with [M+H]* m/z
1111 was found but the [M +Na]* ion (m/z 1133) was more
abundant and was therefore selected for MS? analysis. It
was identified as plitidepsin and this was confirmed by com-
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paring the spectra to the authentic reference standard (see
Fig. 5). This spectrum showed the distinctive fragmenta-
tion pattern reported previously: the loss of the di-methyl
tyrosine (Tyr) moiety (resulting in a fragment with m/z
941), and the subsequent losses of proline (Pro; m/z 844),
leucine (Leu) and hydroxyisovalerylpropionyl (Hip) (m/z
575) groups (The ester bond between Leu and Hip does not
break) [13, 15]. Plitidepsin was further fragmented by loss
of isostatin, resulting in fragment m/z 418.

F17-18 Fraction F17-18 showed a chromatographic peak
between 16 and 18 min with an [M+H]" of 1057. No MS?
and MS? spectra were obtained, but it was confirmed that
the metabolite in this fraction resulted from a loss of 54 Da,
which was supported by accurate mass data to be a net loss
of C,H. The metabolite in this fraction was given the name
Pliti-M3.

F23-26 Between 22 and 26 min multiple peaks were
observed: two with m/z values of 1071 (at 23.2 and
24.5 min), and one with m/z 1041. For the two peaks with
miz 1071, the MS* and MS? data indicated a loss of 40 Da in
the side chain or in the threonine (Thr) group, since all frag-
ments observed were 40 Da lower than those for plitidepsin,
meaning that the loss must have taken place in the smallest
plitidepsin fragment. From the accurate mass data, it could
be concluded that this loss of 40 Da was the result of the net
loss of C;H,. The metabolites were referred to as Pliti-M6
and Pliti-M7.

The MS? and MS? data corresponding ro m/z 1041 indi-
cated a loss of 14 Da and a loss of 56 Da. The 56 Da was lost
from the Hip or Leu group, because the smallest fragment
similar to plitidepsin’s fragmentation pattern is 575, which
is the part of the molecule without the Hip/Leu group. All
other fragments were similar, meaning that the 14 Da change
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Fig.4 Radiochromatograms of the 0-72 h A faeces screening sam-
ple, the 72-144 h B faeces screening sample and the 144-240 h C
faeces screening sample collected after a 3-h i.v. infusion of ~7 mg
14C-plitidepsin (~80 uCi) to cancer patients. Please note that the scale
of the y-axes is different

must have taken place in the di-methyl Tyr group. From the
accurate mass data, it could be concluded that the loss of
14 Da and the loss of 56 Da were the results of a methyl
dealkylation (-CH,) and the net loss of C;H,0, respectively.
The metabolite was referred to as Pliti-M8.

F27-33 Two peaks were found in F27-33: m/z 1071, simi-
lar to the one in F23-26, and also m/z 1113. The peak with
m/z 1071 was identified in the same way as mentioned above
and was named Pliti-M10.

The other peak observed in these fractions, m/z 1113,
was 2 Da higher than the parent mass. The MS? and MS?
data revealed an addition of 16 Da in the 941-fragment (the
Pro, Leu or the Hip group). The loss of 14 Da most likely
occurred in the di-methyl Tyr group, since all smaller frag-
ments are similar to plitidepsin’s fragments. Together with
the accurate mass data, it could be concluded that the loss of
14 Da and an addition of 16 Da were the results of a methyl
dealkylation (-CH,) and the addition of an O, respectively.
The proposed biotransformation was a methyl dealkylation
(—CH,) in the di-methyl Tyr group and an oxidation/hydrox-
ylation (+ O) in the Pro, Leu or Hip group. This metabolite
was identified as oxidated demethylated plitidepsin and was
named Pliti-M11.

F34 F34 contained a chromatographic peak with a [M +H]*
of 1071, similar to the ones found in F23-26 and F27-33,
except in this case no MS? could be obtained due to sensitiv-
ity issues. The only peak visible was m/z 901, which means
that the loss of 40 could have taken place anywhere in the
molecule, except in the di-methyl Tyr group. Accurate mass
data confirmed the conclusion that this loss of 40 Da was
the result of the net loss of C;H,. The exact identity of this
metabolite could not be elucidated. The metabolite is there-
fore referred to as Pliti-M12.

