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Introduction

Cilengitide (EMD121974; MSC1097999C; see Figure 1) is

Abstract

Cilengitide is very low permeable (1.0 nm/sec) stable cyclic pentapeptide con-
taining an Arg-Gly-Asp motif responsible for selective binding to ovf3 and
avf5 integrins administered intravenously (i.v.). In vivo studies in the mouse
and Cynomolgus monkeys showed the major component in plasma was
unchanged drug (>85%). These results, together with the absence of metabo-
lism in vitro and in animals, indicate minimal metabolism in both species.
The excretion of ["*C]-cilengitide showed profound species differences, with a
high renal excretion of the parent drug observed in Cynomolgus monkey
(50% dose), but not in mouse (7 and 28%: m/f). Consistently fecal (biliary)
secretion was high in mouse (87 and 66% dose: m/f) but low in Cynomolgus
monkey (36.5%). Human volunteers administrated with [14C]-cilengitide
showed that most of the dose was recovered in urine as unchanged drug
(77.5%, referred to Becker et al. 2015), indicating that the Cynomolgus mon-
key was the closer species to human. In order to better understand the species
difference between human and mouse, the hepatobiliary disposition of ['*C]-
cilengitide was determined in sandwich-cultured hepatocytes. Cilengitide
exhibited modest biliary efflux (30-40%) in mouse, while in human hepato-
cytes this was negligible. Furthermore, it was confirmed that the uptake of
cilengitide into human hepatocytes was minor and appeared to be passive. In
summary, the extent of renal and biliary secretion of cilengitide appears to be
highly species specific and is qualitatively well explained using sandwich hepa-
tocyte culture models.

Abbreviations

ADME, absorption, distribution, metabolism, and excretion; AUC, area under the
curve; BDDCS, biopharmaceutical drug disposition classification system; CL,
plasma clearance; HPLC, high-performance liquid chromatography; hbf, hepatic
blood flow; i.v., intravenous; LC/MS/MS, liquid chromatography/mass spectorme-
try/mass spectrometry; LSC, liquid scintilation counting; Po/w, octanol-water parti-
tion coefficient; P450, cytochrome P450.; Vdss, volume of distribution at steady
state.

properties of the drug include molecular formula
C27H40N807, molecular mass of 588.67 g/mol, partition
coefficient Po/w of 0.0096 (log Po/w = —2.0), and

a homodetic, head-to-tail cyclized Arg-Gly-Asp (RGD)-
containing pentapeptide with the chemical structure
cyclo-(Asp-p-Phe-N-MeVal-Arg-Gly). The physicochemical
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hygroscopic.
Cilengitide is a potent and selective antagonist of the
avf3 and oavf5 integrin receptors, that are involved in
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HN

* = position of [14C]-label

Figure 1. Structure of [MC]—ciIengitide.

tumor cell growth and the formation of new tumor-related
blood vessels (angiogenesis) in the tumor microenviron-
ment and are overexpressed or aberrantly expressed in
many cancers (Aoudjit and Vuori 2001; Courter et al.
2005; Dolfi et al. 1998; Mas-Moruno et al. 2010; Miyamoto
et al. 1996; Moehler et al. 2001). By blocking integrins,
tumor angiogenesis is prevented, providing the prospect of
broader spectra of indications for cilengitide (e.g., glioblas-
toma, advanced solid tumors, pancreatic, prostate, nons-
mall cell lung, and head and neck cancer). Experimental
studies have shown that cilengitide demonstrates antiangio-
genic, direct antitumor and antimigratory properties, and
can suppress angiogenesis and tumor growth in vitro and
in vivo (Dechantsreiter et al. 1999; MacDonald et al. 1999,
2001; Maurer et al. 2009; Mitjans et al. 2000; Raguse et al.
2004; Yamada et al. 2006). Cilengitide acts both as a
monotherapy and as an enhancer of coadministered thera-
pies, and affects cell proliferation of both tumor and vascu-
lar compartments.

Clinical studies with cilengitide have demonstrated
antitumor effects in cancer patients, and the drug appears
to enhance the efficacy of certain cytotoxic and targeted
anticancer interventions (Albert et al. 2006; Bradley et al.
2011; Friess et al. 2006; Gilbert et al. 2011; Kurozumi
et al. 2012; Stupp et al. 2010; Tentori et al. 2008).
Although unique in its mode of action, cilengitide did
not meet its primary endpoint of significantly increasing
overall survival when added to the current standard
chemoradiotherapy regimen (i.e., temozolomide and
radiotherapy) for treatment of cancer patients with newly
diagnosed glioblastoma (a very aggressive type of brain
tumor) in the most advanced phase III clinical trial
(Soffietti et al. 2014).

This paper summarizes the in vitro and in vivo drug
disposition and metabolism studies elucidating the mech-
anisms of cilengitide’s pharmacokinetic disposition in
animals and humans. Profound interspecies difference in
the disposition of the drug have been seen, however, no
such differences were observed in the classical in vitro
metabolism studies. Therefore, additional in vitro experi-
ments were performed to elucidate these pharmacokinetic
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differences and — together with data from the human
mass balance trial — clarify how cilengitide is eliminated
in human.

Materials and Methods

Cilengitide (chemical name: Cyclo-(Asp-D-Phe-N-MeVal-
Arg-Gly) and ['*C]-guanidine cilengitide, with chemical
and radiochemical purities of >98% by high-performance
liquid chromatography (HPLC), were synthesized by
Merck (Grafing, Germany) (Fig. 1). The internal standard
used for liquid chromatography/mass spectormetry/mass
spectrometry (LC/MS/MS) bioanalysis of cilengitide in
mouse and Cynomolgus monkey plasma was EMD66203
[chemical Cyclo-(Arg-Gly-Asp-DPhe-Val)]. Its
chemical purity was >98% by HPLC and it has been syn-
thesized by Merck.

name:

In vivo studies with cilengitide in mouse
and monkey

The pharmacokinetics, distribution, metabolism, and excre-
tion of ['*C]-cilengitide(2.5 mg/kg; 4.2 umol/kg) were
investigated in male and female mice (NMRI) following
intravenous (i.v.) bolus administration. The radioactive
dose received by each mouse was approximately2 mol/
L Bg/kg. The biological stability of the radiolabel was shown
to be acceptable, with less than 0.1% of the dose being
exhaled by rats as ['*C]-CO, within 72 h after dosing.

Animal studies have been approved by the appropriate
animal welfare authority (Regierung von Oberbayern,
Germany) and were conducted in compliance with Euro-
pean and federal guidelines for the use and care of labo-
ratory animals.

