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ABSTRACT

Despite a recent expansion in the recognition of coproporphyrin’s (CP’s) potential utility as an
endogenous biomarker of OATPIB activity, there have been few detailed studies of CP’s
pharmacokinetic behavior and an overall poor understanding of its pharmacokinetic fate from
tissues and excretion. Here, we describe the pharmacokinetics of deuterium-labeled
coproporphyrin I (CPI-d8) in cynomolgus monkeys following oral and intravenous administration.
CPI-d8 has a half-life and bioavailability of 7.6 h and 3.2%, respectively. Cynomolgus monkeys
received oral cyclosporin A (CsA) at 4, 20, and 100 mg/kg which yielded maximum blood
concentrations (Cmax) and area under the plasma concentration-time curve (4UC) values of 0.19,
2.5, and 3.8 uM, and 2.7, 10.5, and 26.6 uMeh, respectively. The apparent CsA-dose dependent
increase in the AUC ratio (AUCR) of CPI-d8 (1.8, 6.2, and 10.5), CPI (1.1, 1.4, and 4.4), and CPIII
(1.1, 1.8, and 4.6) at 4, 20, and 100 mg, respectively. In contrast, the plasma concentrations of CPI
and CPIII were generally not affected by IV administration of the renal organic anion and cation
transporter inhibitors [probenecid (PROB) and pyrimethamine (PYR), respectively]. In addition,
tritium-labeled coproporphyrin I ([*H]CPI) showed specific and rapid distribution to the liver,
intestine, and kidney after an IV dose in mice using quantitative whole-body autoradiography
(QWBA). Rifampin (RIF) markedly reduced the liver and intestinal uptake of ([*’H]CPI) while
increasing the kidney uptake. Taken together, these results suggest that hepatic OATP
considerably affects the disposition of CPI in animal models, indicating CPI is a sensitive and

selective endogenous biomarker of OATP inhibition.
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SIGNIFICANCE STATEMENT

This study demonstrated that CPI has favorable oral absorption, distribution, and elimination
profiles in monkeys and mice as an endogenous biomarker. It also demonstrated its sensitivity and
selectivity as a probe of OATPI1B activity. The study reports, for the first time, in vivo
pharmacokinetics, tissue distribution, sensitivity, and selectivity of CPI as an OATPIB
endogenous biomarker in animals. The data provides preclinical support for exploration of its

utility as a sensitive and selective circulating OATP biomarker in humans.
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INTRODUCTION

Although most of the observed drug-drug interactions (DDIs) are caused by CYP3A
inhibition and induction when developing a new drug, drug transporters also play an important
role in drug interactions. Either alone or with a drug-metabolizing enzyme, they mediate
approximately half of all DDIs characterized in the package inserts of 34 new small molecule drugs
that were approved by the United States Food and Drug Administration (FDA) in 2017 (Yu et al.,
2019). Moreover, hepatic organic anion-transporting polypeptides (OATP)1B1 and OATP1B3
mediated more than half of the DDIs with area under the plasma-time curve fold change (AUCR)
greater than or equal to 5 (Yu et al., 2019). In agreement, the OATP/Oatp transporters are the most
abundant transporter proteins, accounting for 29 to 69% of total drug transporter proteins in the
liver across species (Wang et al., 2015). Furthermore, the observed individual and interethnic
variability in OATP1B1 transport activity has been demonstrated to be a cause of variability in
pharmacokinetics, efficacy and safety of OATP1B drug substrates (Marzolini et al., 2004, Konig
et al., 2006, Group et al., 2008, Tomita et al., 2013). Consequently, the in vitro and in vivo
approaches to assess the inhibition potential of a new drug towards OATP1B1 and OATP1B3 have
been recommended and updated by the FDA (https://www.fda.gov/media/134582/download) and
EMA  (https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-investigation-
drug-interactions_en.pdf).

Transporter biomarker research is drawing increasing attention from the pharmaceutical
industry, academia, and regulatory authorities because biomarkers allows for early identification,
prediction, and clinical monitoring of a specific drug interaction, reflecting the transporter
inhibition liability of a drug candidate (Chu et al., 2017, Mariappan et al., 2017, Chu et al., 2018,

Muller et al., 2018, Rodrigues et al., 2018, Shen, 2018). Plasma coproporphyrins I (CPI) and III
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(CPIII) were recently identified as novel endogenous biomarkers of hepatic OATP transporter
function in monkeys and mice (Shen et al., 2016a). The oral administration of 100 mg/kg
cyclosporin A (CsA) and 15 mg/kg rifampicin (RIF), two known OATP inhibitors, significantly
increased the area under the plasma concentration-time curves (4UCs) of CPI and CPIII by 2.6-
to 5.2-fold in monkeys (Shen et al., 2013, Shen et al., 2015). These changes are in agreement with
those of rosuvastatin (RSV) in the same animals (2.6- to 5.2 fold vs. 2.9- to 6.3-fold). In addition,
the plasma CPI and CPIII concentrations were markedly increased in Oatpla/1b knockout mice
compared to wild-type animals (7.1- to 18.4-fold), which were also in agreement with the increases
in plasma RSV exposure (7.1- to 18.4-fold vs. 14.6-fold) (Shen et al., 2016a). Consequently, the
clinical studies that assessed the dynamic changes and utility of plasma CP as an initial in vivo
evaluation of weak to strong OATP1B1 and OATP1B3 inhibition were performed by different
groups in the pharmaceutical industry and academia (Lai et al., 2016, Kunze et al., 2018a, Liu et
al., 2018, Shen et al., 2018a, Takehara et al., 2018, Yee et al., 2019). The evaluation of CPI and
CPIII as endogenous biomarkers of OATPI1B inhibition in humans by quantitative scoring and
prediction were demonstrated in those studies. CPI enabled in vivo assessment of inhibition
potential of GDC-0810 towards OATP1B as early as Phase I ascending dose studies during drug
development (Cheung et al., 2019). This novel biomarker is less expensive than a dedicated DDI
study with a clinical probe and benefits downstream clinical plans by optimizing the development
plan and prioritizing clinical studies (Chu et al., 2018, Muller et al., 2018, Shen et al., 2018b).
Moreover, it is envisioned that CP will be utilized jointly with modeling tools to overcome current
limitation of transporter in vitro-to-in vivo extrapolation (/VIVE) and greatly improve translational
transporter-mediated DDI science (Wilson et al., 1988, Barnett et al., 2018, Yoshida et al., 2018,

Yoshikado et al., 2018). To date, however, the pharmacokinetic characteristics including ADME
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of CPI and CPIII have not been studied. As endogenous substances that are subject to efficient
biliary excretion, CPI and CPIII may also undergo enterohepatic recirculation. Therefore,
understanding the oral absorption of CP is essentially important. In addition, there have not been
reports of the in vivo selectivity of CP as a hepatic OATP1B transporter substrates when compared
to major renal drug transporters including organic anion transporter (OAT) 1, OAT3, organic
cation transporter (OCT) 2, multidrug and toxin extrusion protein (MATE) 1, and MATE2-K.