F35-38 Two masses were observed in F35-38: [M+H]*
of 1099 and [M +Na]* of 1151. The first showed a loss of
12 Da compared to the parent mass. The MS? and MS? data
indicated an addition of 2 Da in the side chain or Thr group,
since all fragments had a 2 Da increase. The 14 Da loss must
therefore have occurred in the largest fragment, so in the di-
methyl Tyr group. Together with the accurate mass data, it
could be concluded that the loss of 14 Da and the addition
of 2 Da were the results of a methyl dealkylation (—CH,)
and a reduction, respectively. The proposed biotransforma-
tion is a methyl dealkylation in the di-methyl Tyr group and
the transformation from a ketone to alcohol (+H,) in the
side chain or Thr group, and the metabolite was, therefore,
referred to as carbonyl-reduced demethylated plitidepsin
and was named Pliti-M14.

[M+Na]*t m/z of 1151 showed an addition of 18 Da com-
pared to the parent mass. No additional MS? and MS? data
were available, but from the accurate mass data, it could be
concluded that this addition of 18 Da is due to the addition
of H,O. Internal hydrolysis in the ring structure is therefore
the proposed biotransformation and this hydrolysed plitidep-
sin metabolite was named Pliti-M15.
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F39-40 Two masses were observed in F39—40: [M + Na]*t
of m/z 1119 and 1077. 1119 was the result from a loss of
14 Da compared to plitidepsin. The MS? and MS® data
showed identical fragments as compared to plitidepsin. The
change must therefore have taken place in the largest frag-
ment, the di-methyl Tyr group. The demethylated plitidep-
sin metabolite was given the name Pliti-M16.

MS? and MS? data revealed that the loss of 56 Da, result-
ing in m/z 1077, must have occurred in the side chain or Thr
group, since all fragments showed the 56 Da loss. From the
accurate mass data, it could be concluded that this loss of
56 Da was caused by the net loss of C;H,O. The metabolite
was named Pliti-M17.

F41-42 [M+Na]* ion of 1149 was found in F41-42, which
meant an addition of 16 Da compared to the parent mass.
MS? data indicated a 16 Da increase of the 941-fragment.
All other fragments were unchanged, which means that the
addition of 16 Da must have occurred in the Pro, Leu or Hip
group. MS? data were not available, but from the accurate
mass data, it could be concluded that this addition of 16 Da
was due to the addition of O. The suggested biotransforma-
tion is an oxidation/hydroxylation (+O) in the Pro, Leu or
Hip group, and this oxidated metabolite was given the name
Pliti-M18.

F43 A chromatographic peak with similar m/z values and
similar MS? and MS? data was found in both urine and fae-
ces samples. This metabolite (m/z 1113) had an addition
of 2 Da compared to the parent compound. Another frac-
tion also contained a mass of 1113 (in F27-33), but had
different fragmentation patterns. Here, the MS? and MS3
data revealed an addition of 2 Da in all fragments, meaning
that the addition occurred in the smallest fragment: the side
chain or Thr group. From the accurate mass data, it could
be concluded that this addition of 2 Da was the result of
a reduction. The suggested biotransformation is the reduc-
tion from a ketone to alcohol (+H,) in the side chain or Thr
group and the metabolite was named Pliti-M19.

The proposed metabolic pathway involves plitidepsin
being hydrolysed, oxidated, dealkylated, (demethylated)
and carbonyl reduced. Both the oxidated and carbonyl-
reduced plitidepsin are demethylated as well, the demethyl-
ated plitidepsin is in turn oxidated or carbonyl reduced. An
overview of the proposed metabolic pathway can be found
in Fig. 6.

