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ABSTRACT

Introduction
Stimulator of interferon genes (STING) is an important innate
immune sensor, and activation of STING plays a critical role in
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pharmacokinetic models built upon two independent bottom-up
approaches predicted elevation of E7766 plasma exposure when
administered with Rifampicin, a clinical OATP inhibitor. In conclusion, we demonstrate that OATP-mediated hepatic uptake is the
major contributor to the clearance of E7766, and inhibition of
OATP1B may increase its systemic exposure. Predominant contribution of OATP1B3 in the hepatic uptake of E7766 was observed, suggesting polymorphisms in OATP1B1 would be unlikely
to cause variability in the exposure of E7766.
SIGNIFICANCE STATEMENT
Understanding the clearance mechanisms of new chemical entities
is critical to predicting human pharmacokinetics and drug interactions. A physiologically based pharmacokinetic model that incorporated parameters from mechanistic in vitro and in vivo
experiments was used to predict pharmacokinetics and drug interactions of E7766, a novel dinucleotide drug. The findings highlighted
here may shed a light on the pharmacokinetic profile and transportermediated drug interaction propensity of other dinucleotide drugs.

controlling cancer development by bridging the innate and adaptive
immunities (Woo et al., 2014; Corrales et al., 2016). Significant efforts
have been made by several pharmaceutical companies to develop potent
agonists of the STING receptor (Marloye et al., 2019). We have recently
reported the discovery of E7766 (Fig. 1), a potent STING agonist that
belongs to a novel class of macrocycle-bridged dinucleotides (Endo
et al., 2019). In nonclinical studies, E7766 has demonstrated potent
antitumor activity by inducing a robust and effective innate and adaptive
antitumoral immune response (Huang et al., 2019). Macrocycle-bridged

ABBREVIATIONS: Ae fecal, amount excreted in feces; Ae biliary, amount excreted in bile; Ae renal, amount excreted in urine; AUC, area under
the curve; AUCtotal, area under the total plasma concentration-time curve; BCRP, breast cancer resistance protein; BDC, bile-duct cannulated; BEI,
biliary excretion index; BSEP, bile salt export pump; CL, clearance; CLbiliary, hepatobiliary excretory clearance; CLfecal, fecal excretory clearance;
CLint, intrinsic clearance; CLint,in vitro, in vitro CLint; CLrenal, renal excretory clearance; CLtot,p, total plasma clearance; efflux CLint,T, intrinsic biliary
efflux clearance; DDI, drug-drug interaction; d8-TCA, deuterium-labeled sodium taurocholate; ft, fraction transported by individual transporter; HEK,
human embryonic kidney; IS, internal standard; Jmax, in vitro maximum rate of transporter mediate uptake or efflux; KH, Krebs-Henseleit; Km,
Michaelis-Menten constant; Kp, tissue-to-plasma partition coefficient; LC-MS/MS, liquid chromatography tandem mass spectrometry; liver
intracellular AUCfree, area under free intrahepatocellular concentration-time curve; liver Kp,total, total liver-to-plasma concentration ratio; MDR1,
multidrug resistance 1; MRP, multidrug resistance–associated protein; NCE, new chemical entity; NTCP, Na+/taurocholate-cotransporting
polypeptide; OAT, organic anion transporter; OATP, organic anion–transporting polypeptide; PBPK, physiologically based PK; PK,
pharmacokinetic; REF, relative expression factor; SCHH, sandwich-cultured human hepatocyte; SLC, solute carrier; STING, stimulator of
interferon genes; uptake CLint,T, intrinsic hepatic uptake clearance; Vss, distribution volume at steady state; WT, wild type; Xb(0-t), cumulative
amount of compound recovered in bile; Xf (0-t), cumulative amount of compound recovered in feces; Xu(0-t), cumulative amount of compound
recovered in urine.
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E7766 represents a novel class of macrocycle-bridged dinucleotides
and is under clinical development for immuno-oncology. In this
report, we identified mechanism of systemic clearance E7766 and
investigated the hepatobiliary transporters involved in the disposition of E7766 and potential drug interactions of E7766 as a victim of
organic anion–transporting polypeptide (OATP) inhibitors. In bileduct cannulated rats and dogs, E7766 was mainly excreted unchanged in bile (>80%) and to a lesser extent in urine (<20%).
Sandwich-cultured human hepatocytes (SCHHs), transfected cells,
and vesicles were used to phenotype the hepatobiliary transporters
involved in the clearance of E7766. SCHH data showed temperaturedependent uptake of E7766 followed by active biliary secretion. In
vitro transport assays using transfected cells and membrane vesicles
confirmed that E7766 was a substrate of OATP1B1, OATP1B3, and
multidrug resistance–associated protein 2. Phenotyping studies
suggested predominant contribution of OATP1B3 over OATP1B1
in the hepatic uptake of E7766. Studies in OATP1B1/1B3 humanized mice showed that plasma exposure of E7766 increased 4.5fold when coadministered with Rifampicin. Physiologically based
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Materials and Methods
Chemicals and Reagents. E7766 and the internal standard (IS) ER001229535 (Lot ER-001229535-NH4-011) were synthesized at Eisai Inc.
(Andover, MA). Bovine serum albumin solution was purchased from American
Tissue Culture Collection (Manassas, VA). Estradiol-17b-glucuronide (E217bG),
Rifampicin, and Krebs-Henseleit (KH) buffer were purchased from SigmaAldrich (St. Louis, MO). Porcine kidney LLC–PK1 parental cells were obtained