In recent years, the cynomolgus monkey has increasingly been utilized as an animal model
to investigate clinical OATP1B-mediated inhibition by drugs such as RIF and CsA (Shen et al.,
2013, Shen et al., 2015, Takahashi et al., 2016, Thakare et al., 2017b, De Bruyn et al., 2018, Ufuk
et al., 2018, Takahashi et al., 2019, Zhang et al., 2019). As described herein, the absorption,
distribution, and elimination of CPI were characterized by using deuterium- and tritium-labelled
CPI in cynomolgus monkeys and 57BL6 mice, respectively. The first key question we wanted to
address in this study was if deuterium labeled CPI would be extensively available after oral
administration of octadeuterated coproporphyrin I (i.e., CPI-d8). The bioavailability of CPI in
monkeys was determined by comparing the systemic exposures after a single intravenous (I'V)
dose of 0.1 mg/kg CPI-d8 and an oral (PO) dose of 0.2 mg/kg CPI-d8 in cynomolgus monkeys.
Second, the volume of distribution at steady state, clearance, and elimination half-life were
determined in monkeys after a single IV dose of 0.1 mg/kg CPI-d8. In addition, we were interested
in investigating the extent of biodistribution of CP between blood, liver, kidney, and intestine by
using quantitative whole-body autoradiography (QWBA) as this can differ and provide additional
insights. Therefore, the tissue distribution was assessed in mice after a single IV dose of 0.04
mg/kg [*'H]CPI alone and with RIF (PO, 100 mg/kg) by QWBA. Lastly, for the sensitivity and

selectivity of CP as an endogenous biomarker of hepatic OATP1B inhibition, an investigation was
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performed to analyze plasma CPI and CPIII concentrations in cynomolgus monkeys after single
oral doses of CsA (4, 20, and 100 mg/kg). The highest dose of 100 mg/kg is selected because we
previously reported that the systemic exposure after a single oral administration of 100 mg/kg CsA
oral solution (Neoral) in cynomolgus monkeys was comparable to that at steady state after multiple
doses in patients (Shen et al., 2013). In addition, animals also received a single IV dose of 0.1
mg/kg CPI-d8 to ensure that OATPIB was inhibited by CsA in a dose-dependent manner and
allow comparison between endo- and exogenous probes. Moreover, an attempt was made to
demonstrate CP as a selective biomarker for OATPIB inhibition by profiling CPI and CPIII in
monkeys after single IV doses of probenecid (PROB), a potent inhibitor of organic anion
transporter 1/3 (OAT1/3), or pyrimethamine (PYR), a potent inhibitor of organic cation transporter

2 (OCT2) and multidrug and toxin extrusion protein 1/2-K (MATE1/2-K).
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MATERIALS AND METHODS

Chemicals and Reagents. CPI-d8, CPIII-d8, and [°’H]CPI (4.9 Ci/mmol; >97.5% purity)
were synthesized by Bristol-Myers Squibb (Princeton, NJ) (Supplemental Figures 1 A-C). CPI and
CPII were purchased from Frontier Scientific, Inc. (Logan, UT). Cyclosporine A (CsA), CsA-
13C,, d4, rifampicin (RIF), probenecid (PROB), pyrimethamine (PYR), and CPI-'’N4 were
purchased from Toronto Research Chemicals (Toronto, ON, Canada). High-performance liquid
chromatography (HPLC) grade methanol, acetonitrile, and water were obtained from Fisher
Scientific (Fair Lawn, NJ). Formic acid and hydrochloric acid were obtained from EMD Chemicals
Inc. (Gibbstown, NJ). CsA oral solution (Neoral, 100 mg/ml) was obtained from Novartis
Pharmaceuticals (East Hanover, NJ). Cynomolgus monkey and human plasma that were stripped
three times with charcoal were purchased from Bioreclamation IVT (Westbury, NY).

Pharmacokinetics Studies Employing Cynomolgus Monkeys and C57BL6 Mice. All
animal experiments were performed at the Bristol Myers Squibb animal facility (Princeton, NJ) in
accordance to the National Institutes of Health guidelines and were approved by the Bristol Myers
Squibb Institutional Animal Care and Use Committee. Animals were housed in a temperature-
controlled environment at 64 to 84 °F, 30 to 70% humidity, and a 12-hour (h) light-dark cycle.

Bioavailability of CPI-d8 and Effect of CsA Administration on Disposition of CPs in
Monkeys. A crossover study design was used and the same three male cynomolgus monkeys (5.3
to 6.3 kg body weight) were dosed over a series of six treatments indicated in Table 1 with a 1-
week washout between treatments.

Monkeys were fasted for 12 h before each oral dose but not the intravenous dose of CPI-
d8 or CsA. Water was made available ad libitum and a daily ration of food was provided

approximately 4 h post-dose during the study. CsA oral solution (Neoral) was given via oral

10
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gavage at 0 (blank vehicle), 4, 20, and 100 mg/kg (5 mL/kg) (Table 1). Sixty minutes (min) after
the oral CsA administration, CPI-d8 was given by an oral administration at dose of 0.2 mg/kg [5
mL/kg; 5% DMSO and 95% water (v/v)] or an intravenous infusion via a femoral vein at dose of
0.1 mg/kg [1 mL/kg; 2% DMSO and 98% water (v/v)] over 10 min. Approximately 500 pL serial
blood samples were collected in EDTA-anticoagulant via the cephalic or saphenous veins just
before administration and at 0.17 (IV), 0.25, 0.5, 0.75, 1, 2, 3, 5, 7, and 24 h after CPI-d8 dosing.
Fifty microliters of whole blood was aliquoted and transferred to tubes containing 450 pL of 50%
methanol and 50% acetonitrile (v/v). The tubes were vortexed for a minimum of 20 seconds and
the mixture were stored at —70°C for CsA analysis. The remaining blood samples were centrifuged
at 3,000g for 10 min at 2 to 8°C within 1 h of collection to generate plasma, and the samples were
stored frozen at —70°C until CPI-d8, CPI, and CPIII analysis. Urine was collected at intervals of
0-7 h and 7-24 h after administration of CPI-d8 using metabolism cages, and stored at —70°C
until analysis.

Effect of PROB and FSM Administration on Disposition of CPs in Monkeys. Plasma and
urine samples were obtained from the pharmacokinetic interaction study between PROB and
furosemide (FSM) in cynomolgus monkeys conducted previously (Shen et al., 2018c). Briefly, the
samples were collected after intravenous administration of 2 mg/kg FSM alone, 40 mg/kg PROB
alone, and coadministration of PROB or FSM, three-period crossover pharmacokinetic DDI study.
In the third period, FSM was given to animals 30 min after PROB administration. Plasma samples
before and 0.08, 0.17,0.25,0.5,0.75, 1, 2, 3, 5, 7, and 24 h after the start of the FSM infusion were
collected and stored at —70°C until analysis.

Effect of PYR Administration on Disposition of CPs in Monkeys. Plasma and urine samples

were obtained from the pharmacokinetic interaction study between PYR and metformin (MFM)

11
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in cynomolgus monkeys conducted previously (Shen et al., 2016b). Briefly, the samples were
collected after intravenous administration of 3.9 mg/kg MFM alone and coadministration of PYR
(0.5 mg/kg; IV) and MFM (3.9 mg/kg; IV). In the coadministration period, MFM was given to
animals 60 min after PYR administration. Plasma samples before and 0.25, 0.5,0.75, 1,2, 3, 5, 7,
24, and 48 h after start of the MFM infusion were collected and stored at —70°C until analysis.
However, the plasma CP levels were analyzed at 1, 5, and 24 h only due to availability of the
plasma samples left from the original study. The mean concentrations of PYR at 1, 5, and 24 h
postdose are 537, 567, and 174 nM, respectively (Shen et al., 2016b).