Quantification of metabolites
Using LC system I, plitidepsin was detected around

25-27 min and accounted for 2.8% of the amount of radio-
activity in urine samples from 0 to 24 h. U3-5 accounted

for 0.8% and U25 for less than 0.1% of the administered
radioactivity and are therefore considered minor metabolites.
In total, eleven (combined) metabolite fractions were
distinguished (Fig. 4) in three inter-patient pooled faeces
samples, of which one, F43, corresponded to metabolite
U25 in urine and was named Pliti-M19. The largest group
of metabolite fractions was combined F1-16 (from O to
16 min), accounting for 11.3% of the administered dose.
When the MS spectra obtained in fractions F1-16 were
compared to the blank samples, however, no significant dif-
ferences were detected and therefore no MS spectra of the
metabolites could be obtained. Other metabolites detected
in metabolite fractions included F17-18 (accounting for
3.0% of the administered radioactive dose), F19-22 (2.7%),
F23-26 (5.2%), F27-33 (4.0%), F34 (3.1%), F35-38 (4.5%),
F39-40 (8.8%), F41-42 (4.2%) and F43 (1.5%). Unchanged
parent drug (F44—45) was responsible for 2.3% of the admin-
istered dose. This means that a total of 50.6% of the 62.4%
excreted via faeces up to 240 h could be attributed to parent
drug and metabolites. Only 0.1% was not identified in the
radiochromatograms and 12.7% was lost during sample pre-
treatment. Pooling accuracy was 6.6% and 7.7% of the radio-
activity was lost during sample storage, probably due to the
hydrophobic nature of the compounds in the aqueous faeces
homogenate. A summary of these data is shown in Fig. 7.

Discussion
Discussion of the results

This clinical trial investigated the metabolic profile of the
anti-cancer compound plitidepsin. The study aimed to iden-
tify and quantify metabolites in human plasma, urine and
faeces after i.v. administration of a flat dose of 7 mg of
14C-plitidepsin containing a radioactivity of 100 uCi.

The TRA curve in whole blood is comparable with the
plitidepsin curve from 0 to 24 h after dosing, indicating
that the presence of plitidepsin metabolites in this compart-
ment is limited during the first 24 h after dosing [12]. From
24 h, the TRA concentrations expressed in ng.eq/mL are
higher than the plitidepsin concentrations (in ng/mL) due
to the formation of low abundant metabolites. When, on the
other hand, the TRA curve in plasma is compared with the
plitidepsin plasma curve, it can be concluded that the drug
is metabolised and the absolute differences in concentra-
tions are maximal at the end of infusion. However, at these
time points, total radioactivity levels are still low (around
150 DPM) and after fractionation only plitidepsin could
be detected in the plasma radiochromatograms. Plitidepsin
concentrations were already quantified using LC-MS/MS
[12], and therefore, no further metabolite profiling work was
performed in plasma.
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Urinary excretion is a minor elimination route. The aver- than 0.1% (U25) of the administered dose. The chemical
age recovery after 240 h was 6.1 +1.5% and the majority  structures of the metabolites in U3-5 could not be elucidated
was excreted as unchanged drug (4.6 +0.5%). Metabolites in ~ and in U25 carbonyl-reduced plitidepsin was found.
urine accounted for approximately 1.5% of the administered The majority of the radioactivity was recovered in
dose. These metabolites, Pliti-M1 and Pliti-M19, eluted in ~ faeces. After a delay of 24 h, plitidepsin and plitidepsin-
the beginning of LC-gradient system I and just before the  related compounds were excreted in faeces and after 20
parent peak (U26-27). The total radioactivity in these frac-  days (480 h after the start of the infusion). 71.3 +2.6%
tions was quantified and accounted for 0.8% (U3-5) and less of the administered radioactivity was recovered. In total,
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77.4% of the initial dose was recovered in excreta after
480 h. The mean faecal sample pre-treatment recovery was
87.3% and showed no time-related trend in the recovery.
Using LC-gradient system II, inter-patient pooled fae-
cal samples were analysed and the radiochromatograms
revealed that plitidepsin is highly metabolised.