Fig. 1. Structure of E7766, a novel agonist of STING pathway.

from Discovery Labware, Inc (now Corning Inc., Tewkbury, MA). Human
embryonic kidney (HEK) 293FT cells stably transfected with the vector
containing OATP1B1 cDNA or OATP1B3 cDNA or empty vector were
obtained from Solvo Biotechnology (Zeged, Hungary). TransportoCells
transiently transfected with the vector containing OATP2B1 cDNA or
NTCP cDNA or empty vector were purchased from Corning (NY). The
cell culture–related reagents were cell culture–grade and were purchased
from Thermo Scientific, Inc. (Herndon, VA). All other reagents used in
this study were of either analytical or high-performance liquid chromatography
grade.
Transport Studies of E7766 with Hepatic Solute Carrier Transporters.
TransportoCells (Corning) transiently expressing OATP2B1 or NTCP and the
control cells (HEK293 cells transfected with empty vector) and HEK293FT
cell line (Solvo Biotechnology) stably expressing OATP1B1 (HEK293FTOATP1B1) or OATP1B3 (HEK293FT-OATP1B3) and the control cells
(HEK293FT-control; HEK293FT cells transfected with empty vector) were
grown in a Dulbecco’s modified Eagle’s medium fortified with 10% fetal
calf serum and 2 mmol/L sodium butyrate (for NTCP only) in a humidified
incubator at 37C and 5% CO2. Solvo HEK293FT cells were harvested at
90% confluence and then seeded in poly-D-lysine–coated 24-well 24 hours
prior to transporter assay, whereas Corning TransportoCells were thawed
and seeded in poly-D-lysine–coated 96-well 24 hours prior to transporter
assay. Cellular transport assays were conducted as described previously
(Jiang et al., 2015). Briefly, cells were washed twice and preincubated with
200 ml of prewarmed KH buffer. After preincubation, cells were incubated
with 3 or 10 mmol/l of E7766 in presence or absence of 100 mmol/l of
inhibitors (Rifamycin SV for OATP2B1, Troglitazone for NTCP, and Rifampicin
for OATP1B1 and OATP1B3). The transport reaction was terminated by
aspirating the buffer from the wells at designated time. After washing three
times with 200 ml of ice-cold KH buffer, the cells were lysed, and the
resulting cellular lysates were analyzed by liquid chromatography tandem
mass spectrometry (LC-MS/MS).
The time-dependent uptake of E7766 with OATP1B1 and OATP1B3 was
evaluated to confirm linear uptake condition range of uptake of E7766
(Supplemental Fig. 2). Concentration-dependent uptake of E7766 via OATP1B1
and OATP1B3 was examined with a concentration range of 0.25–100 mmol/l
under linear conditions at 5 minutes. All experiments were run in triplicate.
Transport Studies of E7766 with Hepatic ATP-Binding Cassette Transporters. TransportoCells membrane vesicles (Corning) expressing MDR1,
BCRP, BSEP, or MRP2 and control vector vesicles (70 ml) were preincubated
with vesicle uptake buffer (47 mmol/l 4-morpholinepropanesulfonic acid/Tris,
65 mmol/l KCl, 7 mmol/l MgCl2, pH 7.4 for MDR1 and BCRP; 47 mmol/l
4-morpholinepropanesulfonic acid/Tris, 2.5 mmol/l glutathione, 65 mmol/l KCl,
7 mmol/l MgCl2, pH 7.4 for MRP2; and 10 mmol/l HEPES-Tris, 100 mmol/l
KNO3, 12.5 mmol/l Mg(NO3)2, and 50 mmol/l sucrose, pH 7.4 for BSEP) at 37C
for 10 minutes. The transport was initiated by adding 125 ml of prewarmed
25 mmol/l MgATP and 3 mmol/l of E7766 in the presence or absence of inhibitors
(3 mmol/l of Novobioncin for BCRP, 100 mmol/l of MK-571 for MRP2, and
20 mmol/l of Ketoconazole for MDR1 and BSEP). The transport was terminated
at designated time by adding 200 ml ice-cold vesicle uptake buffer. The complete
content was then rapidly filtrated using multiscreen HTS vacuum manifold, which
was followed by five washes and filtrations. The plate was allowed to dry