Plasma pharmacokinetics

Blood samples of mice were taken by exsanguinations
(N = 3/time point) under anesthesia. Plasma was gener-
ated by centrifugation. Total '*C-radioactivity was deter-
mined in plasma samples at predose, 0.1, 0.25, 0.5, 1.0, 2,
4, 8, 24, 48, and 72 h after dosing and analyzed for total
radioactivity by liquid scintilation counting (LSC) on a
TriCarb 460 D or TriCarb 4640 counter (PerkinElmer
Inc., Waltham, MA). For total radioactivity analysis,
blood samples (n = 3/time-point) were centrifuged
(2 min at 10,000¢) and 0.1-0.2 mL of the supernatant
plasma was mixed with 5 mL Omni-Szintisol (MERCK)
for LSC.

Plasma samples obtained from studies using unlabeled
cilengitide were taken at predose, 0.1, 0.25, 0.5, 1.0, 2, 4,
and 8 h after dosing and analyzed for parent compound
by a validated LC/MS/MS assay (Table 1).
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Table 1. LC/MS/MS conditions for cilengitide analysis.

Perkin Elmer SCIEX mass
spectrometer API-lliplus

Perkin Elmer binary LC pump 250
Perkin Elmer autosampler 1SS-100

acetonitrile/ammonium acetate
buffer (0.01mol/L, pH 4.3)
(80720, v/v)

LC-MS system

Mobile phase (isocratic)

Flow 0.3 ml/min
Injection volume 10 uL
HPLC column Waters C18 Symmetry,

15%2.1 mm, 5 um
Turbo ion spray, positive

For cilengitide: m/z 589 -> m/z 312
For IS: m/z 575 -> m/z 459
Calibration range 5.00-1000 ng/mL

LLOQ 5.00 ng/mL (using 0.2 mL plasma)
Accuracy 97.3% to 113% for all QC levels
Precision <5.17% for all QC levels

MS mode
lons detected for quantification

HPLC, high-performance liquid chromatography.

Pharmacokinetic parameters were determined using
noncompartmental analysis

Distribution

Quantitative tissue distribution (dissection method)

Following i.v. dosing of ['*C]-cilengitide (2.5 mg/kg) to
male and female mice (n = 3/time), the distribution of
radioactivity to organs and tissues was determined at 0.1,
0.5, 2, 8, and 24 h after dosing. Larger organs like liver
and brain were homogenized prior to combustion while
small tissues like adrenals and eyes were combusted
directly. Also carcasses were analyzed for remaining
radioactivity. All samples were dried at about 60°C for
12 h before oxidized in a TriCarb 306 sample oxidizer
and measured in liquid scintillation spectrometers Tri-
Carb 460 D and/or TriCarb 4640 (PerkinElmer Inc.).

Qualitative whole-body autoradiography

The distribution of radioactivity to organs and tissues was
determined in male NMRI mice by qualitative whole-body
autoradiography (WBA). At each time, one animal was
killed with CO, at 0.1, 0.5, 1, 4, 8, and 24 h after dosing.
The carcasses were frozen in a mixture of isopropanol and
dry ice, and embedded in a wall paper glue preparation.
Sections (25 umol/L) were produced using a cryomicro-
tome, dehydrated and then exposed to imaging plates 24—
48 h in a shielding box. A Bioimaging analyzer (BAS 2000,
Fujifilm Corporation, Tokyo, Japan) was used for read out
of the imaging plates. Images are given in false color.

© 2016 Merck Inc. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
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Metabolite profiling

For metabolite profiling, aliquots of plasma taken at 0.1
and 0.25 h postdose were extracted twice with ethanol.
Following centrifugation, the supernatants were combined
and evaporated to dryness. The residue was dissolved in
200 pL mobile phase (containing 250 ug unlabeled cilen-
gitide) and aliquots measured for radioactivity by LSC
and by radio-HPLC for metabolites. The precipitates were
washed three times with ethanol and the remaining
radioactivity determined by LSC as ['*C]-CO, after com-
bustion in a TriCarb 306 sample oxidizer (PerkinElmer
Inc.). Aliquots (50 and 500 pL) of urine samples taken at
0-8 and 8-24 h intervals were evaporated to dryness and
the resultant residues reconstituted in 150 ul. mobile
phase and analyzed by radio-HPLC for metabolites
(Table 2). Fecal samples (0-8 and 8-24 h) were homoge-
nized in water and aliquots (up to 1 g) extracted twice
with ethanol. Due to the low amount of radioactivity that
was extractable from feces, the precipitates were treated in
an ultrasonic bath at 40°C/2 h with ethanol and the resul-
tant extract analyzed by radio-HPLC for metabolites
(Table 2). The amount of radioactivity remaining in the
fecal precipitate after extraction was determined as ['*C]-
CO, after combustion as described above.

The radioactive constituents in plasma, and excreta
were separated using radio-HPLC method as outlined in
Table 2. Detection was either by a radioactivity detector
or by collecting the column effluent in 0.5 mL fractions
and analyzed by LSC. Appropriate amounts of cilengitide
(about 12.5 pg/injection) were added as a reference to the
samples before HPLC separation and detected by UV.

Table 2. HPLC (high-performance liquid chromatography) conditions
for metabolic profiling in vivo mouse and monkey studies.

HPLC (high-performance
liquid chromatography)
system

Merck Hitachi HPLC pump L-6200/L-6200A
Merck Hitachi autosampler AS-2000A
with manual Rheodyne injection

valve 7125
Merck Hitachi UV detector L-4000/UV
monitor 655A
Berthold radioactivity monitor LB 506 C-1
with glass scintillator cell YG 400/YG
150 or
Packard radioactivity monitor 525 TR
LSC with liquid 500 ulL cell
acetonitrile/ammonium acetate buffer
(0.05mol/L, pH 4) (19/80, v/v)

Radiodetector

Mobile phase (isocratic)

Flow 1 mU/min
Injection volume 100-150 uL
HPLC column Merck LiChroCart LiChrospher 100, RP8e,

150*%4 mm, 5 um
230 nm
>95%

UV detection at
Total recovery of '4C
radioactivity
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Total radioactivity determination in excreta

Urine and feces were collected at 0—8, 8-24 h and then in
24 h-intervals up to 120 h after dosing. An aliquot
(0.2 mL) of urine from each timed pooled sample
(n = 3) was analyzed for radioactivity by LSC. Fecal sam-
ples were homogenized in water and a small amount of
stabilizer (carboxymethylcellulose, MERCK) added. Ali-
quots of 1 g were dried at 60°C/12 h and combusted in a
sample oxidizer for radioactivity determination. At the
end of the study, carcasses were minced and 0.5 g ali-
quots, combusted and analyzed for radioactivity. The tail
of each animal was removed, cut into small segments and
processed as detailed in tissue excision study for any
residual radioactivity remaining at the injection site. All
radioactive samples were measured by LSC using TriCarb
460 D and/or TriCarb 4640 counter (PerkinElmer Inc.).