In vitro studies with human liver microsomes, aimed
at describing the plitidepsin biotransformation path-
ways, identified four plitidepsin-related metabolites [14].
In the formation of three of them (Apli-da, Apli-h and
Apli-da/h), CYP3A4 was the involved cytochrome, while
Apli-dm metabolite was produced only by CYP2A6. In
the human mass balance study, two of these metabolites
were found in faeces: Pliti-M18 (Apli-h) and Pliti-M16
(Apli-dm). Hence, total correlation between in vitro and
in vivo results could not be achieved, which may be par-
tially explained as follows. First of all, in vitro plitidepsin
concentrations were far higher (1-100 pg/mL) than those
found in patients (25.4 ng.eq/mL plitidepsin). And second,
the very low plasma concentration of most plitidepsin-
related metabolites seriously hampered their accurate
identification. On the other hand, some of the metabolites
identified in faeces may be products of chemical deg-
radation of either plitidepsin or/and plitidepsin-related
metabolites.

Brandon et al. (2006) [14] already concluded that the
metabolites formed by CYP enzymes are less toxic than
plitidepsin [14] and that the liver is responsible for its
detoxification. One of the metabolites that correlates with
the in vitro data (Pliti-M18) is generated by CYP3A4, hence
this enzyme is at least moderately involved in plitidepsin

metabolism. Therefore, care should be taken when plitidep-
sin is administered in combination with other CYP3A4
substrates.

An overview of structural information of the detected
metabolites obtained by low and high resolution MS is pre-
sented in Table 2. In faeces, the majority of the metabo-
lites was identified (confirmed by high-resolution MS data),
however, the chemical structures of a few metabolites could
not be unambiguously elucidated. Some of these, including
peaks in F1-16, F17-18, F19-22, F27-33 and F35-38, did
not contain individual fractions accounting for more than
10% of '“C-plitidepsin-related radioactivity, and thus, fur-
ther nonclinical characterisation is considered unnecessary,
since metabolites are considered to be major metabolites if
they account for more than 10% of the parent drug exposure
[16].

Occasionally, metabolite identification was hampered for
various reasons, which are discussed below.

Discussion of the limitations

Essentially, the limitations seen in this study were very sim-
ilar to those in the trabectedin metabolite-profiling study,
another marine-derived compound [17]. Plitidepsin is also
given as an i.v. infusion containing only a few milligrams
of drug substance, and similar to trabectedin, it also has a
complex ring structure. Plitidepsin is mainly excreted via the
faeces, it has a very long half-life and also a large volume
of distribution of 2180 L in plasma and of 751 L in whole
blood [12]. The volume of distribution of plitidepsin and
plitidepsin metabolites (TRA) in plasma was 315 L. Ulti-
mately, the consequence is that metabolite levels in plasma,
urine and faeces are low at all times. Various reasons for this
issue are proposed. As mentioned, the flat dose of 7 mg was
low to begin with, but accounting for losses to the admin-
istration system, an actual mean dose of 6 mg (80 uCi) was
given [12]. The ratio of cold:hot material was 4.8:2.2 mg.
The amount of '*C was roughly half of the amount of '*C,
but was sufficient for the determination of the routes of
elimination. However, the identification of metabolites was
based on the detection of protonated '2C ions (and more
commonly Na* ions) and these amounts of >C, albeit being
double the amount of '*C, was not sufficient for this purpose.
One thing that can be concluded from these results is that
many metabolites have been formed, but the identities of the
metabolites were not always elucidated, ultimately, due to
sensitivity issues and particularly low levels.

Besides the fact that metabolite levels were already very
low to begin with, more issues arose during the study which
contributed to the difficulty to identify plitidepsin metabo-
lites formed in humans.

