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Abstract

Background The extent of P2Y;, inhibition during
coronary intervention is an important determinant of
ischemic complications. The currently available oral P2Y,
inhibitors are limited by a relatively slow onset of action
and variable on-treatment response.

Objective Our objective was to determine the pharma-
codynamic (PD) dose—antiplatelet response relationship
and the pharmacokinetics of MDCO-157, an intravenous
formulation of clopidogrel complexed with sul-
phobutylether betacyclodextrin, and to identify the dose
level of MDCO-157 that matches the PD effect of oral
clopidogrel 300 mg.

Methodology A randomized open-label crossover study
was performed in 33 healthy adult volunteers to determine
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the pharmacokinetic (clopidogrel and clopidogrel H4 thiol
active metabolite) and the PD (vasodilator-stimulated
phosphoprotein [VASP]) effects of MDCO-157 at doses of
75, 150, and 300 mg and of oral clopidogrel 300 mg.

Results Data are presented as %, mean (standard devia-
tion). The maximum effect of P2Y, receptor inhibition
assessed by flow cytometry using VASP was 70.42 (6.7),
69.45 (7.1), and 65.58 (12.6) for intravenous MDCO-157 at
doses of 75, 150, and 300 mg, respectively, compared with
56.6 (17.5) with oral clopidogrel 300 mg administration
(»p < 0.0001). Intravenous administration of MDCO-157
led to a stepwise increase in plasma exposure of clopido-
grel, higher than with administration of an oral dose of
300 mg (p < 0.0001). Plasma exposure of H4-thiol also
increased with intravenous dose (3.6 £+ 2.6, 6.9 + 4.6, and
12.4 + 9.1 h-ng/ml for intravenous 75, 150, and 300 mg,
respectively) but was lower than with oral administration

of a 300-mg dose (34.0+£ 16.0 h.ng/ml; pairwise
p < 0.0001).
Conclusions MDCO-157, an intravenous formulation of

clopidogrel complexed with sulphobutylether betacy-
clodextrin, did not show significant platelet inhibition when
administered at doses up to 300 mg. Higher doses with
longer infusion may be needed to reach a sufficient
threshold of active metabolite generation.
Trial Registration: ClinicalTrials.gov
NCT01860105.
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Key Points

MDCO-157, an intravenous formulation of
clopidogrel bisulfate, produce pharmacodynamic
transient and minor effects that were much lower in
magnitude than that of oral clopidogrel 300 mg.

This was due to an insufficient threshold of active
metabolite generation as a consequence of the
extrahepatic clearance of the drug.

Whether a higher dose would overcome this
limitation and possibly be clinically relevant is
unknown.

1 Introduction

Clopidogrel is a second-generation thienopyridine that
irreversibly inhibits the purinergic P2Y;, adenosine
diphosphate (ADP) platelet membrane receptor [1, 2]. It is
an inactive pro-drug that requires oxidation by the hepatic
cytochrome P450 (CYP) system to generate clopidogrel
H4-thiol, the putative only active metabolite [3]. It has
been the standard of care in combination with aspirin to
prevent cardiovascular events in patients with an acute
coronary syndrome (ACS) and/or undergoing percutaneous
coronary intervention (PCI) and remains the most exten-
sively used P2Y, receptor inhibitor [4]. Although more
potent P2Y, inhibitors with a faster onset, namely pra-
sugrel and ticagrelor, demonstrated superiority over
clopidogrel to reduce recurrent ischemic events, these oral
formulations are associated with limitations due to delayed
absorption, particularly in STEMI patients when morphine
is concomitantly used, and more bleeding events [5-10].
Intravenous agents with faster onset of action have been
developed to overcome these limitations in the acute care
setting [11]. Cangrelor, an intravenous adenosine triphos-
phate (ATP) analog that binds reversibly and with high
affinity to the platelet P2Y, receptor and has a short
plasma half-life (<10 min), is now approved for patients
who have not received an oral P2Y |, inhibitor prior to the
PCI procedure and in whom oral therapy with P2Y,
inhibitors is not feasible or desirable [12-14]. However,
there remains biological uncertainty with regards to the
transition from cangrelor to oral P2Y, inhibitor [15-18].

MDCO-157 is an intravenous formulation of clopidogrel
complexed with an excipient, sulphobutylether betacy-
clodextrin (Captisol® Ligand, La Jolla, CA, USA), which
increases the aqueous solubility and stability of clopido-
grel. Sulphobutylether betacyclodextrin is used in four
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marketed parenteral products. MDCO-157 was developed
with the intention of matching the antiplatelet effects of
oral clopidogrel. A previous clinical study demonstrated
that MDCO-157 produced a rapid onset of platelet aggre-
gation inhibition at doses greater than 30 mg, which was
sustained through the 24-h test period [19]. With this
intravenous formulation, dose-proportional increases were
seen in the exposure parameters for clopidogrel, the car-
boxylic acid metabolite (inactive metabolite), and the
clopidogrel H4-thiol metabolite. MDCO-157 was well
tolerated at all doses. However, methodology limitations
led to inconclusive pharmacodynamic (PD) results.