Monkey

The pharmacokinetics, metabolism, and excretion of
['*C]-cilengitide (2.0 mg/kg; 3.4 umol/kg) were studied
in female Cynomolgus monkeys (Macaca fascicularis,
n = 3) after single i.v. bolus injection. The radioactive
dose administered was approximately 1 mol/L Bq/kg.

Plasma pharmacokinetics

Following administration of [14C]—cilengitide to female
Cynomolgus monkeys, samples of plasma (1-2 mL) were
taken at predose, 0.1, 0.5, 1.0, 2, 4, 8, 24, and 48 h after
dosing. Samples were analyzed for total radioactivity by
LSC and for parent compound by LC/MS/MS (Table 1).
Sample extraction, analytical methodology, and calcula-
tion of pharmacokinetic (PK) parameters were similar to
those used for the in vivo mouse study detailed above.

Metabolite profiling

Aliquots of plasma (200-500 uL) taken at 0.1, 0.5, 1.0, 2,
4, and 8 h postdose, were extracted twice with ethanol
(2 mL), centrifuged and aliquots (20 or 100 uL) mea-
sured for radioactivity by LSC and for metabolites by
radio-HPLC (Table 2). The precipitates were assayed for
total radioactivity by LSC following combustion in the
sample oxidizer. Aliquots of urine (50 and 500 uL) from
0 to 8 h and 8 to 24 h collections and from the 24 h-
intervals up to 120 h postdose were evaporated, reconsti-
tuted in 150 uL mobile phase and analyzed by radio-
HPLC for metabolites. Fecal samples were taken at the
same intervals as urine were processed and analyzed using
similar methods described above for the in vivo mouse
study.
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Total radioactivity determination in excreta

Urine and feces were collected during 0-8 h, 8-24 h, and
then in 24 h-intervals up to 120 h and analyzed by LSC
for radioactivity as for the in vivo mouse study detailed
above.

In vivo studies in rat and rabbit

Besides mouse and monkey, the species employed in gen-
eral toxicity assessment, rat and rabbit, were also investi-
gated as preclinical species for reprotoxicity testing.
Plasma pharmacokinetics was assessed either in prepara-
tory PK-studies (rat) or from regulatory toxicity studies
(rabbit). In Wistar rats, PK-samples were collected after
an intravenous bolus injection at 0.1, 0.25, 0.5, 1, 2, 4,
and 6 h postadministration. Plasma PK in Chinchilla rab-
bits were recorded after intravenous infusion (into the ear
vein) at various dose levels (i.e., 50, 150, or 450 mg/kg/d;
85, 255, or 764 umol/kg/d) with the following sampling
times: before, and 2, 4, 4.25, 4.5, 5, 7, and 10 h after start
of infusion (4 h). The test item was administered dis-
solved in phosphate buffer saline (pH 7.4) and plasma
concentrations were analyzed applying LC/MS/MS.

Animal studies have been approved by the appropriate
animal welfare authority (Regierung von Oberbayern,
Munich, Germany) and were conducted in compliance
with European and federal guidelines for the use and care
of laboratory animals.

Allometry scaling and dose predictions in human

Allometric scaling is a basic interspecies scaling method
that employs in vivo pharmacokinetic parameters to
extrapolate from animal models to human. As metabo-
lism of cilengitide was shown to be minimal across spe-
cies and the mode of administration is iv., simple
allometric scaling based on log body weight was consid-
ered sufficient and applied using the following equation:

LogY = loga + blogW

Y = pharmacokinetic parameter (CL, Vdss); a = allomet-
ric coefficient; b = allometric exponent; W = body weight.

Half-life values were estimated based upon the pre-
dicted primary parameters of clearance (CL) and volume
of distribution at steady state (Vd).

In vitro incubations with cilengitide
Evaluation of hepatobiliary disposition

[14C]-cilengitide (10 and 250 umol/L) was incubated in
sandwich-cultured mouse (NMRI) and human hepato-
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cytes (n=3) for 3 and 6 days, respectively, using a
proprietary in vitro method (B-CLEAR® technology;
Qualyst Transporter Solutions, LLC). This method
enabled characterization of hepatic uptake, excretion, bil-
iary clearance, intracellular concentration, and hepatic
drug transporter interactions of the drug and its metabo-
lites (Ghibellini et al. 2004, 2006, 2007). A positive system
control of [*H]-taurocholate (1 gmol/L, 10 min incuba-
tion) was performed to confirm transporter function.
[14C]-cilengitide and [*H]-taurocholate were measured by
LSC and as an additional control, a cytotoxicity test using
lactate dehydrogenase (LDH) as a marker was performed.
There were no consistent changes in the amounts of LDH
found in the cell culture medium following exposure
towards 250 pumol/L cilengitide for up to 24 h, indicating
that cilengitide does not cause cell toxicity (data not
shown). Data were analyzed to yield intracellular concen-
trations (C;.), biliary clearance (CLy;), and biliary excre-
tion index (BEI) using equations (1)—(3). The cellular
volume of hepatocytes (V) was used as 8.06 uL/mg
protein. Accumulation yfinus () Buffer (PMol/mg protein)
represents the total mass of analyte inside the hepatocytes
at the end of the incubation time period. Accumulation
Plus (+) Buffer (PMol/mg protein) represents the total mass
of compound taken up and excreted (cells + bile). The
cellular accumulation parameters were corrected for non-
specific binding.

Accumulation,fiys(—)ufer
Vcell

Cie(uM) = (1)

CLpj(mL/min/kg) =

Accumulationpyg(+\pufter — Accurmulationygis(— pufer  (2)

AUC (i.e. Time.Concentrationyegia )

Accumulation () puffer — AcCumulationygiy,s(—uger

BEI(%) = -
(%) Accumulationpy,(1)puger

x 100
(3)

In the supernatant and the cell lysate of human
hepatocytes following incubation for 6 and 24 h with
[14C]—cilengitide (250 umol/L), no indication for bio-
transformation of cilengitide was found by HPLC analysis
(data not shown).

To demonstrate the suitability of the human
B-CLEAR® cultures for metabolic profile characterization
of cilengitide, the metabolic activity of three CYP
enzymes, CYP1A2 (phenacetin, 100 umol/L), CYP2C19
(S-mephenytoin), and CYP3A4/5 (testosterone, 250 umol/
L), was investigated during 30 min incubation. All
batches of sandwich cultured human hepatocytes used in
this study showed acceptable metabolic rate of the investi-

gated CYP enzymes (data not shown).