Effect of RIF Administration on Tissue Distribution of [PH]CPI as Determined by QWBA
in Mice. C57BL6 mice 8—10 week old weighing from 17 to 21 g were obtained from Charles River
(Malvern, PA) and allowed to acclimate for at least 1 week before the start of the experiment.
Eight mice were injected intravenously through the tail vein with 5 pL/g body weight at 8 pg/mL,
to give a final dose of 0.04 mg/kg [PH]CPI (5 mCi/kg) (n = 8). Additionally, 8 animals were
injected with [°’H]CPI plus RIF (PO, 100 mg/kg), and a [*H]CPI water solution was administered
intravenously into mice 60 min after RIF administration. At the specified time after injection (2,
20 min, 3, or 24 h), two mice from each group were euthanized by CO2 overexposure and were
immediately frozen in a bath of hexane with dry ice. The biodistribution of [PH]CPI was
determined by QWBA as described below.

Frozen carcasses were embedded in chilled 2% of carboxymethylcellulose (Sakura
Finetek, Torrance, CA). The embedded blocks were stored at —80°C until the time of sectioning
to minimize diffusion of radiolabel materials into thawed tissues. Forty micrometer thick
lengthwise whole-body sections were made by using a CM3600 (Leica microsystems, Nussloch,

Germany). The sections used for autoradiography were left on the tape and placed on a [*H]-
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sensitive phosphor imaging plate in a lead-shielded box at room temperature for three weeks.
Afterwards, the plate was scanned in a Typhoon FLA 7000 image acquisition system (GE
Healthcare Bio-Sciences, Pittsburgh, PA). The concentrations of total radiolabeled material in the
tissues were determined by comparative densitometry and autoradiogram digital analysis as
described previously (Shen et al., 2016¢). Blood samples containing known amounts of
radiolabeled compound treated under similar conditions were used as calibrators. Data for the
concentration of [°’H]CPI in the animal tissues and organs were normalized by the whole body
weight, in grams (i.e., the nCi [PH]CPI/g).

Analytical Methods.

Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS) Analysis of CsA in
Blood. Blood concentrations of CsA were measured by LC-MS/MS as described previously, with
some modifications (Shen et al., 2015). Briefly, a Shimazdzu ultraperformance liquid
chromatography (UPLC) system (Shimadzu Corporation; Columbian, MD) was coupled to a Sciex
API-6500 tandem mass spectrometer with a turbo-electrospray ionization source (Applied
Biosystems, MDS Sciex; Toronto, Canada). Chromatographic separations were performed using
an Acquity UPLC BEH C18 column (1.7 um, 100 x 2.0 mm) (Waters Corporation, Milford, MA)
maintained at 60°C. The mobile phase consisted of 0.1% formic acid in water (mobile phase A)
and 0.1% formic acid in acetonitrile (mobile phase B), at a total flow rate of 0.7 mL/min. The
gradient profile was held at 25% mobile phase B for 0.5 min, increased linearly to 100% in 2.5
min, held at 100% for 1.5 min, and finally brought back to 25% in 0.2 min followed by 1.3 min
re-equilibration (total run time of 6 min per sample). Quantitative data were acquired in multiple
reaction monitoring (MRM), and the transitions used were as follows: mass-to-charge ratio (m/z)

1219.5—m/z 1202.7 for CsA and m/z 1225.5—m/z 1207.7 for CsA-'3Ca, d4.

13
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Calibration curves were prepared in matrices by spiking 10 uL of appropriate standard
solution at final concentrations ranging from 1 to 2,500 nM. For extraction of blood samples, 100
uL of acetonitrile containing 400 nM CsA-'3C2, d4 as internal standard (IS) was added to 100 pL
of blood sample mixture. Samples were then vortex-mixed for 5 min and the supernatants were
transferred to a 0.45-pum multiscreen hydrophilic filtration plate (Millipore, MA). After
centrifugation at room temperature, filtrate of each sample was collected in a 96-well plate. A 5-
uL aliquot was injected for analysis by LC-MS/MS.

LC-MS/MS Analysis of CPI-d8, CPI, and CPIII in Plasma and Urine. The LC-MS/MS
analysis of CPI-d8, CPI, and CPIII was performed as described previously, with some
modifications (Lai et al., 2016, Kandoussi et al., 2018). Briefly, a Shimazdzu UPLC system
(Shimadzu Corporation; Columbian, MD) was coupled to a Sciex API-6500 tandem mass
spectrometer with a turbo-electrospray ionization source (Applied Biosystems, MDS Sciex;
Toronto, Canada). The chromatographic separations were performed on a Waters Acquity UPLC
BEH C18 column (1.7 pm, 100 % 2.0 mm) from Waters Corporation (Milford, MA) maintained at
65°C. The mobile phase consisted of 0.1% formic acid in water (A) and 0.1% formic acid in
acetonitrile (B), which was delivered at a flow rate of 0.6 mL/min. The gradient profile was held
at 28% mobile phase B for 0.5 min, increased linearly to 40% in 3.5 min, and then increased
linearly to 95% in 0.5 min, held at 95% for 1 min, and finally brought back to 28% in 0.5 min
followed by 1.0-min re-equilibration, resulting in total run time of 7 min per sample. Quantitative
data were acquired in MRM-positive ionization mode. CP-d8, CP, and CPI-'°N4 were detected at
the selected reaction monitoring transitions of m/z 655.3—m/z 596.3, m/z 663.3—m/z 602.3, and

m/z 659.3—m/z 600.3, respectively. Calibration curves were prepared in blank plasma and urine

14

20z ‘8T |udy UOSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on June 1, 2020 as DOI: 10.1124/dmd.120.090670
This article has not been copyedited and formatted. The final version may differ from this version.

DMD # 90670

stripped with charcoal at concentrations ranging from 0.1-500 and 0.2-1,000 nM for CP and CP-
d8, respectively.

The plasma and urine samples were extracted by using protein precipitation. Specifically,
the 100 puL plasma and urine samples were mixed with 600 uL of ice-cold ethyl acetate containing
100 nM CPI-""N4 and 200 nM CPIII-d8 (internal standard), followed by vortex mixing on a mixer
for 5 min at room temperature. The mixed solutions were then centrifuged at 4,000rpm for 15 min
(Centrifuge model 5810R, Eppendorf), and the 400-uL supernatants were aspirated and
evaporated. Samples were then reconstituted in 50 uL of 1 M formic acid solution. Five microliters

of sample was injected for analysis.