The AMPHORE (Appraisal of MDCO-157 and clopido-
grel pharmacokinetics and pharmacodynamics in Healthy
volunteers with an Open-label, Randomized, cross-over
Evaluation) study was thus designed as a four-period, cross-
over PD and pharmacokinetic (PK) study in healthy volun-
teers using multiple assay methodologies for measuring
platelet aggregation and P2Y,, inhibition. Clopidogrel
300 mg as well as MDCO-157 doses of 75, 150, and 300 mg
of MDCO-157 were evaluated. AMPHORE was built upon
previous clinical experience with MDCO-157 and clopido-
grel while incorporating multiple within-study controls and
self-controls between subjects to enhance the reliability and
analysis of data. The primary objectives were to determine
the dose-response in the PD effect of MDCO 157 and to
identify the dose level of MDCO-157 that matches the PD
effect of clopidogrel 300 mg. The secondary objectives were
to determine the PK of MDCO-157, including clopidogrel,
clopidogrel carboxylic acid, and clopidogrel H4-thiol active
metabolite in plasma and to assess the safety and tolerability
of single doses of MDCO 157.

2 Methods
2.1 Study Design

The AMPHORE study was a phase I, open-label, ran-
domized, four-period cross-over study to determine the PD

Treatment Period

1 2 3

~

A C
2 B A
C D

Treatment
Sequence

a|» | 0| "
>|lw|a|d

4 D B

A =MDCO-157 75 mg; B=MDCO-157 150 mg;
C =MDCO-157 300 mg; D = Clopidogrel 300 mg

Fig. 1 Design of AMPHORE 4 x 4 cross-over study
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and PK of MDCO-157 and clopidogrel in adult healthy
volunteers. Intravenous MDCO-157 doses of 75, 150, and
300 mg were infused over 2.5-10 min and a clopidogrel
300 mg tablet was administered to each subject in a ran-
domized Williams design [20] with four sequences
(Fig. 1). Each study period was separated by a washout
period of 14 & 2 days.

2.2 Study Endpoints

The primary endpoints of this trial were maximum effect of
P2Y, receptor inhibition (E,,.¢) using vasodilator-stimulated
phosphoprotein (VASP) (flow cytometry) and area under the
effect of P2Y, receptor inhibition time curve (AUEC) using
VASP (flow cytometry). The secondary endpoints were
maximum effect of inhibition of platelet aggregation using
light transmission aggregometry (LTA), area under the effect
of inhibition of platelet aggregation time curve using LTA,
maximum effect of inhibition of platelet aggregation using
VerifyNow P2Y12 (VN-P2Y12, Accumetrics, San Diego,
CA, USA), and area under the effect of inhibition of platelet
aggregation time curve using VN-P2Y12.

2.3 Selection of Healthy Volunteers

To enter the AMPHORE study, healthy male and female
individuals aged 18—45 years were screened at the Clinical
Investigation Center Paris-Est (CIC-1421), the Institut de
Cardiologie of Pitié-Salpétriere Hospital, and the Medical
School of the Pierre et Marie Curie University. Major
exclusion criteria were smoking habits; any history of
bleeding or coagulation disorders; use of aspirin, non-
steroidal anti-inflammatory drugs, CYP3A4 inhibitors (e.g.,
ketoconazole), CYP2C19 inhibitors (e.g., omeprazole), or
other drugs known to affect platelet function or coagulation
within 14 days prior to receiving THE study drug (MDCO-
157 or clopidogrel). Women of childbearing potential had
to be using a medically acceptable form of birth control
throughout the study, and the absence of pregnancy was
verified at each study period. Other inclusion criteria
included a body mass index between 18 and 35 kg/m?, the
absence of significant disease or abnormal standard labo-
ratory values, and a normal 12-lead electrocardiogram
(ECG). Finally, other important exclusion criteria included
known hypersensitivity or allergy to sulfobutylether-7-b-
cyclodextrin; clopidogrel bisulphate tablet or its excipients;
or a positive screen for hepatitis B, hepatitis C, or HIV.

2.4 Study Drugs
MDCO-157, a formulation of clopidogrel complexed with

sulphobutylether betacyclodextrin  (Captisol®) as an
excipient, and clopidogrel (Plavix®) were provided by the

study sponsor (The Medicines Company). The MDCO-157
doses chosen for the current clinical study (75, 150, and
300 mg) were based on previous human exposures in Study
104 [19], where MDCO-157 was safe and well tolerated.