© 2016 Merck Inc. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
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Uptake into hepatocytes

The uptake of cilengitide was determined in human sus-
pension hepatocytes by incubating with drug at concen-
trations of 10 umol/L, 250 umol/L, and 10 mmol/L. The
uptake was studied by separating the cells from incuba-
tion buffer using the oil-layer method and monitoring the
time-dependent drug concentration in both compart-
ments. Incubation times from 1 to 30 or 90 min were
tested. The amount of test item was quantified by LC/
MS/MS (Table 1). Transporter activity of the cryopre-
served hepatocytes (Invitrogen, Corporation, part of Life
Technologies, Carlsbad, CA, US) had been verified by the
supplier by assessing the functionality of several uptake
and efflux transporters (NTCP, BSEP, OATP1B1/3,
MDRI1, MRP2, and OCT1). Positive control substrates
[’H]-[N-methyl-3H]-4-phenyl pyridinium acetate ([*H]-
MPP*, ARC Inc., US) and [3H]—estradiol—17B—D—glucuro—
nide ([SH]—E17BG, ARC Inc., St. Louis, MO, US) were
tested in the study and clearly accumulated in hepatocytes
after 3 min of incubation (data not shown), confirming
the validity of the test system to investigate active uptake
processes mediated by OATP1B1/1B3 and OCTI1. An
inhibitor cocktail consisting of 20 pmol/L-rifampicin (in-
hibits P-gp, MRP1, OATP1A2, OATP1B1, OATP1B3
transporters), 20 pumol/L-cyclosporine A (inhibits ASBT,
BCRP, BSEP, P-gp, MRP1, MRP2, NTCP, OATPI1BI,
OATP1B3, OATP2B1), and 100 umol/t-quinidine (in-
hibits P-gp, MRP2, OAT3, OATP1A2, OCTI, OCT2,
OCT3, OCTN1, OCTN2) was used for nonspecific trans-
porter inhibition (all compounds purchased at Sigma-
Aldrich Corporation, LLC., St Louis, MO, US).

Results
In vivo studies with cilengitide

Mouse

Pharmacokinetics

Mean plasma concentrations of radioactivity at 0.1 h after
i.v. dose administration were 1340 and 2840 ng eq/mL in
males and females, respectively. Concentrations then
declined rapidly such that by 8 h postdose those were
below the limit of detection (Fig. 2) resulting in very
short elimination half-life (t;;;) values of 0.39 and 0.31 h.
The (area under the curve, AUC) AUC,-0© value for
radioactivity in females was approximately twice that
observed in males (905 vs. 469 ng eq./mL/h).

At 0.1 h after i.v. dosing, mean plasma concentrations
of cilengitide, that is, unchanged drug, were 1240 and
2493 ng/mL in males and females, respectively. Concentra-
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Figure 2. Mean (£ CV%) plasma concentrations of total radioactivity
(TR) and cilengitide after single i.v. administration of [*C]-cilengitide
(2.5 mg/kg) to male and female mice (n = 3/time-point).

tions then declined rapidly in a similar manner to those
observed for radioactivity to 439 and 448 ng/mL (m/f)
after 0.25 h, then to 8 and 6.3 ng/mL after 2 h (Fig. 2).
The plasma t;, was short in both sexes (0.32 and 0.30 h).
Clearance of cilengitide was high in male and female mice
(5.68 and 3.20 L/h/kg) representing nominally 105% and
60% of hepatic blood flow (hbf), respectively, and indicat-
ing significant contribution of hepatic clearance to the
total clearance of the drug in mouse. The apparent Vdg in
both sexes was small (1.6 and 0.56 L/kg). As observed with
plasma radioactivity, the AUC,-00 value for parent drug
in females was approximately twice that of males (781 vs.
440 ng/mL/h). The values in males and females accounted
for approximately 86% and 94% of the corresponding
AUC values observed for plasma radioactivity, which is
pretty consistent with limited metabolism in the mouse
and also considering precision and accuracy of bioanalyti-
cal methods applied.

Distribution

Following iv. administration, ['*C]-cilengitide related
radioactivity was rapidly distributed into mouse tissues
within 0.1 h, as determined by tissue excision. Concentra-
tions of radioactivity in plasma from the tissue distribu-
tion decreased rapidly from 2360 ng eq./mL (females)
and 1970 ng eq/mL (males) at 0.1 h postdose to 4.2 and
5.1 ng eq./mL after 8 h of dosing. Concentrations and
profiles of plasma radioactivity were similar to those
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observed in the mouse PK study detailed above. Peak
concentration in erythrocytes decreased from 195 and
132 ng eq/g in males and females to less than the limit of
quantification at 8 h, indicating low uptake of radioactiv-
ity into the cellular compartment of whole blood.

The highest concentrations of radioactivity in male and
female animals distributed into the liver (mean; 25450 ng
eq/g), kidneys (8950 ng eq/g), skin (1693 ng eq/g), and
muscles (413 ng eq/g), and represented 54.4, 4.7, 6.6, and
14.9% of the radioactive dose, respectively (total = 81%).
In males and females, mean concentrations at 0.1 h after
dosing in the adrenals, heart, and brain were 765, 627,
and 272 ng eq/g, respectively, and by 8 h were low or
nondetectable. At this time, levels in the ovaries and
uterus (1324 ng eq/g) were about 2 times higher com-
pared to testes (including epididymides and glandular
vesicularis: 563 and 617 ng eq/g), but up to 3.5 times
lower than those in plasma, indicating limited distribu-
tion into these tissues. After 8 h, concentrations in these
organs were about 6-14 times higher and after 24 h about
two times higher (testes, gl. vesicularis) than those
observed in plasma. Levels in ovaries and uterus were
nondetectable. At 24 h postdose, radioactivity decreased
to very low, if at all detectable levels, with small amounts
only found in testes, kidney, livers, lung, heart, and
blood. At this time, only 0.8 and 0.4% of the dose was
found in the carcasses of males and females.

These observations were confirmed in a study investi-
gating the distribution properties of ['*C]-cilengitide in
pigmented mice in order to support a ['*C]-mass balance
study in human. Total radioactivity was mainly found in
the excretory organs such as liver, gall bladder, GI tract,
kidney, and urinary bladder. No prolonged binding of
radioactivity to pigmented areas such as the eyes or the
skin was detected, indicating that no relevant melanin
binding occurred.

As observed in the quantitative tissue distribution
study, the organs of excretion (liver, kidneys, and intes-
tine) contained the highest concentrations of radioactivity
at 0.1 h postdose (Fig. 3), as determined by whole-body
autoradiography. Radioactivity was very rapidly cleared
within 1 h of dosing, with levels of radioactivity only visi-
ble in the kidneys and intestine (Fig. 4), and after 8 h
only in the large intestine, which is consistent with the
very short elimination half-life observed for radioactivity
and parent compound in mouse plasma.