Pharmacokinetic and Statistical Data Analysis. Phoenix WinNonlin® 8.1 software
(CERTRA, Princeton, NJ) was used for analysis of pharmacokinetic parameters of CPI-d§, CsA,
CPI and CPIII, following administration of probe with or without co-administration of transporter
inhibitors. The area under the plasma concentration-time curve from zero to 24 h (4UCo-24n) was
calculated using mixed trapezoidal method while the area under the plasma concentration-time
curve from zero to infinity (4UCot) includes 4UCo-24n and that extrapolated from the last time

point to infinity. The total plasma clearance (CLrtor) was described by Equation 1:

Dosery
AUCtoT

CLror = Equation 1

The volume of distribution at steady-state (Vdss) was calculated by using the equation

described as following:

__ Dosepy X (AUMC) .
Vdgs = (AU0)? Equation 2
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where AUMC is the area under the curve of the first moment of the concentration-time curve. The

Equation 3 was used to estimate the oral bioavailability (F):

_ Dosepg X AUCry
Dosery X AUCpo

Equation 3

To analyze the statistically significant difference in the pharmacokinetic parameters of
CPI-d8 between two sets of data in monkeys, a two-sided paired Student’s 7 test was used because
of the crossover design. One-way analysis of variance (ANOVA) was performed to assess CsA
dose response by analyzing statistically significant differences in the pharmacokinetic parameters
of CsA, CPI-d8, CPI, and CPIIl among multiple CsA dose groups in monkeys. One-way ANOVA
was also performed to evaluate the effect of PROB on CP systemic exposure by analyzing
statistically significant differences in the pharmacokinetic parameters of CPI and CPIII among the
administration of FSM alone, PROB alone, and PROB with FSM in monkeys. When a ratio
showed that there were significant differences among CsA doses, the Dunnett method of multiple
comparisons was used to determine which treatments differ. All statistical analyses were
performed using Prism version 7.0 (GraphPad Software, Inc., San Diego, CA). A p-value of less

than 0.05 was considered to be statistically significant (* P <0.05, ** P<0.01, and *** P<0.001).
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RESULTS

Pharmacokinetics of CPI-d8 in Monkeys.

The mean plasma concentrations of CPI-d8, measured by LC/MS-MS, following a single
dose of CPI-d8 alone or coadministration of CsA (PO, 100 mg/kg) in cynomolgus monkeys are
summarized in Table 2, and the corresponding plasma concentration versus-time data are
illustrated graphically in Figure 1. After [V administration of CPI-d8 alone, during the first 2-3 h
after stopping the infusion, there was a rapid drop in plasma concentration followed by a slower
elimination phase, exhibiting a multi-exponential decline (Figure 1). The CLtor of CPI-d8 was
10.1 £ 1.7 mL/min/kg. There is no report about the CPI blood to plasma partition. If there is no
notable red blood cell partitioning, the blood clearance is low compared to monkey hepatic blood
flow (i.e., 44 mL/min/kg) (Davies and Morris, 1993). The steady-state volume of distribution
(Vdss) in monkeys was 0.57 L/kg (Table 2), indicating limited extravascular distribution. This Vdss
is similar to total body water (i.e., 0.7 L/kg) (Davies and Morris, 1993). The T12was 7.6 £ 0.5 h.
A single oral dose of 100 mg/kg CsA significantly increased the 4UCo-24n (AUCtoT 0of CPI-d8
(approximately 10-fold) (p < 0.05) compared with CPI-d8 alone (Figure 1 and Table 2). The
apparent T12 was significantly smaller in CPI-d8 alone than CsA treated groups (3.3 = 1.1 vs. 7.6
+ 0.5 h; p <0.05). A significant reduction in CLtor and Vdss of CPI-d8 was observed with CsA
coadministration (1.3 = 0.9 vs. 10.1 £ 1.7 mL/min/kg and 0.24 + 0.13 vs. 0.57 = 0.10 L/kg,
respectively) (p <0.01) (Table 2).

After oral administration of CPI-d8 alone, CPI-d8 was rapidly absorbed (7max = 1.5 £ 1.3
h), with a bioavailability of 3.2 £ 1.7 % (Figure 1 and Table 2). The maximum plasma
concentration (Cmax) and AUCo-24n of CPI-d8 in plasma were 1.1 = 0.5 nM and 9.8 + 3.0 nM¢h,

respectively. Likewise, the coadministration of CsA increased CPI-d8 systemic exposure after oral
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CPI-d8 dosing, although with lower fold changes of 4UCo-24n and AUCrort (2.8- and 2.4-fold,
respectively), compared with IV administration (Figure 1 and Table 2). Marked increases in CPI-
d8 Cmax were also observed after CsA administration, with fold change of approximately 2.2-fold
(p > 0.05) (Figure 1 and Table 2). CsA administration may decrease CPI-d8 oral bioavailability
versus the control, with bioavailability values of 0.8 + 0.6 and 3.2 + 1.7 %, respectively (Figure 1
and Table 2). However, the difference is not statistically significant (p > 0.05). The large
interindividual variability potentially affected the statistical assessment.

Pharmacokinetics of CsA in Monkeys.

The mean CsA blood concentration versus time profiles following the administration of a
single oral dose of 4, 20, and 100 mg/kg CsA to male cynomolgus monkeys are illustrated in
Figure 2. Increase in blood Cmax after a single dose of CsA was nearly proportional to the dose
increment between 4 and 100 mg/kg doses (0.19 = 0.04 and 3.8 + 2.3 uM, respectively), and it was
more proportional to the dose increment between 4 and 20 mg/kg (0.19 + 0.04 and 2.5 + 1.6 uM,
respectively) (Table 3). In contrast, following a single oral administration of 4 to 100 mg/kg CsA,
the increase in blood 4UCo-24n was less proportional to the dose increment between 4 and 100
mg/kg (2.7 £ 0.6 and 26.6 = 4.1 uMeh, respectively) whereas approximately proportional to the
dose increment between 4 and 20 mg/kg (2.7 £ 0.6 and 10.5 + 7.5 uMeh, respectively) (Table 3).
The oral exposure of CsA at 20 mg/kg was comparable to those reported in cynomolgus monkeys
previously (Schuurman et al., 2001, Shen et al., 2015).

Effects of CsA Administration on Plasma CP Levels.

Figure 3 shows the means + SD of plasma concentrations of exogenous and endogenous
CP versus-time for the entire study period, which includes vehicle, 4, 20, and 100 mg/kg CsA

administration periods. Table 4 summarizes the exposures during the 4 periods. Compared with
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the vehicle control, CPI-d8 AUCo-24n was significantly increased 1.8 + 0.3-, 6.2 £2.5-, and 10.5 +
6.8-fold by 4, 20, and 100 mg/kg CsA, respectively (p < 0.05). At all CsA dose levels, the recovery
of unchanged CPI-d8 in urine was less than expected. The urinary recovery at 100 mg/kg CsA was
only approximately 40% of the dose. The poor recovery is likely due to the destruction and loss of
CP by light during the urine collection using metabolic cages. As a result, the pharmacokinetic
analysis of CPI-d8, CPI, and CPIII in urine was not performed. In contrast, plasma was prepared
within 30 min of blood collection and stored in a freezer which was protected from light. The
plasma concentrations of CP in this study were similar to those reported previously.

As with CPI-d8, the plasma levels of endogenous CPI and CPIII were measured in
cynomolgus monkeys after increasing doses of CsA. In agreement, CPI and CPIII exhibited a
marked dose-dependent increase in their plasma concentration-time profile (Figures 3B and 3C;
Table 4). Compared with the vehicle control, the 4UCo-24n and Cmax of CPI and CPIII were
increased 1.1- to 1.6-. 1.4- to 3.8-, and 4.5- to 6.9-fold at 4, 20, and 100 mg/kg CsA, respectively,
although the increases were generally less proportional to the CsA dose increment (Figure 5). In
addition, the increase was only statistically significant at 20 and 100 mg/kg CsA (Table 4).