2.5 Pharmacodynamics Laboratory Methods

Platelet function assays were performed immediately after
venipuncture in a single laboratory by operators blinded to
the assigned dosing regimen and to the genetic profile of
the study individuals. VASP phosphorylation was mea-
sured by flow cytometry (FC-VASP) using a Beckman
Coulter FC500 cytometer (Beckman Coulter, Villepinte,
France) according to the manufacturer’s instructions and as
described in previous studies [17, 18]. For FC-VASP,
blood samples were incubated in vitro with ADP and/or
prostaglandin E1 (PGE,;) before fixation. The VASP pla-
telet reactivity index (PRI) was calculated from the median
fluorescence intensity (MFI) of each condition according to
the formula: FC-VASP PRI = ((MFI [PGE1]-MFI
[PGE, + ADP])/MFI  [PGE]) x 100. LTA (Model
490-4D, Chrono-Log Corporation, Kordia, the Nether-
lands), the point-of-care (POC) assay, VerifyNow P2Y,
(VN-P2Y,) assay (Accumetrics, San Diego, CA, USA),
and VASP assays were performed simultaneously within
30 min prior to dose administration, 5 (£1), 15 (£2), and
30 (£2) min, and 1 (£5 min), 2 (£5 min), 4 (£5 min), 6
(&5 min), 10 (£10 min), and 24 (%10 min) h after the end
of dosing. Residual platelet aggregation (RPA), which
corresponds to the level of aggregation curve (%) measured
6 min after 20 pmol/l ADP-induced platelet aggregation,
was selected as the platelet aggregation measure because it
is thought to better reflect P2Y,, function than other
measurements [16]. The relative reduction (RR) in RPA
(RR-RPA, %) 6 h post-Loading dose (LD) was defined as
(% RPA_6 h)(% RPA_baseline)/(% RPA_base-
line) x 100. Pre-specified criteria to define non-evaluable
samples were the lack of sufficient signal, hemolysis, pla-
telet-rich plasma (PRP) platelet count <150,000/pl, and
unstable baseline. For the VN-P2Y12 assay, samples were
run in the same laboratory, according to the device package
insert. Results were expressed as platelet reaction units
(PRU), which was measured and correlated to RPA at each
time point.

2.6 Plasma Concentrations of Clopidogrel,
Clopidogrel Carboxylic Acid, and H4-Thiol
Active Metabolite

Whole blood was immediately stabilized with 500 mM
MPBr (3-methoxyphenacyl bromide) in acetonitrile, and
samples were processed to obtain platelet-poor plasma
aliquots, and then stored at —80 °C. Clopidogrel,

A\ Adis



46

J.-P. Collet et al.

clopidogrel carboxylic acid, and clopidogrel H4-thiol
concentrations were determined by a validated liquid
chromatography tandem mass spectrometry method. Two
bioanalytical assay methods were used, validated and
conducted by Advion Bioanalytical Labs/Quintiles
Bioservices (Ithaca, NY, USA). The second method was
developed and validated for purposes of the present study,
with a shift in the clopidogrel concentration range to
accommodate higher clopidogrel concentrations in plasma
after administration of MDCO-157 infusion doses. Plasma
samples were obtained at baseline (within 30 min prior to
study drug administration = pre-dose), 5 (1), 15 (£2), 30
(£2) min, and 1 (£5 min), 2 (&5 min), 4 (&5 min), 6
(&5 min), 10 (£10 min), and 24 (£10 min) h after the end
of infusion. An additional PK sample was taken just prior
to the end of the MDCO-157 infusion.

2.7 Genetic Analyses

Genomic DNA was extracted from peripheral blood and
was genotyped using TagMan Validated single nucleotide
polymorphism (SNP) assays (C_25986767_70) with the
7900HT sequence Detection System (Applied Biosys-
tems, Courtaboeuf, France). All patients were also geno-
typed for other loss-of-function CYP2CI9 variants (*2,
*3, *4, *5, *6) using the same method (TagMan Vali-
dated SNP assays: C_27861809_10; C_30634136_10;
C_27861810_10; and C_27531918_10, respectively).
‘Ultrarapid’ metabolizers were defined as carriers of the
CYP2C19*17 variants, ‘extensive’ as wild-type carriers,
‘intermediate’ as heterozygous carriers of the CP2C19%*2
variant, and ‘poor’ as homozygous carriers of the
CP2C19%2 or CP2C19%6 variant.

2.8 Study Oversight

The trial was conducted by members of the nonprofit
academic research organization ACTION (Allies in Car-
diovascular Trials, Initiatives, and Organized Networks;
[http://www.action-coeur.org]) and the Department of
Pharmacology. Funding was from the Medicines Company
(Parsippany, NJ, USA), which was involved in the design
and conduct of the study, data collection, analysis of the
results, and writing of the manuscript. The trial was
designed and the protocol and manuscript were written by
the first and last authors, who made the decision to submit
the manuscript for publication together with The Medicines
Company. The present study was conducted in accordance
with the Harmonized Tripartite Guidelines for Good
Clinical Practice issued by the International Conference on
Harmonization (http://www.ich.org/fileadmin/Public_Web
_Site/ICH_Products/Guidelines/Efficacy/E6_R1/Step4/E6_
R1__Guideline.pdf, 17 October 2011) and with the local
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laws and regulations for the use of investigational thera-
peutic agents. The protocol and informed consent forms
were reviewed and approved by the ANSM (Agence
Nationale de Sécurité du Médicament et des produits de
santé) and the Comité de Protection des Personnes prior to
screening or enrolling of any study subjects. All subjects
provided voluntary informed written consent to participate
in the study.