completely and then placed onto a 96-well receiver plate. An amount (50 ml) of
elute solution (75% methanol containing the internal standard) was added into
each assay well, and this was followed by centrifugation at 2000 rpm for
5 minutes. This lysis-and-centrifugation procedure was repeated one more time to
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dinucleotides were generally characterized by moderate-to-high molecular weight (.400), low logP (,1), and pKa of 3 to 4. Macrocyclebridged dinucleotides also have low permeability and as such fall in
the class 3B of the extended clearance classification system (ECCS)
(Varma et al., 2015), thus making them potential substrates for
hepatic uptake and efflux transporters. Many compounds in this series
showed high clearance that was at or exceeded hepatic blood flow
and had low volume of distribution. Additionally, the compounds
were metabolically stable in rodent and human hepatocytes and liver
S9 fraction, indicating that metabolism was unlikely to be the primary
clearance pathway. Identifying clearance mechanisms of these novel
class compounds in drug discovery is important to predict systemic
and target tissue exposure as well as to predict clinical drug-drug
interaction (DDI).
The significant clinical implications of inhibiting hepatic uptake
transporters, such as organic anion–transporting polypeptide (OATP)
1B, have highlighted the importance of assessing this potential
liability for new chemical entities (NCEs) during drug discovery
and development (Chen et al., 2018). The US Food and Drug
Administration and the European Medicines Agency (EMA) have
also issued guidance for the in vitro and in vivo evaluation of the
transporter-based DDI (European Medicines Agency, 2012, US
Food and Drug Administration, 2017). Predicting DDI for substrates
of OATP1B1 and OAPT1B3 has recently been described in many
reports (Duan et al., 2017; Yoshikado et al., 2018). Physiologically
based pharmacokinetic (PBPK) modeling has been recognized to be
a powerful tool for pharmacokinetic (PK) and DDI predictions of
substrates of hepatic uptake transporters as well as drug-metabolizing
enzymes (Jones et al., 2015; Wang et al., 2017). In addition to
predicting DDI, PBPK can also be used in the mechanistic understanding of various rate-limiting and rate-determining processes in the
disposition of drugs.
E7766 was selected as a suitable model compound for investigating
the clearance mechanisms and transporter-mediated DDI propensity
of macrocycle-bridged dinucleotide-type STING agonists. A series
of nonclinical studies was planned and conducted to 1) assess the
major clearance mechanisms in the systemic clearance of E7766,
2) identify the transporters and estimate their relative contributions
to the hepatic clearance of E7766, and 3) use the in vitro transporter
data and PBPK model framework to prospectively predict the
clinical DDI of E7766 with OATP1B inhibitor. To best of our
knowledge, this is the first report for the identification of hepatobiliary transporters and PBPK modeling–based DDI prediction of
therapeutically important and structurally novel macrocycle-bridged
dinucleotides. Our data underscore the importance of OATP1B,
especially OATP1B3, in determining the systemic hepatic clearance
rate and hence the plasma exposure of E7766 and perhaps this
class of compounds. Furthermore, our results also show that
clinically relevant DDIs leading to changes in plasma exposure
can occur if E7766 is coadministered with OATP1B3 inhibitors.
The predominant contribution of OATP1B3 to the clearance of
E7766 suggests that the plasma exposure to E7766 is less likely to
be subjected to interindividual variability due to polymorphisms
in OATP1B1.