Correlation between Increased Plasma Concentrations of Exogenous and
Endogenous CP by CsA.

To further study the potential of plasma concentrations of CPI and CPIII as an endogenous
biomarker of OATP1B activity, the fold change in CP AUCo-24n (AUCR) was correlated with that
of CPI-d8 after increasing doses of CsA in this study. A good linear correlation (R* = 0.920)
between CPI AUCR and CPIII AUCR was observed (Figure 4A), indicating comparable CsA dose
response between endogenous plasma CPI and CPIII concentrations. More importantly, Figures

4B and 4C showed the presence of a significant and positive correlation using linear regression
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between CPI and CPI-d8 AUCR, and CPIII and CPI-d8 AUCR, respectively (R? of 0.680 and 0.718,
respectively; p <0.001).

To assess CsA dose response, an effort was made to correlate CP AUCR with CsA Crmax ,
AUCo-24n, and maximum unbound hepatic inlet concentration (/inmaxu) that varied over a wide
range in this study (Figure 5 and Table 5). A modest linear correlation between CsA Cmax or A UCo-
24nand CP AUCR was observed (R? of 0.523 and 0.447, respectively; p < 0.05). The results of in
vitro-to-in vivo extrapolation analysis of DDI magnitude using a mechanistic static model are
summarized in Table 5. The magnitude of the area under the plasma concentration-time curve
ratios (AUCRs) in the presence of 4, 20 and 100 mg/kg CsA are predicted to be 1.58, 4.06 and
15.4, respectively, using the cynomolgus monkey OATP1B1 /Cso value of 0.28 pM determined
previously (Shen et al., 2013) (Table 5). Similarly, the AUCRs are 1.65, 4.42, and 17.1,
respectively, using the reported CsA monkey OATP1B3 ICso of 0.25 uM (Shen et al., 2013). The
predicted AUCR values were within 1.6-fold of the observed data for CPI-d8 whereas the approach
substantially overpredicted the observed AUCR of CPI and CPIII (1.5- to 3.9-fold), highlighting
the difference of DDI magnitude between exogenous and endogenous coproporphyrins. This is
likely due to altered efflux of endogenous coproporphyrins from the hepatocytes and erythrocytes,
the biosynthesis sites of CPI and CPIII, in the presence of CsA, which was not the case for
exogenous CPI-d8.

Effects of PROB Administration on Plasma CP Levels.

The systemic exposures of CPI and CPIII were determined after an IV dose of 2 mg/kg
FSM alone, 40 mg/kg PROB alone, or PROB plus FSM in cynomolgus monkeys (Table 6,
Supplemental Figure 2). Compared with the FSM group, CPI 4AUCo-24n and Cmax were decreased

11% to 25% with PROB treatment either alone or coadministered with FSM (p > 0.05) (Table 6).
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Furthermore, CPIII AUCo-24n and Cmax were increased 1.5 = 0.4 - to 2.5 + 0.8-fold by PROB;
however, the change was not statistically significant (Table 6).

Effects of PYR Administration on Plasma CP Levels.

Figure 6 illustrates the mean = SD of plasma concentrations of CPI and CPIII at 1, 5, and
24 h after a single IV dose of 3.9 mg/kg MFM alone or MFM plus PYR (IV, 0.5 mg/kg). Plasma
CP concentrations were comparable and not statistically different between MFM alone and PYR
plus MFM periods, indicating no major effect of PYR on CP.

Biodistribution of [*’H]CPI in Mice.

The QWBA images and tissue concentrations of [°’H]CPI at 2 and 20 min, 3, and 24 h after
IV injection into normal C57BL6 wild type mice is shown in Supplemental Figure 3 and Table 7.
As expected, the liver, kidney and intestine were the major sites of distribution of [PH]CPI (Table
7 and Supplement Figures 3A and 3B). High levels were also found in the blood. These high
activities are consistent with the known elimination routes of CPI (Shen et al., 2016a). High levels
of radioactivity in the lung may be associated with [°’H]CPI in the blood in this highly perfused
tissue and [°’H]CPI clears from the lung with a half-life similar to the plasma half-life (Table 7).
The brain had relatively low radioactivity.

The radioactivity in blood after intravenous administration of [°’H]CPI in control and RIF-
treated mice decayed rapidly (Table 7). However, the blood terminal T1/2 of [’H]CPI appeared to
be affected by RIF, as the blood concentration of [PH]CPI at 20 min were markedly increased in
the presence of RIF (300 vs. 110 nCi/g). Consistently, RIF noticeably increased the distribution of
[*’H]CPI radioactivity in the kidney (AUC: 681 vs. 154 nCieh/g) whereas it had less pronounced

impact within the liver (AUC: 804 vs. 557 nCieh/g).
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DISCUSSION

The recent growing interest in the use of coproporphyrins as endogenous biomarkers of
OATPIB activity has resulted in questions about its ADME properties. Another related, albeit
unproven concern, is the enterohepatic circulation of CPs, which may also hypothetically preclude
achieving an optimal prediction of OATPIB activity by using CPs. Furthermore, the in vivo
sensitivity and selectivity of CPs as biomarkers of OATP1B have not been fully investigated. For
these reasons, noncommercially available deuterium- and tritium-labeled CPI (CPI-d8 and
[*’H]CPI) were prepared, and the pharmacokinetics and biodistribution of CPI-d8 and [°’H]CPI were
profiled in cynomolgus monkeys and C57BL6 mice, respectively. Furthermore, the plasma CPs at
different doses of CsA, an OATP1B inhibitor, were characterized in monkeys. We also evaluate
the effects of the inhibitors of organic anion transporters (PROB) and organic cation transporters

(PYR) on plasma CP levels in monkeys.

We employed cynomolgus monkeys for CPI pharmacokinetics and drug interaction
analysis because the cynomolgus monkey model was recently used to examine OATP1B-mediated
DDI and predict human in vivo intrinsic hepatic clearance from cynomolgus monkey and human
hepatocyte uptake for OATP substrates (Shen et al., 2013, Takahashi et al., 2013, Chu et al., 2015,
Thakare et al., 2017a, De Bruyn et al., 2018, Ufuk et al., 2018). This is particularly important
because the OATP1B amino acid sequence and transport activity are known to be highly similar
between cynomolgus monkeys and humans (Shen et al., 2013). CPI-d8 displayed moderate 712
and Vdss in cynomolgus monkeys (7.6 = 0.5 h and 0.57 + 0.10 L/kg, respectively) (Figure 1 and
Table 2). The T2 is appropriate for an endogenous biomarker of drug metabolizing enzymes or