2.9 Statistical and Data Analyses

Enrollment was planned to include approximately 36 sub-
jects, to ensure that approximately 32 subjects would
complete all study periods. Subjects who dropped out prior
to completing all the study periods were not replaced.
Assuming an intra-subject coefficient of variation (% CV)
of 40 % for the primary endpoints (E,.x and AUEC of
P2Y, receptor inhibition), a sample size of 32 subjects
was calculated to provide 80 % power to demonstrate the
bioequivalence of PD effects between the matched dose
level of MDCO-157 and clopidogrel 300 mg using two
one-sided tests at a 5 % significance level with the equiv-
alence range of the mean ratio from 75 to 133 %.
Descriptive statistics for continuous variables included
number of subjects (n), mean, and standard deviation (SD).

The area under the plasma concentration versus time
curve (AUC) from the time of administration of the study
drugs to 6 h (AUC(_s) of clopidogrel and its metabolites
was computed by non-compartmental methods of analysis.
PK variables were calculated using standard, non-com-
partmental methods with the use of the log-linear trape-
zoidal method (Phoenix WinNonlin, version 6.3, Certara,
L.P.). PK parameters assessed were as follows: maximum
observed plasma concentration (Cy,,x), time to reach Cpax
(tmax), area under the curve of the plasma concentration to
the last measurable concentration (AUC,,,), area under the
curve of the plasma concentration to infinity (AUC;,y),
terminal elimination rate constant (1z), half-life (¢.,), vol-
ume of distribution at steady state (V), and clearance
(CL).

For PK parameters, geometric mean, standard error of
the mean (SEM), and % CV were calculated. Unless
otherwise specified, missing data were not imputed and
were excluded from the associated analysis. The dose-re-
sponse relationship between the PD endpoints and treat-
ment groups was graphically depicted as box and whisker
plots of E.x and AUEC based on all PD data from the
three MDCO-157 dose levels. A linear regression analysis
was used to summarize and model the dose-response
relationship separately for E,,x and AUEC among all
MDCO-157 dose levels, and to estimate a plausible dose
level of MDCO-157 matching a clopidogrel dose of
300 mg. Based on PD response, PK data from the active
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metabolite were used for modeling. The relationship
between PD effects (P2Y, receptor and platelet aggrega-
tion inhibition) and plasma concentration of clopidogrel
H4-thiol active metabolite at each time point was sum-
marized graphically. The impact of genetic testing results
on the PD and PK effects was explored. No statistical
adjustment for multiple comparisons was performed.

3 Results
3.1 Subject Disposition

All 37 enrolled subjects were included in the safety pop-
ulation and in the PK population. A summary of the
baseline characteristics is shown in Table 1. One subject
who received an incomplete dose due to infusion site
extravasation was counted twice in the safety and PK
MDCO-157 (75 mg) group, according to actual treatment
received. The PD population consisted of 36 subjects, with
one subject excluded because of sample hemolysis. Sub-
jects without evaluable study drug levels in PK samples or
without evaluable PD data were omitted from PK or PD
dose groups (Fig. 2).

3.2 Pharmacodynamics

MDCO-157 demonstrated dose-related PD effects across
the intravenous 75-, 150-, and 300-mg dose groups that
were lower in magnitude than oral clopidogrel 300 mg PD
effects as assessed by the VASP assay (primary endpoint)
(Table 2). Numerically, mean E,,, based on VASP
decreased with increasing intravenous doses, and was
lower for oral clopidogrel 300 mg than for the intravenous
300-mg group (p < 0.001). Mean AUEC for VASP was

Table 1 Subject demographic characteristics (safety population)

Randomized

population 37 subjects enrolled

|

37 subjects had at
least 1 dose of study
drug (any treatment

period)

] ] a
1 subject withdrew consent 1 subject left study location

due to work transfer
1 subject withdrawn by physician ©

34 subjects completed
the study

Fig. 2 Disposition of subjects. *Subject did not complete the study
after withdrawing consent, with no study drug received from
Treatment Period. bSubject did not complete the study due to other
reasons than those listed on the e-case report form (eCRF), with no
study drug received from Treatment Period 4 onwar. “Subject did not
complete the study due to anti-inflammatory treatment taken by the
subject, with no study drug received from Treatment Period 2 onward

higher for the intravenous 300 mg dose than for the lower
intravenous doses, without increasing between the 75-mg
and the 150-mg dose levels. The mean AUEC was
approximately twice as high for the clopidogrel 300-mg
group as for the intravenous 300-mg group (Fig. 3).
Intravenous MDCO-157 doses showed transient and minor
PD effects compared with the oral clopidogrel 300-mg
dose, as assessed by LTA (data not shown) and the VN-
P2Y12® assay. This was in contrast with observations of a
persistent platelet inhibition with oral clopidogrel (mini-
mum VN-P2Y12 PRU was 259.1 &+ 44.2, 247.8 £ 49.8,
233.3 + 65.1 for intravenous 75, 150, and 300 mg,
respectively) and higher than oral 300-mg administration
(168.3 £ 72.0; pairwise p < 0.0001) (Fig. 4). PD obtained
with the oral clopidogrel 300-mg dose were as expected