First of all, besides the expected [M +H]* ions, the
sodium and potassium adducts were also formed in the
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source of the mass spectrometer after ionisation in the pos-
= 3 itive ion mode. As a result, MS ions at [M+ H]* and its
Eo 8 adducts were found in clusters around m/z+ 22 and + 38,
% Ié ?i =) resulting in reduced sensitivity.
5358 o Second, plitidepsin contains a proline moiety in a side
3 = chain attached to the depsipeptide ring. These proline-con-
é & taining peptides have more than one conformation: cis- and
g FE trans-isomers. The origin of the observed conformational
o A~ isomerism in plitidepsin is slow rotation about the proline-
- pyruvoyl tertiary amide bond [18-22]. Under room tem-
582 = perature conditions, this conformation equilibrium reaction
% E 5 % is slow enough that the two conformers are separated as
& £ -é E two chromatographic peaks. As temperature increased, the
A~ B s ~ conformation equilibrium reaction rate increased so the two
% peaks merged into one. It is unknown if under these experi-
2 mental settings the conformational isomers of the metabo-
s I lites are also eluting as one peak from the column. Naturally,
the loss of that part of the side chain responsible for the con-
_ £ OQ formational isomerism conformers would remove the con-
R z: formers as well. Losses in, possibly, the side chain include
£ § = metabolites Pliti-M6, Pliti-M7, Pliti-M10, Pliti-M12, Pliti-
% S of M14, Pliti-M17 and Pliti-M19. The different peaks with m/z
%% 1071 (Pliti-M6, Pliti-M7, Pliti-M10 and Pliti-M12) could
5 £ - potentially be structural isomers, which could support the
?j ?g g pa suggestion that the biotransformation has not taken place in
= S the side chain, but in the Thr group instead.
B § Third, as is common in these types of metabolite pro-
g s E ’i filing studies, sample pre-treatment of plasma and faeces
E _El_ = g samples was non-selective. This is a requirement in such
£ = é A studies, since a specific sample clean-up method could mean
_Tf 2 & .%0 the selective loss of metabolites. To screen for metabolites,
g g g ,§ the sample pre-treatment involved addition of an organic
é g '\g = 2 solvent, followed by a concentration step to extract as much
- - %’/ < plitidepsin-related compounds from the matrix. As a result
& : o 1,1 2% of the non-selective sample, pre-treatment endogenous
i 2 : 3 2% matrix compounds were extracted too. These compounds
E ; § 2 g 2 introduce ion suppression effects and their high abundancy
< § RS < g é hampered the detection and identification of plitidepsin-
fé % related compounds, especially the metabolites that were
&3 eluting just after the dead time (F1-16). On the other hand,
E . “ = g the non-selective sample pre-treatment resulted in a high
=55 = §> g extraction recovery.
223 \§ = o o 3 As a consequence of these sensitivity issues, MS? and
kS .éo k5 MS? data could not always be obtained. The development
g R gn -§ é of reference standards for potential metabolites to overcome
% - 5|2 % T some of these problems was, unfortunately, not feasible in
s, - ;gl ‘3 Kl é this study. Hence, structure elucidation of metabolites was
) Q E g9 é 2 3 occasionally not possible.
E 5 Y _§ z Similar to trabectedin, it was found that plitidepsin
g 2 gﬁ i g g metabolises into a large number of metabolites, of which
= £ f:e;ac ‘% § ) m none is clearly predominating. In the faeces chromato-
% E g"% ;f a8 5 % grams, clear chromatographic peaks with sufficient reso-
c g EE T 823 lution were visible, but most of the radioactivity appeared
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to consist of a large number of metabolites continuously
eluting from the column, resulting in a smear-like appear-
ance in the radiochromatogram. Quantification as well as
identification could therefore pose problems.

Despite complications, the suitability of the assay is
believed to be more than sufficient. It could be suggested
that the sensitivity issues could have been overcome using
ultra-performance liquid chromatography (UPLC). How-
ever, this was not a possibility since large injection vol-
umes (50 pL) were required for TRA quantification and
these large injection volumes are not compatible with
UPLC. The large TRA fractions of 1 min (1 mL) were col-
lected to compromise between chromatographic resolution
and sensitivity. Moreover, sample pre-treatment methods
were highly suitable, since it was non-specific, eliminating
concerns about compound-specific losses.