transporters. For example, the rate of elimination of 4p-hydroxycholesterol, an endogenous marker
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of CYP3A4/5 activity in humans, is slow (712 17 days), which limits its use to study rapid changes
in CYP3A activity. In addition, we report for the first time that the absolute bioavailability of oral
CPI (0.2 mg/kg CPI-d8) is averaged 3.2 = 1.7%. CsA (PO, 100 mg/kg), a pan-inhibitor of intestinal
P-gp and BCRP, and hepatic OATP, had no significant effect on the oral absorption and
bioavailability of CPI-d8 compared to the vehicle control although the mean bioavailability was
decreased by CsA (0.8 = 0.6% vs. 3.2 = 1.7%) (p > 0.05) (Table 2). These results are consistent
with the in vitro human transporter phenotyping data. The studies from transporter transfected
systems showed CPI was not a substrate for human intestinal transporters including P-gp, BCRP,
or OATP2BI1 although the substrate potential of CPI towards transporters may display a difference
between cynomolgus monkeys and humans (Bednarczyk and Boiselle, 2016, Shen et al., 2017,
Kunze et al., 2018a). It is worth noting that the enterohepatic circulation of CPI was reported in a
clinical study performed several decades ago (Koskelo and Kekki, 1976). In these early studies,
enterohepatic circulation was usually concluded by observation of a ‘“secondary peak’’ in the time
vs. concentration curve after a single intravenous administration, but pertinent mechanism(s)
explaining the secondary peak were not rigorously investigated. In fact, except for the report
several decades ago, the enterohepatic circulation of CPI has not been reported. In addition,
Takehara et al. (2019) have recently shown via bile duct cannulation data that CPI and CPIII did
not undergo enterohepatic circulation in cynomolgus monkeys (Takehara et al., 2019). Plasma CPI
and CPIII concentrations were not altered in bile duct-cannulated monkeys compared to normal
animals (Takehara et al., 2019). In contrast, bile flow diversion markedly decreased the plasma
level of bile acid-O-sulfates such as glycochenodeoxycholic acid 3-O-sulfate (GCDCA-S). The

intestinal absorption of bile acids but not coproporphyrins plays an important role in their
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homeostasis (Takehara et al., 2019). Taken together, CPI does not undergo enterohepatic

circulation in cynomolgus monkeys.

The mouse study shows the rapid and selective elimination of radiolabeled CPI via the liver
and kidney. After intravenous injection of [°’H]CPI in mice, the liver, kidney, and intestinal tissues,
had relatively high uptake and exposure, demonstrating the specificity of CPI for these elimination
organs (Supplemental Figure 3A and Table 7). The uptake in the lung at 2 min was comparable to
that in the liver but then declined in parallel to the blood concentration, suggesting that lung
exposure was due to the high blood volume in this tissue. Other tissues such as brain and muscle
had relatively low values for [’H]CPI concentration. The biodistribution of CPI in mice in the
presence of RIF, a hepatic OATP inhibitor, differs considerably from that in the absence of the
inhibitor (Supplemental Figure 3 and Table 7). The maximal distribution of [°’H]CPI to the intestine
was 1350 nCi [*'H]CPI/g (at 3 h) in the coadministration group whereas [PH]CPI was rapidly
eliminated to the intestine in the absence of RIF (maximal distribution of 5850 nCi [*’H]CPI/g at
20 min). In addition, the uptake of [°’H]CPI into the liver was inhibited by RIF (maximal uptake of
360 versus 150 nCi [°’H]CPI/g). In contrast, the distribution of [’ H]CPI radioactivity in the kidney
was increased by RIF (4AUC: 681 vs. 154 nCieh/g). These results are consistent with the pattern of
CPI excretion in rodent (Kaplowitz et al., 1972) and human bile and urine (Aziz and Watson,
1969, Mustajoki and Koskelo, 1976, Rocchi et al., 1984). It has been demonstrated that
approximately 70% to 80% of the daily CPI is found in the bile whereas the remainder is excreted
in the urine of healthy subjects. With impairment of hepatic excretory function by genetic mutation
(i.e., Rotor syndrome) or chemical inhibitors (such as oral contraceptive agents, RIF, and CsA),
there is an increase in the CPI excreted in urine (Koskelo et al., 1966, Ben-Ezzer et al., 1971,

Wolkoff et al., 1976, Shimizu et al., 1981, Lai et al., 2016, Shen et al., 2018b, Yee et al., 2019).

24

20z ‘8T |udy UOSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on June 1, 2020 as DOI: 10.1124/dmd.120.090670
This article has not been copyedited and formatted. The final version may differ from this version.

DMD # 90670

This change in the pattern of CPI excretion is consistent with the observation of [’H]CPI in the
mice pretreated with RIF in this study (Supplemental Figure 3 and Table 7). Of note, the recovery
of unchanged CPI-d8 in urine was less than expected in cynomolgus monkeys. The urinary
recovery following IV administration of 0.1 mg/kg CPI-d8 alone and in combination with 100
mg/kg CsA were 4.2% and 40% of the dose, respectively. The poor recovery may be due to the
destruction of CP by light during the urine collection using metabolic cages. In contrast, plasma
was prepared within 30 min of blood collection and stored in a freezer, protected from light. The

plasma levels of CPI and CPIII are similar to those reported before.

To assess the CsA dose-dependent response, CsA Neoral microemulsion was administered
to cynomolgus monkeys at three dose levels of 4, 20, and 100 mg/kg along with CPI-d8. As shown
in Figure 2A and Table 3, mean total blood Cmax values of 0.19, 2.5, and 3.8 uM and 4UCo-24n
values of 2.7, 10.5, and 26.6 uMeh were found at 4, 20, and 100 mg/kg CsA, respectively. These
pharmacokinetic parameters are similar to the nonhuman primate data reported previously
(Schuurman et al., 2001, Shen et al., 2015). Apparently, the increases in Cmax and AUCo-24h Were
generally proportional to dose between 4 and 20 mg/kg while those were less than dose
proportional between 20 and 100 mg/kg (Figures 2B and 2C). Despite the nonlinearity, there was
a modest linear correlation between CsA blood Cmax or AUCo-24n and CP AUCR (R? of 0.523 and
0.447, respectively; p < 0.05) (Figure 5). A clear CsA dose-dependent increase in the AUCRs of
CPI-d8 (1.8, 6.2, and 10.5), CPI (1.1, 1.4, and 4.4), and CPIII (1.1, 1.8, and 4.6) were observed
(Table 4). These CsA dose response results indicate that CPI and CPIII are sensitive OATP1B
endogenous biomarkers. However, the magnitude of the AUCRs of CPI-d§ in the presence of 4,
20, and 100 mg/kg CsA are greater than those of CPI and CPIII (Table 5). This is likely due to the

reduced efflux of endogenous CPs but not exogenous CPI-d8 from the hepatocytes and
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erythrocytes. It has been reported that CPI and CPIII are substrates of MRP3 (Kunze et al., 2018b).

BMS studies also show that both CPI and CPIII are substrate of MRP4 (unpublished data).

To further study the selectivity of CPs as probes of OATP1B over OATI1, OAT3, OCT2,
MATEI, and MATE2-K, we evaluated the effects of a renal organic anion transporter inhibitor
PROB (1V, 40 mg/kg) and an organic cation transporter inhibitor PYR (IV, 0.5 mg/kg) on plasma
CP levels in cynomolgus monkeys (Figure 6 and Supplemental Figures 2). The plasma samples
were obtained from our previous study, in which PROB increased the area under the AUC of
coadministered furosemide, a known substrate of OAT1 and OAT3, by 4.1-fold in same animals
(Shen et al., 2018c). There were generally no statistically significant increases in plasma
concentrations of CPI or CPIII observed even though mean CPIII exhibited increased 4 UCo-24n
and Cmax ratio by PROB (1.5- to 2.5-fold) (Table 6). This may be attributed to large inter-
individual variability in plasma CPIII levels in cynomolgus monkeys. In addition, it has been
reported that oral administration of 30 mg/kg PROB increased plasma pitavastatin and rosuvastatin
exposures by approximately 2- to 3-fold in cynomolgus monkeys through OATPIB inhibition
(Kosa et al., 2018). Consistently, PROB significantly inhibited the uptake of pitavastatin and
rosuvastatin in monkey hepatocytes (Kosa et al., 2018). When studying effect of PYR on CP
exposure at the IV dose of 0.5 mg/kg in cynomolgus monkeys, no statistically significant increases
in plasma concentrations and urinary excretion rate of CPI and CPIII were observed (Figure 6). In
contrast, our previous study showed that the intravenous pretreatment of the same animals with

0.5 mg/kg PYR increased the AUC by 2.2-fold compared to vehicle control (Shen et al., 2016b).