Parameter, statistic category MDCO-157 Clopidogrel 300 mg All subjects
(N = 36) (N =37)
75 mg (N = 36) 150 mg (N = 34) 300 mg (N = 35)
Age, years 26.7 (6.0) 26.8 (6.2) 26.7 (6.1) 26.5 (6.1) 26.6 (6.0)
Male, n (%) 21 (58.3) 20 (58.8) 21 (60.0) 22 (61.1) 22 (59.5)
Race, n (%)
White 29 (80.6) 28 (82.4) 28 (80.0) 29 (80.6) 30 (81.1)
Asian 2 (5.6) 2(5.9) 2(5.7) 2 (5.6) 2(54)
Black/African American 5(13.9) 4 (11.8) 5(14.3) 5 (13.9) 5(13.5)
Body weight, kg 72.0 (9.2) 71.7 (9.4) 71.9 9.4) 72.3 (9.6) 724 (9.5)
Height, cm 174 (8.8) 174 (8.9) 174 (8.7) 174 (8.6) 174 (8.6)
BMI (kg/m?) 23.9 (2.6) 23.7 (2.5) 23.7 (2.5) 23.9 (2.7) 24.0 (2.7)

Data are presented as mean (standard deviation) unless otherwise indicated

BMI body mass index
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Table 2 Dose-related pharmacodynamics

VASP parameters (primary endpoints) MDCO-157 Clopidogrel 300 mg
N =35
75 mg (N = 33) 150 mg (N = 30) 300 mg (N = 31) ( )
Emax (%) 70.4 (6.7) 69.4 (7.1) 65.6 (12.5) 56.6 (17.6)
Emax (%) 71.4 (68.9, 74.1) 69.4 (64.1, 76.1) 70.1 (66.9, 71.4) 62.1 (50.2, 69.5)

median (Q1, Q3)
AUEC (% x h)
AUEC (% x h)

229 (115)
205 (155, 250)

median (Q1, Q3)

222 (110)
196 (144, 293)

267 (136)
216 (173, 328)

557 (338)
507 (266, 778)

Data are presented as mean (standard deviation) unless otherwise indicated

AUEC area under the effect of P2Y |, receptor inhibition time curve, E,,,, maximum effect of P2Y |, receptor inhibition, SD standard deviation,

VASP vasodilator-stimulated phosphoprotein

1500 —
1V, 75 mg

11V, 150 mg
| 11V, 300 mg
Oral, 300 mg

1000 —

AUEC
1

500 —

| [
75, IV 150,V 300,IV 300, oral

Fig. 3 Box and whisker plot of VASP AUEC versus dose. AUEC
area under the effect of P2Y, receptor inhibition time curve, IV
intravenous, VASP vasodilator-stimulated phosphoprotein
phosphorylation

based on known product characteristics and consistent with
the scientific literature [3].

3.3 Pharmacodynamic Response versus CYP2C19
Polymorphism

Of 37 subjects, nine were predicted to be poor responders
based on CYP2C19 metabolizer genotypes. Based on PK
analysis, median AUC for the active H4-thiol metabolite
appeared to be lowest in subjects who were poor metabo-
lizers and highest in ultra-metabolizers (data not shown).
PD analysis of VASP AUEC versus CYP2C19 polymor-
phism was performed; median AUEC appeared to be lower
in the poor and intermediate metabolizers than in the
extensive and ultra-metabolizers (Fig. 5).

3.4 Pharmacokinetics

Variable=PRU

350 —

210— 75mg, IV
5 -#=- 150 mg, IV
& N -~ 300 mg, IV

300 mg, oral

140 —

70—

T w [

0 6 12 18 24 30
Time (hr)
Variable=INHBIT

50 —

40—
£ 30—
= 30 75mg, IV
g -#-- 150 mg, IV
2 m &+ 300 mg, IV
£ 300 mg, oral
S 0| -y
g™ &

,:J:;\I‘ e I
*
0
J | |
0 6 12 18 24 30
Time (hr)

PK variables for clopidogrel, the inactive clopidogrel car-
boxylic acid metabolite, and the active clopidogrel H4-
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Fig. 4 Pharmacodynamic response at each time point by treatment:
Verinyow® PRU results and PRU % inhibition (upper PRU results)
and (lower PRU % inhibition). ar hours, IV intravenous, PRU P2Y,
reaction units, SE standard error
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DOSE=300, ROUTE=oral Extensive (EM)

[ Intermediate (IM)
[_—1 Poor (PM)
Ultrarapid (RM)

1500 —

1000 —

AUEC
I

500 —

\ I
Extensive Intermediate Poor (PM)  Ultrarapid
(EM) (M) (RM)

Fig. 5 Box and whisker plot of VASP AUEC by CYP2C19
polymorphism, oral clopidogrel 300 mg. AUEC area under the effect
of P2Y, receptor inhibition time curve, EM extensive metabolizer,
IM intermediate metabolizer, PM poor metabolizer, RM ultrarapid
metabolizer, VASP vasodilator-stimulated ~ phosphoprotein
phosphorylation

thiol metabolite were compared for intravenous MDCO-
157 doses of 75, 150, and 300 mg, and oral clopidogrel
300 mg. The mean (£SD) C,.x for clopidogrel increased
with intravenous MDCO-157 dose. The increase in Cy.x
was dose proportional, with a slope in log scale of 0.998
(90 % confidence interval [CI] 0.817-1.18). Similarly,
mean AUC increased with dose but was slightly less than
dose proportional, with a slope in log scale of 0.863 (90 %
CI 0.768-0.958). After intravenous MDCO-157 dosing,
clopidogrel showed a high clearance, short half-life, and
higher C.x and AUC than that of the oral clopidogrel
300-mg dose (Table 3).