Transporter-Mediated Drug-Drug Interactions for E7766

(n = 3/time point) were purchased from Taconic Biosciences (Hudson, NY). Mice
were between 8 and 10 weeks of age (22–34 g) at the time of study. In WT mice,
E7766 was administered via the tail vein at a dose of 0.5 mg/kg with either vehicle
or Rifampicin (30 mg/kg i.v.). Plasma and liver samples were collected at 0.083,
0.25, 0.5, 1, 1.5, 3, and 6 hours, and all samples were stored at 280C until
bioanalysis. In humanized mice, E7766 was administered via the tail vein at a dose
of 1 mg/kg or together with vehicle or with Rifampicin (E7766, 0.5 mg/kg;
Rifampicin, 10 mg/kg). Blood samples were collected at predose and 0.08, 0.25,
0.5 1, 1.5, 3, 6, and 24 hours postdose via saphenous or tail vein into a heparinized
capillary. The contents of the capillary were expelled onto an appropriate spot on
a dry blood spot card (FTA DMPK-B [GE Healthcare, Life Sciences, Whatman]).
Urine and feces samples were collected from all dose groups at intervals 0–8 and
8–24 hours postdose. Samples were stored at 280C until bioanalysis.
LC-MS/MS Analysis. Cell lysate samples were extracted by 70:30 methanol:
water (v:v) containing IS 10 nmol/L ER-001229535. Plasma samples were
subjected to protein precipitation with methanol containing ER-001229535 as the
IS. Urine, bile, and feces samples were extracted via salting-out–assisted liquidliquid extraction based on the methodologies described by Tang and Weng
(2013). For analysis of E7766 and IS of ER-001229535, a Shimadzu highperformance liquid chromatography system (Shimadzu Scientific Instruments,
Columbia, MD), which consisted of an autosampler (model: SIL HTc), a column
compartment unit (model: CTO-20AC), a degasser (model: DGU-20A3), two
pumps (model: LC-20AD), and a high-pressure switching valve (model: FCV20AH6), was used. The mobile phase A consisted of 2 mmol/l ammonium
bicarbonate in H2O/MeOH (95/5, v/v), and mobile phase B consisted of 2 mmol/l
ammonium bicarbonate in MeOH/H2O (95/5, v/v). Aliquots (10 ml) were injected
onto a Waters XBridge Oligonucleotide BEH C18 column, 130 Å, 2.5 mm
(4.6 mm inner diameter  50 mm length), at a flow rate of 0.5 ml/min at 40C. The
temperature of the autosampler was controlled at 4C. The samples were analyzed
on an API5000 (Sciex, Framingham, MA) triple quadrupole mass spectrometer
with turbospray ionization (ESI) under negative ion mode. A 9-minute gradient
was run for E7766 and IS, with a flow rate of 0.5 ml/min as follows: 0% B for 0.3
minutes, 0%–100% B over 2.7 minutes, 100% B for 2 minutes, 100%–0% B over
0.2 minutes, and then re-equilibration at 0% B for 3.8 minutes. Analytes were
detected by multiple reaction monitoring by the following mass transitions: 372.4
(M22H)22 . 186.5 for E7766 (238 eV collisions) and 689.3 (M2H)2 . 134.1
for IS (275 eV collisions).
PBPK Model and DDI Simulations. Whole-body PBPK modeling and
simulation were performed using the population-based absorption, distribution,
metabolism, and excretion simulator, SimCYP (version 18; Certara, Sheffield,
UK). Each simulation was performed for 100 subjects (10 trials  10 subjects)
using the software’s built-in healthy volunteer virtual population. To simulate the
effect of OATP inhibitors on the PK of E7766, the PBPK model for RifampicinSD was adopted directly from the default SimCYP compound library. For
all simulations, E7766 was administered as a single intravenous dose, and
Rifampicin was administered as a single oral dose. Physicochemical properties
and input parameters for E7766 used for the PBPK model are summarized in
Table 4. Parameters of Rifampicin for the DDI simulation are summarized in
Supplemental Table 4
The full PBPK model with method 2 (based on Rodgers and Rowland) was
used to predict the volume of distribution (Vd) of E7766 (Rodgers et al., 2005;
Rodgers and Rowland, 2006). A Kp scalar of 4 was applied to the prediction of
human Vd. The Kp scalar was determined based on the predicted versus observed
Vd of E7766 in preclinical species. Permeability-limited disposition was
considered for liver. The DDI simulation was run in two scenarios: 1) hepatic
uptake clearance was assigned from the transporter kinetics (Vmax/Km) for
OATP1B1 and OATP1B3 measured in the HEK293FT system and intrinsic
passive diffusion across the sinusoidal membrane measured in sandwich-cultured
human hepatocyte (SCHH) studies and 2) intrinsic active uptake clearance,
passive clearance on the sinusoidal membrane, and efflux clearance on the
canalicular membrane measured in the SCHH studies were used to capture
hepatobiliary disposition. In both scenarios, the intrinsic uptake clearances were
scaled up to physiologically relevant uptake clearance by a relative expression
factor (REF) approach (Hirano et al., 2004) within SimCYP models. Additionally,
in second scenario, the intrinsic uptake clearance from SCHH was assigned to
OATP1B3 (ft = 0.97) to capture the DDI. Based on in vitro metabolism data using
cryopreserved human hepatocytes (unpublished data), metabolic clearance was
assumed to be negligible for both simulations. PK in preclinical studies suggests