In conclusion, following a series of in vivo cynomolgus monkey and mouse studies, we

demonstrated that CPI displayed limited oral absorption, a short half-life, and low exposure to
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tissues except for elimination organs. We also established that CPI and CPIII in plasma are
sensitive and selective biomarkers reflecting OATPIB inhibition over OAT1/3 and OCT2-
/MATE1/2-K inhibition in monkeys. Moreover, we have shown that OATP1B inhibition can alter
the biodistribution and elimination of CPI. These results suggest that hepatic OATP transporters
are major determinants of the disposition of CPI in cynomolgus monkeys and mice and CPI is a

sensitive and selective endogenous biomarker of hepatic OATP inhibition.
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Figure Legends

Figure 1. Plasma concentration of octadeuterated coproporphyrin I (CPI-d8) from 0 to 24 h (A)
and 0 to 5 h (B) in cynomolgus monkeys (n = 3) after intravenous (IV) infusion of 0.1 mg/kg CPI-
d8 for 10 min and oral (PO) administration of 0.2 mg/kg CPI-d8 alone or in combination with CsA
(PO, 100 mg/kg). In the coadministration groups, a CPI-d8 solution was administered to each
animal 60 min after CsA administration. Data are expressed as mean and standard deviation (mean

+ SD).

Figure 2. Plasma concentration (A), maximum plasma concentration (Cmax) (B), area under the
plasma concentration-time curve (AUC) (C) of Cyclosporin A (CsA) in cynomolgus monkeys (n
= 3) after oral drug administration at different doses: 4, 20, and 100 mg/kg. Data are expressed as

mean and standard deviation (mean £ SD).

Figure 3. Plasma concentrations of CPI (A), CPIII (B), and CPI-d8 (C) over time in cynomolgus
monkeys (n = 3) after a single intravenous dose of 0.1 mg/kg CPI-d8 with and without CsA given
as an oral dose of 4, 20, or 100 mg/kg. In the coadministration groups, a CPI-d8 solution (0.1
mg/kg) was administered orally to each monkey 60 min after CsA administration (100 mg/kg;
PO). Data are expressed as mean and standard deviation (mean + SD). Inset depicts the same data

from 0 to 1 h.

Figure 4. Correlation between the fold changes in the area under the plasma concentration-time
curves from time of CsA administration up to the time of the last quantifiable concentration

(AUCR) of CPI, CPIII, and CPI-d8 in cynomolgus monkeys.
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Figure 5. Correlation between CsA maximum plasma concentration (Cmax) (A) or area under the
concentration—time curve from time of administration up to 24 h (4 UC(0-24n)) (B) and AUCR values

of CPI, CPIII, and CPI-d8 after the administration of CsA in cynomolgus monkeys.

Figure 6. Plasma concentrations of CPI and CPIII at 1, 5, and 24 h after administration of a single
intravenous dose of 3.9 mg/kg metformin (MFM) (closed squares and triangles, respectively) and
coadministration of intravenous dose of 0.5 mg/kg pyrimethamine (PYR) and MFM (open squares

and triangles, respectively. Data are expressed as mean and standard deviation (mean =+ SD).
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Table 1. Cynomolgus Monkey CPI-d8 Dosing and Administration Route Groups

PI-d8 Administration

Group Pretreatment CPI-d8 Dose? Route Replicate (n)
1 None 0.2 mg/kg PO 3
2 None 0.1 mg/kg v 3
3 4 mg/kg CsA, PO 0.1 mg/kg v 3
4 20 mg/kg CsA, PO 0.1 mg/kg v 6°
5 100 mg/kg CsA, PO 0.1 mg/kg v 3
6 100 mg/kg CsA, PO 0.2 mg/kg PO 3
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Table 1 Legend:

In the coadministration groups (i.e., Groups 3, 4, 5, and 6, a CPI-d8 solution was administered to
each monkey 60 min after CsA administration

A crossover study design was used and the same three male cynomolgus monkeys were dosed
over a series of six treatments with a 1-week washout between treatments (n = 3). One exception
was the Group 4 that was repeated due to dosing mistake (n = 6).

IV, intravenous administration; PO, oral administration.
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Table 2. Mean Pharmacokinetic Parameters of CPI-d8 in Cynomolgus Monkeys after A
Single 10-min Intravenous Infusion of 0.1 mg/kg CPI-d8 alone, A Single Oral Doses of 0.2

mg/kg CPI-d8 alone, and Combination of CsA (PO, 100 mg/kg) with CPI-d8

Pharmacokinetic Intravenous Oral

Parameter CPI-d8 Alone With CsA CPI-d8 Alone With CsA
Cinax (M) NA NA 1.1+0.5 72475
Tmax (h) NA NA 15+1.3 03+04
AUCy.24n (nMeh) 188 +31.4 2102 + 1645* 9.8 +3.0 21.1+83
AUCror (nMeh) 189 +31.5 2128 + 1686* 11.5+3.4 25.0+7.2
Vdss (L/kg) 0.57 +0.10 0.24 + 0.13%* NA NA
(lel‘if;;in kg) 10.1+1.7 1.3 £0.9%* NA NA
T (h) 7.6+0.5 3.3+ 1.1% 11.2+4.6 8.6+3.1
F (%) NA NA 32+1.7 0.8+0.6
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Table 2 Legend:

Data are presented as mean = SD (n = 3 monkeys). CPI-d8 was administered 60 min after CsA
administration (PO, 100 mg/kg). The pharmacokinetic parameters were determined as indicated
under Materials and Methods.

NA, not applicable.

Statistics were conducted by two-sided paired Student’s # test. * p <0.05 and ** p <0.01 compared

with the CsA alone administration group.
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Table 3. Mean Pharmacokinetic Parameters of CsA in Cynomolgus Monkeys after A Single

Oral Dose of 4, 20, or 100 mg/kg CsA

Pharmacokinetic CsA Dose
Parameters 4 mg/kg (n = 3) 20 mg/kg (n = 6) 100 mg/kg (n = 6)
Blood AUCy.24, (nMeh) 2.7+0.6 10.5+7.5 26.6 + 4.1%%%;£
Bl00d Cinax (0M) 0.19 +0.04 2.5+ 1.6% 3.8+ 2.3
Tmax (h) 2.7+0.6 23425 40+1.7
Ti (h) 52+1.6 62+1.7 9.1 +£2.0%
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Table 3 Legend:

Data are presented as mean £ SD (n = 3, 6, and 6 monkeys at doses of 4, 20, and 100 mg/kg,
respectively). The pharmacokinetic parameters were determined as indicated under Materials and
Methods.