The mean (£SD) C,,, for the H4-thiol active metabo-
lite increased with intravenous MDCO-157 dose. The
increase in Cp,,x Was slightly less than dose proportional,
with a slope in log scale of 0.799 (90 % CI 0.691-0.907).
AUC increased with IV dose, with the increase in AUC;,¢
slightly less than dose proportional. After intravenous
MDCO-157 300 mg, the H4-thiol active metabolite had
lower Cp,.x and AUC than that of the oral clopidogrel
300-mg dose (Table 3).

3.5 Pharmacodynamics and Pharmacokinetics

PD responses across intravenous MDCO-157 dose levels were
determined to be insufficient for modeling of dose response to
estimate the intravenous MDCO-157 dose matching oral
clopidogrel 300 mg. As a result, PK data were used for
modeling and prediction of the MDCO-157 matching dose.
The plasma exposure for the active H4-thiol metabolite
was lower than that for the inactive carboxylic acid. The
mean AUC;, ratio of the active metabolite to the inactive
metabolite was approximately 0.00031, 0.00028, and

0.00023 for the intravenous 75, 150, and 300-mg groups, and
was 0.00084 for the oral 300-mg group. The ratio for the oral
300-mg group was approximately 3.65 times higher than that
of the intravenous 300-mg group. Based on a linear model of
dose proportionality of Cy,x and AUC, the intravenous
MDCO-157 dose that would be expected to produce similar
plasma exposure of the H4-thiol metabolite compared with
clopidogrel 300 mg was estimated to be 500-900 mg.

The hysteresis plots of mean VASP-PRI results versus
mean H4-thiol active metabolite concentrations are pre-
sented in Fig. 6. For the oral clopidogrel 300-mg dose,
there was a time delay between the measurement of the
active metabolite and the VASP-PRI response. For the
intravenous MDCO-157 dose levels, the time delay and the
inhibition of the VASP-PRI was not as notable as it was for
the oral clopidogrel group.

For the oral clopidogrel 300-mg dose, VASP AUEC was
well correlated with Cy,,, for the active H4-thiol metabo-
lite. For the intravenous MDCO-157 dose levels, Cihax
values for the active metabolite did not appear to reach a
level that could cause marked changes in VASP AUEC,
except for one subject (Fig. 7). LTA results (RPA and
Maximum Platelet Aggregation (MPA) with 5 and 20 uM
ADP) showed poor correlation between AUEC and Ci;,,« or
AUEC and AUC for the active H4-thiol metabolite. VN-
P2Y12-PRU results were more consistent with those based
on VASP assessments (data not shown).

3.6 Safety Results

Safety findings after the administration of intravenous
MDCO-157 doses at 75, 150, and 300 mg were consistent
with the safety and tolerability profile of MDCO-157, as
previously reported. No deaths, serious adverse events
(SAEs), or adverse events (AEs) leading to discontinuation
of study drug were reported among study subjects. After
the administration of intravenous MDCO-157 at 300 mg
(the highest MDCO-157 dose), the most commonly
reported treatment-emergent AEs (TEAEs) were infusion-
site pain (28 of 35 subjects; 80.0 %), headache (6/35;
17.1 %), dizziness (5/35; 14.3 %), and vessel puncture site
hematoma (4/35; 11.4 %). After the administration of oral
clopidogrel 300 mg, the most commonly reported TEAE
was headache (4/36; 11.1 %). The majority of study sub-
jects had no notable findings with respect to laboratory
results, vital signs, or ECGs (see Table 4).

4 Discussion
The AMPHORE study first demonstrates that when

administered in intravenous doses from 75 up to 300 mg,
MDCO-157, an intravenous formulation of clopidogrel
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Table 3 Pharmacokinetic parameters by treatment (pharmacokinetic population)

Variable MDCO-157 Clopidogrel 300 mg
75 mg (N = 35) 150 mg (N = 34) 300 mg (N = 35) W =36)
Clopidogrel
max () 0.08 (0.16) 0.03 (0.02) 0.04 (0.08) 1.40 (0.52)
Chax (ng/mL) 1406 (1456) 3568 (2831) 5101 (3206) 4.78 (5.02)
AUC, (ng x h/mL) 565 (2438) 994 (424) 1799 (609) 10.38 (9.06)
AUC,¢ (ng x h/mL) 571 (249) 1018 (457) 1832 (619) 10.85 (9.27)
CL (L/h) 153 (58.8) 171 (63.8) 184 (69.4) NA
Vs (L) 287 (154) 183(75.9) 217 (84.2) NA
Lambda_z (1/h) 0.32 (0.29) 0.64 (0.30) 0.49 (0.26) 0.25 (0.13)
ty, (h) 3.30 (1.37) 1.41 (0.82) 1.95 (1.17) 3.46 (1.87)
MRT (h) 1.96 (1.15) 1.20 (0.69) 1.24 (0.47) 4.38 (2.62)
Carboxylic acid metabolite
max () 0.15 (0.09) 0.09 (0.05) 0.08 (0.03) 1.25 (0.44)
Cinax (ng/mL) 3215 (783) 6645 (1773) 13145 (2452) 10844 (4015)