Metabolism

The major component circulating in mouse plasma was
unchanged drug, which accounted for >85% of the sam-
ple radioactivity in both sexes (Fig. 5). A number of
minor radioactive components were observed only in the

© 2016 Merck Inc. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
British Pharmacological Society and American Society for Pharmacology and Experimental Therapeutics.
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Figure 3. Distribution of radioactivity in the male mouse (NMRI) at 0.1 h after i.v. administration of ['*C]-cilengitide. blue, low concentrations;

red, high concentrations of radioactivity.
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Figure 4. Distribution of radioactivity in the male mouse (NMRI) at 8 h after i.v. administration of ["“C]-cilengitide. blue, low concentrations; red,

high concentrations of radioactivity.

0.25 h samples, which could not be identified structurally.
The amount of radioactivity remaining in the protein pre-
cipitate after plasma extraction varied between 6 and
12%. In male and female animals, 7.5 and 31% of the
radioactive dose was recovered in urine within 24 h of
dosing, with unchanged drug accounting for approxi-
mately 87-90% of the sample radioactivity (7 and 28%
dose). No other radioactive components were detected
(Fig. 6). More than 79% of the sample radioactivity in
feces of both sexes was extractable, the remainder being
recovered in the residues. In both sexes, unchanged drug
represented more than 87% of the extractable radioactiv-
ity, equivalent to 87.2 and 66.2% of the administered
dose in males and females (Fig. 7). No other radioactive
components were detected.

Excretion

Most of the radioactive dose (i.v.) in males and females
was excreted in the feces (85.0 and 64.5%) within 24 h of
dosing, presumably via biliary secretion (Table 3). Urine

© 2016 Merck Inc. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
British Pharmacological Society and American Society for Pharmacology and Experimental Therapeutics.

accounted for a further 7.5 and 31.0% in males and
females. Only 0.2% of the administered dose remained in
the carcasses at the end of the 120-h study period, which
is consistent with rapid elimination of the drug and its
metabolites from the mouse.

Monkey

Pharmacokinetics

Mean concentrations of plasma radioactivity (8500 and
4230 ng eq/mL) in Cynomolgus monkey (n = 3) declined
rapidly between 0.1 and 0.5 h after i.v. dose administra-
tion (about 50%) and by 8 h represented only 0.6% of
peak values (47.6 ng eq./mL; Fig. 8). The plasma radioac-
tivity half-life (t;;,) was 1.2 h, although a further phase
showing slower elimination was observed in one animal
(tyo: 14.5 h). Mean concentrations of parent drug also
decreased rapidly (by 48%) from 7020 to 3400 ng/mL
between 0.1 and 0.5 h of dosing and to 24.6 ng/mL after
8 h (0.4% peak; Fig. 8). The apparent plasma elimination

2016 | Vol. 4 | Iss. 2 | €00217
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Figure 5. Radio- high-performance liquid chromatography (HPLC) profiles of plasma after i.v. administration of ['“C]-cilengitide (2.5 mg/kg) to

male and female mice (N = 1/gender/time-point).

for cilengitide (1.1 h) was similar to that observed for
radioactivity and indicates that metabolites are not rate
limiting in the elimination of the drug. The mean AUC,-
oo value for cilengitide represented 69% of the
corresponding AUC value observed for plasma radioactiv-
ity (6460 vs. 9390 (ng/mL) x h). In contrast to the
mouse, mean clearance in monkey was low (0.32 L/h/kg),

2016 | Vol. 4 | Iss. 2 | e00217
Page 8

representing only 12% of hbf. The apparent Vd, as seen
in mouse was low (0.35 L/kg).

Metabolism

Following HPLC analysis of monkey plasma (0.1, 0.5, 1,
2, and 4 h), unchanged drug represented the entire

© 2016 Merck Inc. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
British Pharmacological Society and American Society for Pharmacology and Experimental Therapeutics.
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Figure 6. Radio- high-performance liquid chromatography (HPLC) profiles of urine after i.v. administration of ['“C]-cilengitide (2.5 mg/kg) to

male and female mice (N = 1/gender).

extractable radioactivity (~100%; Fig. 9). The amount of
radioactivity remaining in the precipitate after extraction
varied between 7.4 and 28.6%. These samples were not
profiled by radio-HPLC for metabolites.

Unchanged drug accounted for more than 90% of the
sample radioactivity in urine, accounting for about 50%
of the administered i.v. dose. No metabolites of ["*C]-
cilengitide =~ were  evident urine (Fig. 10).
Approximately 37% of the radioactive dose was excreted
via the feces. However, only about 20% of the fecal

in

© 2016 Merck Inc. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
British Pharmacological Society and American Society for Pharmacology and Experimental Therapeutics.

sample radioactivity was extractable, the remainder being
recovered as ['*C]-CO, after combustion of the nonsol-
uble constituents. The HPLC pattern of the fecal extracts
showed a relatively high portion of metabolites with
large interindividual differences (Fig. 10). This pattern
was not observed in either the urine or the plasma
profiles. The significance of this observation is not
known at present, but these metabolites may be products
of biotransformations caused by the microflora in the
monkey intestine.

2016 | Vol. 4 | Iss. 2 | €00217
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Figure 7. Radio- high-performance liquid chromatography (HPLC) profiles of feces after i.v. administration of ['“C]-cilengitide (2.5 mg/kg) to

male and female mice (N = 1/gender).

Excretion

Means of 56.0 and 17.9% of the radioactive dose was
recovered in urine and feces after 24 h of dosing
(Table 3). At the end of 120-h study period, the corre-
sponding values were 58.1 and 36.5% dose, respectively
(total dose: 94.7%).

2016 | Vol. 4 | Iss. 2 | e00217

Rat

Pharmacokinetics

Following intravenous bolus injection of 2.5 mg/kg cilen-
gitide to rats, plasma levels at the initial sampling time

© 2016 Merck Inc. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
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Table 3. Excretion of radioactivity in urine and feces following i.v.
administration of [14C]—cilengitide to mouse, monkey, and human.

0-24 h(% dose) 0-120 h (% dose)

Species Excreta Male Female Male Female
Urine 75 31.0 8.2 31.7
Mouse' Feces 85.0 64.5 87.2 66.2
Total 92.5 95.5 95.4 97.9
Urine ND 56.0 ND 58.1
Monkey? Feces ND 17.9 ND 36.5
Total ND 73.9 ND 94.7
Urine ~78 ND 79.0% ND
Human? Feces ~9.0 ND 15.5% ND
Total ~87 ND 94.5% ND

Human data is referred to Becker et al. 2015.
ND, not determined.

n=3.

’n = 2.

3n=5.

40-144 h.

ng (eq)/mL
1000Q:i T T T T T

5000 E Female, TR

2000 :&\ o I * Female, -
! Cilengitide (LC/MS/MS)

| R S 1
0 4 8 12 16 20 24
hours

Figure 8. Mean (+ CV%) plasma concentrations of total radioactivity
(TR) and cilengitide after single i.v. administration of ["*C]-cilengitide
(2.0 mg/kg) to female cynomolgus monkey (n = 3).