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maximize compound extraction. The samples from two centrifugations were
combined and analyzed by LC-MS/MS. All experiments were run in triplicate.
The LLC-PK1 cell-based permeability of E7766 was also assessed. Porcine
kidney LLC-PK1 cells were cultured at 37C and 5% CO2 in Medium 199
containing 10% FBS, 292 mg/ml glutamine, 0.1 mg/ml hygromycin B, and
0.05 mg/ml gentamycin. The cells were seeded in HTS Transwell–96 systems
(polystyrene, 4.26 mm in diameter, 0.14 cm2 in surface area, 1.0 mm in pore size,
Corning Inc.) at a density of approximately 1.4  106 cells/ml. Culture medium
was replaced on the 4th and 6th day after seeding. Cells were cultured for 7 days
on Transwell plates for the studies. Prior to the experiments, LLC-PK1 cells were
washed using transport buffer (Hank’s balanced salt solution supplemented with
10 mmol/l HEPES) and incubated for 60 minutes. For the experiments of apical to
basolateral direction, transport buffer containing 1 mmol/l of E7766 was added
into the apical compartment, whereas transport buffer with the same treatment was
added into the basolateral compartment. For the experiments of basolateral to
apical direction, transport buffer containing 1 mmol/l of E7766 was added into the
basolateral compartment, whereas transport buffer with the same treatment was
added into the apical compartment. The length of incubation for transport was
2 hours, and samples were stored at –70C or lower prior to LC-MS/MS analysis.
Hepatic Uptake and Biliary Excretion of E7766 in Sandwich-Cultured
Human Hepatocytes. Transporter-certified cryopreserved human hepatocytes
(Donor JEL; BioIVT, Durham, NC) were thawed following manufacturer’s
instructions. Cryopreserved hepatocytes were subsequently suspended in BioIVT
proprietary hepatocyte seeding medium (QualGro Seeding Medium) and seeded
at a density of 0.9 million viable cells/ml onto BioCoat 24-well cell culture plates
(San Jose, CA). After plating, cells were allowed to attach for 2–4 hours and then
were rinsed and fed with warm (37C) seeding medium. Eighteen to 24 hours
later, cells were fed and overlaid with QualGro culture medium (QTS, Durham,
NC) supplemented with extracellular matrix Matrigel (0.25 mg×ml21; BD
Biosciences, San Jose, CA). Cells were then maintained in QualGro Hepatocyte
Culture Medium. Hepatic uptake clearance and hepatobiliary disposition of test
articles were assessed on day 5 by using B-CLEAR Technology (Swift et al.,
2010). Briefly, to assess uptake clearance, cell culture medium was removed, and
hepatocytes were washed three times with warm Plus (+) buffer (0.3 ml per well).
Immediately after washing step, dose solutions for E7766 or comparators (0.3 ml
per well) were added and incubated for 1, 5, and 10 minutes at 37C. After
incubation period, the solutions were collected and frozen at 280C until process
for bioanalysis. The wells were then washed three times with ice-cold Plus (+)
buffer. The plates were frozen at 280C until bioanalysis.
To assess biliary clearance, cell culture medium was removed, and hepatocytes
were washed twice with warm Plus (+) or Minus (2) buffer to maintain or disrupt
tight junctions, respectively. The wash solutions were removed and replaced with
fresh Plus (+) buffer or Minus (2) buffer (0.3 ml per well). The hepatocytes were
conditioned for 10 minutes at 37C. The conditioning solutions were removed and
replaced with dosing solutions for E7766 or comparators (0.3 ml per well). After
a 20-minute incubation, the solutions were collected and frozen at 280C until
process for bioanalysis. The wells were then washed three times with ice-cold Plus
(+) buffer. The plates were frozen at 280C until process for bioanalysis. All
experiments were run in triplicate.
In Vivo Pharmacokinetics. All in vivo study protocols were approved by
appropriate Institutional Animal Care and Use Committee. Animals were
monitored during the study and provided free access to food and water.
Pharmacokinetics in Bile-Duct Cannulated Rats and Dogs. Bile-duct
cannulated (BDC) male Sprague-Dawley rats (n = 4) and BDC male Beagle dogs
(n = 3) were given E7766 as a single 1-mg/kg i.v. dose and 0.075-mg/kg i.v. dose
as free acid prepared in sterile PBS, respectively. Plasma samples were collected
at predose and designated time points postdose via a jugular vein into tubes
containing sodium heparin as the anticoagulant. Urine samples were collected at
intervals 0–4, 4–8, and 8–24 hours postdose into collection tubes on wet ice. Bile
and feces (rat-only) samples were collected at intervals 0–4, 4–8, and 8–24 hours
postdose into collection tubes on wet ice. All samples were stored at –70C or
lower until LC-MS/MS analysis.
Pharmacokinetics in Humanized OATP1B1/1B3 and Wild-Type Mice.
E7766 was formulated in 0.5% 0.1 N HCl, 5% DMSO, 10% EtOH, and
84.5% saline for studies in wild-type (WT) and humanized OATP1B1/1B3 mice.
Rifampicin was formulated in 0.5% 0.1 N HCl, 5% DMSO, 10% EtOH, and
84.5% saline. Age-matched OATP1B1 and OATP1B3–knock-in humanized
mice (n = 3) on the Oatp1a/1b-knockout background and WT FVB male mice