AUC 5 (ng x h/mL)
AUC;,r (ng x h/mL)

10,161 (1727)
12,729 (2770)

20,975 (4047)
26,691 (6956)

45,538 (7624)
55,947 (12006)

38,142 (10093)
43,315 (11958)

Lambda_z (1/h) 0.06 (0.02) 0.06 (0.02) 0.07 (0.01) 0.08 (0.02)
ty, (h) 11.78 (3.85) 11.97 (3.88) 11.01 (2.56) 9.12 (3.76)
MRT (h) 14.01 (5.28) 14.43 (4.89) 13.11 (3.52) 9.98 (4.38)
H4-thiol metabolite
tmax (h) 0.20 (0.11) 0.19 (0.08) 0.16 (0.09) 1.11 (0.38)
Cinax (ng/mL) 4.54 (3.57) 8.83 (6.25) 14.26 (12.44) 24.88 (13.39)
AUC 5 (ng x h/mL) 3.55 (2.60) 6.77 (4.50) 12.14 (8.90) 33.82 (15.89)
AUC;,¢ (ng x h/mL) 3.61 (2.63) 6.90 (4.59) 12.36 (9.05) 34.02 (15.97)
Lambda_z (1/h) 0.78 (0.49) 0.50 (0.31) 0.35 (0.17) 0.41 (0.18)
ty, (h) 1.27 (0.75) 1.82 (0.81) 2.29 (0.63) 1.99 (0.76)
MRT (h) 1.15 (0.47) 1.39 (0.58) 1.71 (0.75) 1.91 (0.51)

Data are presented as mean (standard deviation)

AUC,4 area under the curve of the plasma concentration to the last measurable concentration, AUC;,, area under the curve of the plasma
concentration to infinity, CL total body clearance, C,,,, maximum plasma concentration, MRT mean residence time, NA not applicable, PK

pharmacokinetics, SD standard deviation, t,,,, time to Cy.y, f, half-life, Vi volume of distribution at steady state

bisulfate, produced PD effects transient and minor for the
majority of study subjects, which were lower in magnitude
than the PD effects observed with the administration of oral
clopidogrel 300 mg. The PK and PD analyses of clopido-
grel 300 mg were consistent with its known PK and PD
profiles [3, 21, 22]. The second important finding of
AMPHORE is the dose-proportional kinetics for clopido-
grel, the carboxylic acid and the H4-thiol active metabo-
lites after intravenous administration of MDCO-157. Third,
the AUC of clopidogrel was very high with MDCO-157
compared with oral administration, with a total body
clearance higher than hepatic blood flow (~90 1/h/70 kg),
reflecting extrahepatic clearance, which may result in
decreased hepatic metabolism via this route of adminis-
tration. Finally, the inactive carboxylic acid metabolite
showed higher plasma exposure than the parent
clopidogrel.
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The findings of the AMPHORE study differ substan-
tially from the PRISM-104 study, where the administration
of PM-103 produced a rapid, persistent, and dose-related
inhibition of platelet aggregation [19]. The onset of the
antiplatelet effect paralleled the appearance in plasma of
the clopidogrel thiol active metabolite. But the lack of PK/
PD dose-dependent relationship was an intriguing finding
attributed to the lability of the H4-thiol metabolite, further
questioning the accuracy of the bioanalytical assay used in
the PRISM-104 study. Differences in the sulphobutylether
betacyclodextrin formulation and longer time delay from
blood sampling to biological assay may also have played a
role. Sulphobutylether betacyclodextrin was used in
100 mM phosphate buffer, pH 6.5 in PRISM-104 and in
10 mM phosphate buffer, pH 6.0 in AMPHORE. Finally,
AMPHORE was designed and executed according to the
FDA requirements for a phase I study in normal healthy
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Fig. 6 Hysteresis plot of mean VASP versus mean concentration of
H4-thiol active metabolite. /V intravenous, PRI platelet reactivity
index, PRU P2Y,, reaction units, VASP vasodilator-stimulated
phosphoprotein phosphorylation, arrows indicate the direction of
the hysteresis
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Fig. 7 Correlation between H4-thiol maximum observed plasma
concentration (Cp,.x) and vasodilator-stimulated phosphoprotein
(VASP) area under the effect of P2Y, receptor inhibition time curve
(AUEC). IV intravenous

volunteers, a guarantee of reliability and accuracy. In
particular, multiple PD assays were run at each time point
and duplicated to ensure that the correlation between PK
and PD measures were reliable.