(0.1 h) were high (5360-5870 ng/mL). Plasma concentra-
tions of unchanged drug then declined rapidly resulting
in a short half-life (t;;,: 0.24-0.50 h) similar to that of
the mouse. In consequence, clearance of cilengitide was
about 0.98 L/h/kg, equivalent to approximately 20% of
hepatic blood flow (hbf) in this species. The apparent

© 2016 Merck Inc. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
British Pharmacological Society and American Society for Pharmacology and Experimental Therapeutics.

In vitro and In Vivo Disposition of Cilengitide

volume of distribution at steady state (Vds,) was limited
(0.34 L/kg), virtually representing the vascular space.

Rabbit

Pharmacokinetics

Plasma concentrations of parent drug were quantified
before, during and after intravenous infusion. At the end
of infusion, mean plasma concentrations were 34,200
38,500 ng/mL at the low dose level (50 mg/kg). The
apparent half-life after the end of infusion of approxi-
mately 0.6 h was short in comparison to the daily admin-
istration interval. In the 450 mg/kg dose group, the
apparent half-life was somewhat longer (ca ~ 1 h) when
compared to the low and the intermediate dose levels.
This observation could suggest that elimination processes
are at or close to the saturation level at high doses and
associated plasma concentrations.

Thus, plasma clearance of cilengitide was low in female
rabbits (0.36 L/h/kg) in comparison to hbf (ca 15%),
which is more similar to monkey than mouse. As
observed in the mouse and monkey, the apparent Vd
was also low in the rabbit (0.40 L/kg).

Allometric scaling

Simple allometric scaling based on four species was used
to predict the clearance and volume of distribution (at
steady state) in humans (Table 4). The predicted PK
parameters were CL = 0.087 L/h/kg, Vd = 0.238 L/kg
leading to a half-life (t;/,) of approximately 2 h (Tables 5
and 6), which were remarkably similar to those observed
in a human volunteer study (CL = 0.09 = 0.02 L/h/kg,
V, =031 £ 0.04 L'’kg and t;, =2.5 £ 0.44 h). Pre-
dicted human ranges of approximately twofold are pre-
sented in Table 6.

In vitro incubations with cilengitide
Evaluation of hepatobiliary disposition

The use of the B-CLEAR® culture system in this study
was considered an appropriate in vitro model to investi-
gate the hepatic metabolism of a very low permeable drug
such as cilengitide due to the maintained expression of
uptake and efflux transporters together with the hepatic
drug metabolic enzymes. Hepatobiliary disposition of the
positive control taurocholate confirmed the transporter
functionality of the hepatocytes from both species
(Tables 7 and 8).

In mouse hepatocytes, uptake of cilengitide was fairly
robust and biliary efflux was modest with a BEI of about

2016 | Vol. 4 | Iss. 2 | e00217
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Figure 9. Radio- high-performance liquid chromatography(HPLC) profiles

female cynomolgus monkey (N = 1).

30-40% (Table 9). The intracellular concentrations (C;.)
were determined to be 4.13 and 219 umol/L after
exposure towards 10 and 250 umol/L cilengitide,
respectively. In human hepatocytes, the total and cellular
accumulation of cilengitide was much lower compared to
mouse  hepatocytes  (Table 10). The intracellular
concentration of cilengitide in human hepatocytes was

2016 | Vol. 4 | Iss. 2 | e00217
Page 12

of plasma after i.v. administration of ["*C]-cilengitide (2.0 mg/kg) to

0.926 £+ 0.386 umol/L and 16.1 £+ 3.6 umol/L after
exposure at 10 and 250 pumol/L, respectively, with C;./C,.
(extracellular concentration) ratios in the range of 0.09—
0.06. The biliary efflux (as determined by BEI and CLy;)
was negligible. These data indicate a clear species differ-
ence in the hepatobiliary disposition of cilengitide
between mouse and human hepatocytes.

© 2016 Merck Inc. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
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Figure 10. Radio- high-performance liquid chromatography (HPLC) profiles of urine and feces after i.v. administration of ['“Cl-cilengitide

(2.0 mg/kg) to female cynomolgus monkey (N = 1).

Uptake into hepatocytes

The results from the sandwich-cultured hepatocytes
model suggested that the intracellular accumulation of
cilengitide was limited in human hepatocytes. To confirm

© 2016 Merck Inc. Pharmacology Research & Perspectives published by John Wiley

British Pharmacological Society and American Society for Pharmacology and Experimental Therapeutics.

this observation, uptake of cilengitide (10 pumol/L,
250 pmol/L, and 10 mmol/L) into human hepatocytes
was measured in suspension (Fig. 11). To investigate a
potential of saturation of active transport, it was also
10 mmol/L, an excess concentration.

examined at
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Table 4. Predicted plasma clearance in human using simple allometry

Clearance Log(BW) Log(CL)
Mouse —1.699 —-1.12
Rat —0.658 —0.668
Monkey 0.491 —0.048
Rabbit 0.633 0.195
Human 1.78 0.713
intercept —0.244
slope 0.540
R? 0.981
Predicted Human CL (L/h) 5.20
Observed Human CL (L/h) 5.32
Human data is referred to Becker et al. 2015.
Table 5. Vss estimations in human for cilengitide.
Volume Log(BW) Log(Vss)
Mouse —1.699 -1.82
Rat —0.658 —-1.13
Monkey 0.491 0.00
Rabbit 0.633 0.236
Human 1.78 1.155
intercept —0.408
slope 0.879
R? 0.988
Predicted Human Vss (L) 14.3
Observed Human Vss (L) 19.4

Human data is referred to Becker et al. 2015.

Table 6. Range of predicted PK parameters in human based on sim-
ple allometry.

Vss, predicted (L/kg)

—2 fold  Vss +2 fold
Predicted tq,, (h) 0.12 0.24 0.48
CL, predicted (Wh/kg)  —2 fold  0.043 1.9 3.9 7.7
CL 0.096 1.0 2.1 4.2
+2fold 0.172 05 1.0 1.9
Table 7. Positive control for transporter function in sandwich
cultured hepatocytes (mouse).
Total Cellular
accumulation  accumulation  BEI Clpiliary
Control Probe  (pmol/mg) (pmol/mg) (%) (mL/min/kg)
TCA 215 4+ 23 150 + 28 30.5 66.8

Accumulation data are presented as mean =+ SD of triplicate wells; BEI
and Clyjiary are derived values. Experiment performed using a single
NMRI mouse liver.

TCA: taurocholate.BEl, biliary excretion index.