267

268

Jiang et al.

that E7766 is expected to be eliminated from kidney via glomerular filtration. The
renal clearance of E7766 was then fixed as 3 L/h as a product of glomerular
filtration rate (;6 l/h in human; Lin et al., 2003) and plasma protein binding of
E7766 (0.5, measured data, Table 4). This fixed renal clearance also aligned well
with back calculation from systemic clearance and the observation from PK
studies of multiple preclinical species, in which about 10% of E7766 was excreted
in urine as parent compound. Sensitivity analysis was performed to evaluate
changes in drug exposure and DDI due to any uncertainty in the in vitro
parameters.
Data Analysis. The uptake velocity describes the rate of E7766 taken up by
active and/or passive processes of the transporter-expressing cell or vesicles and is
calculated as follows:
uptake velocity ¼ ðC  VÞ=T=W

ð1Þ

v ¼ Vmax  S=½Km þ S

ð2Þ

wherein v is the OATP1B1- or OATP1B3-specific uptake velocity (pmol/ml/mg
protein), S is the concentration of E7766 in the uptake buffer (micromoles per
liter), Km is the apparent Michaelis-Menten constant (micromoles per liter), and
Vmax is the apparent maximum uptake rate (picomoles per minute per milligram
protein). The in vitro intrinsic clearance (CLint,in vitro) was calculated as follows:
CLint;in vitro ¼ Vmax =Km

Results
Assessment of E7766 as a Substrate of Hepatic Uptake Transporters. As shown in Fig. 2A, OATP1B1 and OATP1B3 showed
significant active uptake of E7766 (P , 0.000001 and P = 0.000021 for
OATP1B1 and OATP1B3, respectively), which could be inhibited by
Rifampicin (100 mmol/l; P , 0.000001 and P = 0.000007 for OATP1B1
and OATP1B3, respectively). Active uptake of E7766 was not observed
in cells expressing OATP2B1 (P = 0.11) or NTCP (P = 0.11). The results
indicate that E7766 is a substrate for OATP1B1 and OATP1B3 but not
a substrate for OATP2B1 and NTCP. We observed differences in passive
uptake of E7766 with mock cells groups, and this was at least partially due
to the differences in cell subtypes, cell engineering, culture conditions, and
assay conditions. Additionally, very low passive permeability of E7766
could add further variability of passive uptake with mock cells. To support
the validation of in vitro assay systems, uptake activity of positive control
substrates was summarized in Supplemental Fig. 1A.
The results of concentration-dependent uptake of E7766 in HEK293FTOATP1B1, HEK293FT-OATP1B3, and HEK293FT-control cells are

ð3Þ

The relative contribution of OATP1B1 and OATP1B3 to the hepatic uptake of
E7766 was assessed by the REF approach (Kunze et al., 2014). REF for each
transporter was calculated by following equations:
REF1B1 ¼ EXPOATP1B1;HEP =EXPOATP1B1;HEK

ð4Þ

REF1B3 ¼ EXPOATP1B3;HEP =EXPOATP1B3;HEK

ð5Þ

wherein EXP represents the specific transporter expression (femtomoles per
milligram protein) determined in primary human hepatocyte (HEP) or
HEK293FT-OATP1B1 or HEK293FT-OATP1B3 cell line (HEK). The expression levels of OAPT1B1 and OATP1B3 in hepatocyte and HEK293FToverexpressing cell line are summarized in Supplemental Table 2.
For SCHH assays, the intrinsic hepatic uptake clearance (uptake CLint,T) was
determined using the following:
Uptake CLint;T ¼ APlusðþÞBuffer =ðT  Cinitial Þ

ð6Þ

wherein APlus (+)Buffer is the total accumulation of E7766 (cells + bile pocket) in
SCHH after incubation with Plus (+) buffer (micromoles), T is the incubation time
(minutes), and Cinitial is the initial concentration of E7766 in dosing medium
(micromoles per liter).
The biliary excretion index (BEI) was obtained from eq. 7, and intrinsic biliary
clearance (efflux CLint,T) was calculated from eq. 8:
BEI ¼ 100  ½APlusðþÞBuffer –AMinusð-ÞBuffer =APlusðþÞBuffer
Efflux CLint;T ¼ ½APlusðþÞBuffer –AMinusð-ÞBuffer =ðT  Cinitial Þ

ð7Þ
ð8Þ

wherein AMinus(-)Buffer is cellular accumulation inside hepatocytes (cells only) after
incubation with Minus (2) buffer (micromoles).
PK parameters of E7766 were obtained by noncompartmental analysis using
Phoenix WinNonlin Ver. 7.0.0.2535 (Certara USA, Inc., Princeton, NJ). The
parameters calculated were the cumulative amount of E7766 recovered in urine
(Xu(0-t)), bile (Xb(0-t)), and feces (Xf(0-t)), which were determined as the sum of the
amounts recovered in each sampling interval; the percent of the administered dose

Fig. 2. Phenotyping of hepatobiliary transporters involved in the disposition of
E7766. (A) Uptake of E7766 was evaluated in SLC transporter–expressing HEK293
cells; (B) transport of E7766 was evaluated on ATP-binding cassette transporter–expressing membrane vesicles. n.s., not significant.
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wherein C represents the concentration of E7766 in the cellular (or vesicular)
lysate (micromole per liter), V is the volume of the lysate (microliter), T is the
incubation time, and W is the measured cellular (or vesicular) protein amount of
each well (milligram).
The OATP1B1- or OATP1B3-specific uptake velocity was calculated by
subtracting mean uptake velocity of E7766 in HEK293-control cells from that of
HEK293FT-OATP1B1 or HEK293FT-OATP1B3 cells at each of the corresponding concentration. Kinetic and statistical analyses of the transport data were
conducted using GraphPad Prism Ver. 7.02 (GraphPad Software, Inc., San Diego,
CA). Kinetic data were fit to a Michaelis-Menten model as follows:

excreted in urine (Ae renal %), bile (Ae biliary %), and feces (Ae fecal %); and the renal
(CLrenal), biliary (CLbiliary), and fecal clearances (CLfecal), which were calculated
using the cumulative amount recovered up to the last measurable urine, bile, or
feces sample along with the AUC(0-t, last) as CLrenal = Xu(0-t, last)/AUC(0-t, last)/body
weight, CLbiliary = Xb(0-t, last)/AUC(0-t, last)/body weight, and CLfecal = Xf(0-t, last)/
AUC(0-t, last)/body weight, respectively.
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Fig. 3. In vitro transporter kinetics of E7766 were measured in HEK-293 cells
expression OATP1B1 or OATP1B3. (A) Kinetics and Michaelis-Menten parameters
of OATP1B1-mediated uptake of E7766. (B) Kinetics and Michaelis-Menten
parameters of OATP1B3-mediated uptake of E7766.

vesicles. Incubation of E7766 with MRP2-expressing vesicles resulted
in greater uptake activity than that with control vesicles with an uptake
ratio of 23 and a P value of 0.00014. Coincubation of E7766 and positive
control inhibitor MK-571 (100 mmol/l) with MRP2-expressing vesicles
decreased the uptake ratio from 23 to 1.1 (P = 0.00014). The results
indicate that E7766 is a substrate of efflux transporter MRP2 but not
a substrate of MDR1, BCRP, or BSEP (Fig. 2B). The transporter activity
of positive control substrates for MDR1, MRP2, BCRP, and BSEP is
shown in Supplemental Fig. 1B. The transcellular permeability of E7766
was assessed in LLC-PK1 cells. The results, as shown in Supplemental
Table 1, indicate that E7766 exhibited very low permeability in LLCPK1 cells (apparanet permeability , 1  1026 cm/s).
Evaluation of Hepatic Uptake and Biliary Excretion of E7766 in
SCHH. The transporter-mediated hepatic uptake potential of E7766 was
evaluated in SCHH prepared from one donor (JEL). The intrinsic hepatic
uptake clearance of E7766 (uptake CLint,T) at 4C was markedly
decreased to ,7.6% of that at 37C at two lower dose levels (0.3 and
1.0 mmol/l) (Table 1). The uptake CLint,T of E7766 across all dose levels
dropped rapidly from 1 to 5 minutes (Table 1). These results suggest
hepatic uptake was rapidly achieving near maximal accumulation within
5 minutes. In addition, the uptake CLint,T decreased dramatically at
10 mmol/l across all exposure periods compared with uptake CLint,T
measured at 0.1 and 3 mmol/l, suggesting hepatic uptake was saturated at
concentration of .1.0 mmol/l (Table 1). Taken together, these results
suggest that hepatic uptake of E7766 was primarily mediated by
a relatively fast active uptake mechanism.
As shown in Table 1, after 20-minute exposure, the intrinsic biliary
efflux clearance (efflux CLint,T) decreased dramatically at 10 mmol/l
compared with those at doses of 0.3 and 1 mmol/l, suggesting
hepatobiliary transport of E7766 was saturated at concentration of
.1.0 mmol/l. The BEI of E7766 ranged from 70.9% to 86.2% across the
concentration range assessed. These BEI values were comparable with
d8-TCA (72.6%), a model bile acid, and were ;2-fold greater than the
reference compound Rosuvastatin (BEI = 42.7%). The differences in
BEI for Rosuvastatin and d8-TCA/E7766 are likely due to differences in
uptake and efflux mechanisms as well as kinetics of uptake and efflux of
these compounds in the SCHH system. Overall, these results suggest the
biliary excretion of E7766 is mediated by a saturable mechanism and
with a relatively high BEI value.
Pharmacokinetics of E7766 in BDC Rats and Dogs. The PK of
E7766 in BDC rats (Table 2) was characterized by high total plasma
clearance (CLtot,p) (6.50 l/h per kilogram) and moderate Vss (2.47 l/kg).
The mean Xu(0-t) and Xb(0-t) up to 24 hours postdose were 38,600 and
261,000 ng, respectively, which corresponds to 13.7% (Ae renal) and
92.1% (Ae biliary) of the total dose administered, respectively. The mean
cumulative amount of E7766 excreted in feces (Xf(0-t)) up to 24 hours
postdose was 991 ng, which corresponds to 0.4% of the total dose
administered (Ae fecal). Mean CLrenal, CLbiliary, and CLfecal of E7766 in
BDC rats were 0.895, 6.04, and 0.0227 l/h per kilogram, respectively.
The PK of E7766 in BDC dogs (Table 2) was characterized by
moderate CLtot,p (1.29 l/h per kilogram) and limited volume of
distribution (Vss, 0.553 l/kg). The mean cumulative amounts of unchanged E7766 excreted in urine (Xu(0-t)) and bile (Xb(0-t)) up to
48 hours postdose were 33,400 and 625,000 ng, respectively, which
correspond to 5.0% (Ae renal) and 87.9% (Ae biliary) of the total dose
administered, respectively. Mean renal (CLrenal) and biliary (CLbiliary)
clearances of E7766 in dogs were 0.0528 and 1.19 l/h per kilogram,
respectively.
Pharmacokinetics of E7766 in OATP1B1/1B3 Humanized and
WT Mice. The plasma and liver PK of E7766 in WT mice was assessed
with or without coadministration of Rifampicin (Fig. 4). The unbound
concentration-time profiles of Rifampin in wild-type and humanized
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summarized in Fig. 3. The data were best-fitted to a Michaelis-Menten
model, and the kinetic parameters for uptake of E7766 by OATP1B1
were calculated as 2.2 mmol/l (Km) and 27.8 pmol/min per milligram
protein (Vmax). The in vitro uptake clearance (CLint,in vitro) of OATP1B1
was then calculated to be 12.6 ml/min per milligram protein. The Km,
Vmax, and CLint,in vitro of OATP1B3-mediated uptake of E7766 were
estimated as 4.0 mmol/l, 81.3 pmol/min per milligram protein, and
20.5 ml/min per milligram protein, respectively. The REFs for OATP1B1
and OATP1B3 were calculated to be 0.1 and 2.8, respectively, using the
measured expression of these transporters in the overexpressing cell lines
and the reported expression levels in human hepatocytes from Schaefer
et al. (2012) (Supplemental Table 2). We decided to use the transporter
expression reported by Schaefer et al. (2012) because the methodology
used to extract the membrane protein and measure the protein content
aligned with the methodology used to measure transporter expression in
our HEK293FT-overexpressing system.
Assessment of E7766 as a Substrate of Biliary Efflux Transporters. E7766 was incubated with either MDR1-, BCRP-, BSEP-, or
MRP2-expressing or control vesicle membranes. As shown in Fig. 2B,
E7766 did not show transporter-mediated uptake activities in MDR1(P . 0.99), BCRP- (P = 0.17), and BSEP- (P = 0.45) expressing
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TABLE 1
Summary of in vitro parameters for E7766 estimated from the sandwich-cultured human hepatocytes