Statistics were conducted by one-way ANOVA followed by Dunnett’s multiple comparison
method. *p < 0.05 and *** p < 0.001 compared with the 4 mg/kg CsA group, and *p < 0.05

compared with the 20 mg/kg CsA group.
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Table 4. Mean Systemic Exposures of CP in Cynomolgus Monkeys after A Single 10-min

Infusion of CPI-d8 (0.1 mg/kg) with Increasing Doses of CsA (PO, 4, 20, and 100 mg/kg)

Pharmacokinetic Oral CsA Dose
Analyte
Parameters Vehicle 4 mg/kg 20 mg/kg 100 mg/kg
CPL-dS® AUCy-24n (nM<h) 188 +31.4 345 4+ 88** 1142 +432%* 2102 + 1645%*
AUCR 1.0 1.8 £ 0.3** 6.2 £2.5%* 10.5 £ 6.8*
AUCy-24n (nM<h) 8.9+0.7 9.7+1.9 12.7+3.2 39.6 £21.0*
CPI* AUCR 1.0 1.1+0.3 1.4+0.3* 44+2.1%
Crnax (nM) 0.58 £0.11 0.58 £0.10 1.47 +£0.46 2.84+£0.94
CraxR 1.0 1.2+0.16 3.0 £0.9%* 5.8 £1.9%*
AUCy-24n (nM<h) 3.0+0.6 2.7+0.7 46+2.5 11.6 £ 8.0
AUCR 1.0 1.1+0.3 1.84+0.9 4.6+3.0
CPIII®
Cinax (nM) 0.19+0.07 0.21 +0.08 048 £0.16* 0.86 +£0.37*
CraxR 1.0 1.6£0.9 3.8+ 1.7*% 6.9+3.7*%
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Table 4 Legend:

Data are presented as mean + SD. The pharmacokinetic parameters were determined as indicated
under Materials and Methods.

2n =3, 3, 6, and 3 monkeys at doses of 0 (vehicle), 4, 20, and 100 mg/kg, respectively.

®n =6, 3, 6, and 6 monkeys at doses of 0 (vehicle), 4, 20, and 100 mg/kg, respectively.

AUCR and CmaxR, fold changes in AUC and Cmax of CP dosed with CsA compared to vehicle
control.

Statistics were conducted by one-way ANOVA followed by Dunnett’s multiple comparison

method. *p < 0.05, **p <0.01, and ***p < 0.001 compared with the vehicle group.
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Table 5. Prediction of the DDI Caused by CsA in Cynomolgus Monkeys Using Mechanistic

Static Model
DDI Prediction Observed Observed Observed
Treatment cOATP1B1 cOATP1B3 CPI-d8 Fold CPIFold CPIII Fold
ICo (uM) AUCR ICy (uM) AUCR Change Change Change
4 mg/kg CsA 0.28 1.58 0.25 1.65 1.8 1.1 1.1
20 mg/kg CsA 0.28 4.06 0.25 4.42 6.2 1.4 1.8
100 mg/kg CsA 0.28 15.4 0.25 17.1 10.5 4.4 4.6
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Table 5 Legend:

1Cso, concentration required to inhibit transport by 50%; AUCR, predicted ratio of victim drug
AUC in the presence and absence of CsA of OATP1B1 and OATP1B3 using the static mechanistic
model recommended by US Food and Drug Administration (AUCR = 1 + [inmaxu/ICs0), where
[in,max,u 1s the maximum unbound hepatic inlet concentration after oral CsA administration

fu, fraction absorbed (f2), and intestinal availability (fz) data of CsA obtained from previous reports
(Awni et al., 1989, Drewe et al., 1992, Mueller et al., 1994), and the values in humans are assumed

to those in cynomolgus monkeys
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Table 6. Mean Systemic Exposures of CP in Cynomolgus Monkeys after A Single

Intravenous Dose of 2 mg/kg FSM alone, PROB alone (IV, 40 mg/kg), and PROB with FSM

Analyte Pharmacokinetic Intravenous PROB Dose
Parameters FSM Alone PROB Alone FSM with PROB
AUCp-24n (nM=h) 3.8+1.1 29+0.5 33+1.1
CPI AUCR 1.0 0.78 +£0.09 0.89+0.15
Cmax (nM) 0.78 £0.26 0.56 £0.12 0.64 +0.26
CrmaxR 1.0 0.75+0.13 0.84+£0.25
AUCo.7n (nMeh) 0.76 £0.22 1.05+0.19 1.35+0.50
AUCR 1.0 1.5+£04 1.9+0.7
CP1II
Cmax (nM) 0.14 +0.04 0.25 +0.04* 0.34+0.11
CmaxR 1.0 1.9+0.5 25+0.8
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Table 6 Legend:

Data are presented as mean + SD (n = 3). The pharmacokinetic parameters were determined as
indicated under Materials and Methods.

AUCR and CmaxR, fold changes in AUC and Cmax of CP dosed with PROB alone and with FSM
compared to FSM group.

Statistics were conducted by one-way ANOVA followed by Dunnett’s multiple comparison

method. *p < 0.05 compared with the FSM group.
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Table 7. Tissue Concentration of [*H]CPI Determined by QWBA in Mice after A Single
Intravenous Dose of 0.04 mg/kg [*H]CPI (5 mCi/kg) alone and [*H]CPI with RIF (PO, 100

mg/kg) (n = 8 for each group and n =2 for each time point)

Concentration (nCi [*H|CPI/g)

IV [*H]CPI Dose Tissue - -
2 min 20 min 3h 24 h
Blood 90 110 0 0
Brain 0 0 0 0
Liver 140 360 0 0
[*H]CPI Alone
Lung 90 120 0 0
Kidney 1972 80 0 0
Intestine 0 5850 4110 0
Blood 150 300 0
Brain 0 0 0 0
Liver 80 150 50 0
[*H]CPI with RIF
Lung 250 210 0 0
Kidney 50 300 30 0
Intestine 10 20 1350 0
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Table 7 Legend:

[*’H]CPI was administered intravenously 60 min after RIF administration (PO, 100 mg/kg) in male

C57BL6 mice. The QWBA was performed as indicated under Materials and Methods.
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Supplementary Figure 1

Molecular Structures of CPI-d8, CPIII-d8, and [*H]CPI

(A) CPI-d8 (B) CPIII-d8

HO--°
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Supplementary Figure 2
Plasma concentrations of CPI (A) and CPIII (B) over time in cynomolgus monkeys (n = 3) after
administration of a single intravenous dose of 2 mg/kg furosemide (FSM) (closed circles), a single
intravenous dose of 40 mg probenecid (PROB) (open squares), and PROB coadministration with
FSM (open diamonds). Data are expressed as mean and standard deviation (mean + SD). Inset depicts
the same data from 0 to 1 h.
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Supplementary Figure 3
Quantitative whole-body autoradiography (QWBA) after intravenous administration of 0.04
mg/kg [3H]CPI in normal 57BL6 mice. Male 57BL6 mice were administered intravenously with
[3H]CPI at 0.04 mg/kg alone (A, C, and E) and with rifampin (RIF) given as an oral dose of (100
mg/kg; n=2) (B, E, and F), and then were frozen for QWBA at 2 min, 20 min, 3 h, and 24 h after
[3H]CPI administration. Images were contrast-enhanced for display purposes only.
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