Plitidepsin binds to red blood cells [23, 24], but no
metabolite profiling was performed on whole blood sam-
ples. Nevertheless, the absolute difference between TRA
and plitidepsin levels in plasma were much larger at the
tmax @8 compared to the differences between the two in
whole blood [12]. It turned out that the metabolites formed
do not have higher affinity for red blood cells than plitidep-
sin, since TRA data are almost fully explained by the par-
ent. When selecting time points for the screening and
quantification of metabolites in plasma it was necessary
to choose samples with sufficient TRA, but also samples
with sufficient metabolism were to be selected. Combining
these observations, it was unlikely that high concentrations
of metabolites could be found in whole blood.

Finally, the position of the radioactive label could have
been a drawback. The *C-label is positioned in the side
chain (Fig. 1), which means that any metabolite which has
lost this side chain cannot be detected by LSC, hence not
quantified.

It might have been a solution to collect smaller fractions
to get a better idea of the exact retention time of the m/z
value corresponding to the radioactivity in the fraction.
However, this would not have improved identification/elu-
cidation because this would not have had any effect on the
MS? and MS? data.

This metabolite profiling study concluded that plitidep-
sin undergoes dealkylation (demethylation), oxidation,
carbonyl reduction, and (internal) hydrolysis. N/O-dem-
ethylation has been described as a biotransformation reac-
tion for plitidepsin. The loss of 56 Da could indicate either
the net loss of C;H,0 or C,Hy group as suggested by Bran-
don et al. [14]. However, the accurate mass data confirm
the loss of C;H,0. From the metabolites which have not
been identified, it can be concluded that they are of a more
hydrophilic nature than plitidepsin, since they elute from
the reversed phase column before the parent compound.

@ Springer

All in all, a substantial amount of information has been
collected regarding possible structures and a concise over-
view of plitidepsin’s metabolism has been given.

Conclusion

Plitidepsin absorption, distribution, metabolism and excre-
tion characteristics were investigated in a human mass bal-
ance and metabolite profiling study in which six patients
received a 3-h i.v. infusion of '*C-plitidepsin. After 480 h
on average 77.4% of the administered dose was recovered
in urine and faeces combined. The hepatic/biliary route
was the major excretory route for drug-related entities. In
urine, the majority was accounted for by unchanged plitidep-
sin; a mere 1.5% of the total dose was excreted in urine as
metabolites. Unchanged plitidepsin was excreted in small
amounts (2.3% of administered dose) in faeces, indicat-
ing extensive metabolism following i.v. administration.
LC-Ion Trap MS-LSC analyses were performed to identify
and quantify plitidepsin metabolites in plasma, urine and
faeces. No metabolites were detected in plasma. Metabo-
lite concentrations in urine were extremely low and past the
24-h time point no metabolites were found at all. In the first
24 h after dosing, two metabolites, Pliti-M1 and Pliti-M19
were detected, together accounting for less than 1% of the
administered dose. Numerous reasons for incomplete iden-
tification of metabolites have been considered, including
the PK characteristics and low dose of the analyte, sensitiv-
ity issues due to ion suppression, Na* and K* formation,
and conformational isomers. From all compounds listed in
Table 2, six metabolites, Pliti-M 1, Pliti-M2, Pliti-M4, Pliti-
MS, Pliti-M9 and Pliti-M13 were solely identified by MS!
data, and specific biotransformation reactions and identities
have been proposed for six metabolites, including Pliti-M11,
Pliti-M14, Pliti-M15, Pliti-M16, Pliti-M18 and Pliti-M19.
The metabolites identified in faeces included hydrolysed
plitidepsin, demethylated plitidepsin, oxidated plitidep-
sin, oxidated demethylated plitidepsin, carbonyl-reduced
plitidepsin, carbonyl-reduced demethylated plitidepsin, and
various metabolites for which no structure could be eluci-
dated, but masses were confirmed by accurate mass data,
including metabolites Pliti-M3, Pliti-M6, Pliti-M7, Pliti-M8,
Pliti-M10, Pliti-M12 and Pliti-M17.
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