2016 | Vol. 4 | Iss. 2 | e00217
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Distribution of cilengitide into human hepatocytes was
almost complete after 1-4 min. Only low quantities of
cilengitide were found in the hepatocyte fraction after the
respective incubation times (1-30 or 90 min.). These
results indicate that the uptake of cilengitide into human
hepatocyte was minor and showed no clear dependency
on drug concentration. A dependency would have been
expected in the case of an active uptake substrate involv-
ing saturation of active uptake at high concentrations.
The presence of the inhibitor cocktail showed no relevant
inhibition on the distribution of cilengitide into hepato-
cytes substantiating the findings above.

Discussion

Cilengitide belongs to a new class of investigational tar-
geted anticancer therapies which was under clinical devel-
opment (Phase III) by Merck as a potential novel i.v.
agent for anticancer therapies. It has now been withdrawn
from the treatment of cancer patients diagnosed with
glioblastoma due to a lack of efficacy (Soffietti et al.
2014). Cilengitide exhibits low passive permeability in the
Caco-2 model (see Supporting Information), which is
consistent with its physicochemical properties (MW:
588.67 g/mol; log Po/w = —2.0; high solubility). Accord-
ing to the BDDCS classification of Wu and Benet (2005),
cilengitide is considered a class III molecule and therefore
is expected to have low metabolism with high unchanged
drug renal/biliary secretion.

In fact, in vitro metabolism studies showed that cilengi-
tide is poorly metabolized by liver microsomes of mice,
monkeys, and humans (see Supporting Information), as
well as by cultured hepatocytes from rat and human. Cur-
rent in vivo i.v. studies showed that the major component
circulating in mouse and monkey plasma was unchanged
cilengitide, accounting for >85% of total drug-related
material (Figs. 7, 10). A number of minor radioactive
metabolites were observed only in mouse plasma, but
could not be structurally identified.

Noticeably, the disposition pattern of cilengitide
showed a profound species difference with high renal
excretion of the parent drug in female Cynomolgus mon-
key (~50% dose), but not in male and female mice (7
and 28% dose; Figs. 8, 9, 12 and 11). Following i.v.
administration in mice, a very high uptake and biliary
secretion of cilengitide was observed (87 and 66% dose),
which is supported by tissue distribution and metabolism
studies with ['*C]-cilengitide in that species. In contrast
in monkey, biliary secretion of cilengitide was lower
(36.5% dose). The metabolite pattern of feces extracts
showed a relatively high portion of metabolites and large
interindividual differences (Fig. 10), however, only 20%
of the sample radioactivity could be extracted from the

© 2016 Merck Inc. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
British Pharmacological Society and American Society for Pharmacology and Experimental Therapeutics.
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Table 8. Positive control for transporter function in sandwich cultured hepatocytes (Human).

Total accumulation Cellular accumulation BEI Clypiliary
Control probe n (pmol/mg) (pmol/mg) (%) (mL/min/kg)
TCA 1 553+ 57 30.7 £ 2.8 44.6 7.16
2 89.7 + 3.6 232+ 1.9 74.2 19.3
3 161 + 12 539 + 2.0 66.5 31.0
Mean + standard error 102 + 31 359 +92 61.7 + 89 19.2 £ 6.9

Accumulation data are presented as mean =+ SD of triplicate wells; BEI and Cly;jar, are derived values. Experiment performed using three separate

human liver preparations.
TCA: taurocholate, BEI, biliary excretion index.
n: donor number.

Table 9. Hepatobiliary disposition of cilengitide in sandwich cultured hepatocytes (Mouse).

Total accumulation Cellular accumulation Intracellular concentration BEI Clyiliary
Cilengitide concentration (umol/L) Avg. (pmol/mg) Avg. (pmol/mg) (uM) (%) (mL/min/kg)
10 471 £ 1.7 333+ 14 4.13 29.3 0.701
250 3115 4+ 32 1768 + 14 219 43.3 2.74

Incubation time: 20 min.

Accumulation data are presented as mean + standard deviation of triplicate wells; Intracellular Concentration, BEI and Cly,jary are derived values.

Experiment performed using a single NMRI mouse liver.

Table 10. Hepatobiliary disposition of cilengitide in sandwich cultured hepatocytes (Human).

Total accumulation  Cellular accumulation  Intracellular concentration  BEI Clopitiary

Cilengitide concentration (uM) n  Avg. (pmol/mg) Avg. (pmol/mg) (uM) (%) (mL/min/kg)

10 1 140 + 1.5 13.7 £ 1.8 1.70 2.42 0.005

10 2 427 £ 046 417 £ 0.33 0.52 2.30 0.004

10 3 544 + 331 4.53 + 0.38 0.56 16.6 0.013
Mean+Standard Error 7.90 £+ 3.07 7.47 + 3.12 0.926 + 0.386 7.12 £ 476 0.007 £ 0.003
250 1 230 + 28 183 + 27 22.7 20.4 0.028
250 2 921 +57 84.0 + 12.1 10.4 8.75 0.005
250 3 145 + 5.9 122 £ 14 15.2 15.6 0.013
Mean+Standard Error 156 + 3 130 + 29 16.1 + 3.6 149 + 3.4 0.015 £+ 0.007

Incubation time: 20 min.

Accumulation data are presented as mean + standard deviation of triplicate wells; Intracellular Concentration, BEI and Cly,jary are derived values.

Experiment performed using three separate human liver preparations.
n: donor number; BEI, biliary excretion index.

feces. These degradation products may be the result of
biotransformation by the intestinal microflora or enzymes
present in the intestinal wall. In Cynomolgus monkey,
about 74% of the i.v. dose was recovered in the excreta
within 24 h (95% after 120 h), which was lower than
observed in mouse, presumably reflecting the lower CL
(Table 11). This is in accordance with the metabolite pat-
tern in urine and plasma, indicating that cilengitide was
mainly eliminated as unchanged drug.

Plasma clearance of cilengitide in male and female
mice was high (5.68 and 3.20 L/h/kg), representing
105% and 60% of hbf, respectively. In contrast, CL in

© 2016 Merck Inc. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
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monkey was low (0.3 L/h/kg), representing only 12% of
hbf. The PK of total radioactivity in mouse and monkey
plasma was similar to those observed for parent drug,
confirming little or no metabolism in either species. This
indicates efficient clearance by nonmetabolic routes,
which are fast in mice and slower in monkey. The Vd
was low in both species (0.32-1.6 L/h/kg) indicating
limited distribution of the drug (and metabolites) from
the central compartment into the tissues. Plasma
pharmacokinetics observed in rats and rabbits appeared
to be consistent with the other primary preclinical
species.
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Figure 11. Uptake of cilengitide into human suspension hepatocytes.
(A). at 250 umol/L and 10 mmol/L (n = 2-3), b) at 10 umol/L and
250 umol/L in presence or absence of inhibitor cocktail (n =2-3,
except for the data point at 30 min incubation of 10 umol/L
cilengitide with inhibitor cocktail, which was n = 1).