In AMPHORE, the P2Y,, inhibition effects of MDCO-
157 were assessed using VASP, Verinyow®, or LTA.
VASP and VerifyNow® were found to correlate with the
plasma exposure of the H4-thiol active metabolite (Cp,ax
and AUC) as opposed to RPA and MPA using LTA. VASP
and VerifyNow® results are known to be more specific
assessments of P2Y, inhibition than LTA, a finding that is
consistent with AMPHORE. The PK/PD analysis of
MDCO-157 in AMPHORE also indicates that there might
be a threshold for the active metabolite to cause stronger

PD responses than previously observed. The plasma levels
of the active H4-thiol metabolite after intravenous admin-
istration of MDCO-157 appear to be lower than the
threshold suggested by the results of PK/PD analysis [3,
23]. This threshold was determined to be 24 ng/ml when
PK and PD responses to high or standard clopidogrel
loading doses were modeled according to CYP2C19%2
allele carriage [3], a threshold that fits with our data.
Indeed, the hysteresis curve in Fig. 6 suggests a threshold
effect of H4-thiol between concentration 15 and 23 ng/ml
to obtain an irreversible inhibition of the P2Y ,.

The MDCO-157 intravenous dose expected to produce
similar plasma exposure of the H4-thiol metabolite com-
pared with clopidogrel 300 mg was estimated to be
500-900 mg. This suggests that higher doses and/or doses
with longer infusion may have been needed to reach a
sufficient threshold of active metabolite generation. How-
ever, the partition ratio between the H4-thiol metabolite
and the carboxylic acid metabolite after intravenous
MDCO-157 at 300 mg, which was calculated using the
corresponding AUC values, was found to be only 28 % of
that calculated for oral clopidogrel 300 mg. This further
indicates that the 300-mg dose of MDCO-157 may not
have been sufficient to overcome the poor PD response.
Based on these assumptions, an oral dose of 300 mg would
match an intravenous dose of 600 mg, a value consistent
with our calculations.

Three possible mechanisms may be proposed to explain
this finding, which reflects the lower plasma exposure for
the H4-thiol active metabolite after MDCO-157 dosing
compared with oral clopidogrel. One could be the oxidation
of clopidogrel by intestinal CYP450 enzymes to form the
thiolactone metabolite, which would then be delivered
through the portal vein to the liver for further oxidation to
the active metabolite. Another possible mechanism could
be complex formation between sulphobutylether betacy-
clodextrin (in the MDCO-157 formulation) and clopido-
grel, which might reduce the diffusion rate of clopidogrel
to hepatocytes for metabolism and/or might increase the
renal clearance of clopidogrel. In vitro data support this
hypothesis (not shown). Finally, arterial hepatic blood flow
represents 20-25 % of the total liver blood supply,
75-80 % being supplied by the portal vein. The amount of
clopidogrel and its esterase-dependent carboxylic acid
derivative delivered to the liver would therefore represent
about a quarter of the amount delivered to the liver after
oral administration. Absorption of clopidogrel after oral
administration is at least 50 %. Based on these assump-
tions, an oral dose of 300 mg would match an intravenous
dose of 600 mg, a value consistent with our calculations.

A possible effect of the CYP2C19 polymorphism can be
excluded in the AMPHORE study. The PD effects and the
plasma exposure of the active metabolite after clopidogrel
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Table 4 Safety results

MDCO-157 Clopidogrel 300 mg
(N = 36)
75 mg (N = 36) 150 mg (N = 34) 300 mg (N = 35)
Subjects with any TEAE 32 (88.9) 31 (91.2) 30 (85.7) 10 (27.8)
Subjects with at least one TEAE related to study drug 31 (86.1) 30 (88.2) 28 (80.0) 8 (22.2)
Subjects with at least one TEAE of severity
Mild 21 (58.3) 17 (50.0) 15 (42.9) 7 (19.4)
Moderate 11 (30.6) 13 (38.2) 15 (42.9) 3(8.3)
Severe 0 1.9 0 0

Data are presented as n (%)

TEAE treatment-emergent adverse event

were highly variable among subjects. Genotyping of study
subjects and analysis of the CYP2C19 genotype categories
(poor, intermediate, extensive, and ultrarapid) showed an
apparent correlation between metabolizer phenotype and
the plasma exposure of the H4-thiol active metabolite, as
well as VASP and PRU PD results. These findings were
expected, and the magnitude of effect of the CYP2C19
polymorphism was similar to that observed in the previous
study, and considered only as one possible factor con-
tributing to the significant inter-individual variability in
clopidogrel PK and PD [3, 24-26].

In conclusion, early and profound platelet P2Y,,
receptor inhibition is an attractive approach that is rec-
ommended to improve clinical outcome of high-risk PCI
patients [27]. The MDCO-157 compound was developed to
provide such a strategy and to allow an easy transition from
intravenous to oral administration using clopidogrel, the
most widely used P2Y, inhibitor in ACS patients world-
wide. Although safety and tolerance were good in normal
healthy volunteers, there was a lack of sufficient platelet
inhibition when given at doses up to 300 mg due to
insufficient threshold of active metabolites generation. The
ratio of hepatic arterial-to-portal venous blood flow was the
most plausible explanation for our results and whether a
higher dose would overcome this limitation is unknown.
Finally, MDCO-157 at these doses cannot provide an
alternative to oral clopidogrel for clinical use. The use of
higher doses of MDCO-157 may face volume issues for
intravenous use.
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