A recent ADME study in human volunteers (Becker
et al. 2015) with [14C]—ci1engitide (iv. 2000 mg;
3397 pumol) showed that the PK and plasma profiles for
radioactivity and unchanged drug were almost superim-
posable (Fig. 12), as was the case with animals, suggesting
that little or no formation- or elimination-rate limiting
metabolites were generated. Plasma radioactivity and
cilengitide concentrations decreased rapidly with a mean
ty, of approximately 2.2-2.5 h resulting from the low
clearance and the low volume of distribution of cilengi-
tide in human (0.09 L/h/kg and 0.31 L/kg). PK of cilengi-
tide, including renal clearance of the drug, was in
agreement with other studies in healthy volunteers and
cancer patients (Eskens et al.,, 2003 and O’Donnell et al.
2010).

Contrary to the mouse, most of the radioactive dose in
human was renally cleared as unchanged drug (77.5%).
Renal clearance of cilengitide was below the creatinine
clearance determined in each subject, suggesting passive
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Figure 12. 4-species allometric scaling of cilengitide on CL (A) and
Vss (B). Human data is referred to Becker et al. 2015.

Table 11. Physiological parameters and clearance data used for
allometry studies with cilengitide.

Species Vss (Lkg) Plasma CL (L/h/kg) t1/2 (h) BW (kg)
Mouse 0.76 3.81 0.34 0.02
Rat 0.34 0.98 0.50 0.22
Monkey 0.32 0.29 1.25 3.1
Rabbit 0.40 0.36 0.61 4.3
Human 60

glomerular filtration in the kidney without active secre-
tion into urine. Elimination into bile and/or the intestine
constitutes a minor elimination route of cilengitide in
humans, as 15.5% and 79% of radioactive dose were
found in feces and urine, respectively (Table 3). In agree-
ment with animal results, parent compound was the only
component found in human plasma (Fig. 13) and urine.
In feces, two minor metabolites, M606-1 and M606-2
were identified: M606-1 was characterized as the linear
pentapeptide D-Phe-N-MeVal-Arg-Gly-Asp and M606-2
as  Asp-p-Phe-N-MeVal-Arg-Gly. Generation requires
cleavage of the parent cyclic peptide on either side of the
Asp moiety. Such catalytic activity is known to reside in
intestinal peptidases or in peptidases from fecal bacteria,
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British Pharmacological Society and American Society for Pharmacology and Experimental Therapeutics.



H. Dolgos et al.
L5E+05 —

1.25€+05 — -+~ Cilengitide

-+ TR
1E+05 —

7.5E+04 —

SE+04 J

Concentration (ng/mL or ng eq/mL)

2.5E+04 —

Time (h)

Figure 13. Mean plasma concentration-time profiles of cilengitide
and total radioactivity (TR) after single i.v. infusion to healthy
volunteers. Subjects received a single dose of 2.1 MBq of ['“C]-
cilengitide spiked into 250 mL of 2000 mg of unlabeled cilengitide
solution as an intravenous infusion over 1 hour. This result is referred
to Becker et al. 2015.

and thus indicates formation locally in enterocytes or in
the intestinal lumen subsequent to excretion of
unchanged cilengitide into feces (Wallace 1997).

Interestingly, the predicted PK values based on allomet-
ric scaling (CL = 0.087 L/h/kg, Vd = 1.155 L/kg, and
t = 1.90 h) were very similar to those obtained from clin-
ical studies in healthy volunteers and cancer patients
(Fig. 12). Hence, allometric scaling did well predict the
human PK although the large interspecies difference in
the drug disposition mechanisms was masked.

Additional in vitro experiments were undertaken to
better understand the species differences in disposition
mechanisms. To this end, hepatobiliary disposition of
cilengitide was investigated using sandwich-cultured
mouse and human hepatocytes systems (Ghibellini et al.
2004, 2006, 2007). In mouse hepatocytes, the observed
modest biliary efflux (BEI = 30-40%; C;/Cc:: 0.6-0.9)
indicated significant prior wuptake into those cells
(Table 9). In human hepatocytes, however, the total and
cellular accumulation of cilengitide was much lower
(Cie/Cec: 0.08) and biliary efflux negligible, indicating lack
of active uptake into hepatocytes (Table 10). These results
clearly demonstrate the usefulness of the sandwich-cul-
tured hepatocytes model to interpret the species difference
in in vivo biliary disposition.

Previous in vitro transporter studies have shown that
other cyclopeptides (phalloidin and «-amanitin) with
similar ~ physicochemical  properties as cilengitide
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demonstrated a clear hepatic uptake mediated by OATPs
(Fehrenbach et al. 2003 and Letschert et al. 2006). How-
ever, no active uptake of cilengitide was indicated in
human hepatocytes (Fig. 11). Due to its hydrophilic
character (Log Po/w = —2.0), it can be assumed that pas-
sive diffusion into cells plays a negligible role for cilengi-
tide which is in accordance with its very low in vitro
permeability (approximately 1.0 nm/sec) observed in
Caco-2 cells (see Supporting Information). This result is
also in agreement with the observations in sandwich-cul-
tured human hepatocytes.

In summary, cilengitide is a class III molecule accord-
ing to the BDDCS classification with no or little metabo-
lism expected. No metabolites were detected in the
systemic circulation of preclinical species and human.
Cilengitide was essentially secreted unchanged via the
renal and biliary routes, and although fecal metabolites
were observed in the monkey, these are hypothesized to
be a result of microfloral metabolism. Surprisingly, the
extent of the renal and biliary secretion is highly species
dependent, which is masked by the relative well conserved
clearance across the species. The extent of renal excretion
of cilengitide appears to increase with species evolution,
that is, lowest in mouse, then monkey and human (10 vs.
56 vs. ~80%). In contrast, biliary secretion was highest in
mouse and lowest in human, which were qualitatively
demonstrated well using sandwich cultures of mouse and
human hepatocytes. In human, active and passive uptake
into the hepatocyte appears not to play a significant role
in the distribution of the drug. Due to the low biliary
secretion in human of cilengitide in vitro, the efflux
transporter(s) involved could not be identified.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. NADPH-dependent metabolism of 14C-cilengitide
(EMD121974) by male mouse liver microsomes.

Figure S2. NADPH-dependent metabolism of 14C-cilengitide
(EMD121974) by male monkey liver microsomes.

Figure $3. NADPH-dependent metabolism of 14C-cilengitide
(EMD121974) by a pool of human liver microsomes.

Figure S4. Metabolism of 14C-cilengitide in rat hepatocytes.
Figure S5. Metabolism of 14C-cilengitide in human hepato-
cytes.

Table S1. Apparent permeability of cilengitide (MSC
1097999C) in Caco-2 cells.

Table S2. Radio-HPLC condition.
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