Test Article

Target Conc. (mmol/l)

Temperature

Time (min)

0.3

37C

1.0

4C
37C

10.0

4C
37C

1
5
10
20
10
1
5
10
20
10
1
5
10
20
10
10

E7766

d8-TCA

5
10

10

Efflux CLint,T (ml/min per
106 cells)

BEI %

7.69 6 0.47
3.83 6 0.26
3.12 6 0.26
Not determined
0.13 6 0.00
5.46 6 0.10
2.70 6 0.14
1.85 6 0.13
Not determined
0.14 6 0.02
1.22 6 0.11
0.47 6 0.02
0.33 6 0.01
Not determined
0.58 6 0.73
14.2 6 0.82
0.27 6 0.02
6.22 6 0.31
0.21 6 0.04

―
―
―
6
―
―
―
―
6
―
―
―
―
6
―
6
―
6
―

―
―
―
85.2 6 1.7
―
―
―
―
86.2 6 0.40
―
―
―
―
70.9 6 1.3
―
72.6 6 5.8
―
42.7 6 5.8
―

2.05

1.42

0.15
11.0
2.23

0.07

0.08

0.01
1.74
0.38

Efflux CLint,T, intrinsic biliary efflux clearance; uptake CLint,T, intrinsic hepatic uptake clearance. Values represent the mean 6 S.D. (n = 3).

mice are shown in Supplemental Fig. 3. The plasma PK of E7766 in WT
was characterized by high CLtot,p (8.93 l/h per kilogram) and moderate
Vss (1.66 l/kg) (Table 3). In the presence of Rifampicin, the plasma
exposure (AUCtotal) of E7766 in WT mice increased 5.4-fold with
a corresponding decrease in CLtot,p. The liver exposure to E7766 was
comparable in WT mice with or without coadministration of Rifampicin,
indicating that Rifampicin only affects the plasma exposure and that
liver exposure is unchanged by Rifampicin. However, the liver-toplasma ratio Kp,total of E7766 in Rifampicin-treated animals decreased
by 82%, indicating a strong inhibition of Oatp-mediated hepatic
uptake of E7766 in mice (Table 3). The dose-normalized plasma
exposure (AUCtotal/dose) and CLtot,p were compared between WT
mice (AUCtotal/dose: 112 ng/h per milliliter21/[mg/kg] and CLtot,p:
8.93 l/h per kilogram) and OATP1B1/1B3 humanized mice (AUCtotal/
dose: 126 ng/h per milliliter21/[mg/kg] and CLtot,p: 9.20 l/h per
kilogram). The dose-normalized AUC in humanized mice increased
4.8-fold after coadministration with Rifampicin, which aligned with
the increase in AUC (5.4-fold) in WT mice. We also assessed the
percentage of the E7766 dose excreted in the urine and feces in the
above studies (Fig. 4). The dose excreted in the feces in both WT
and OATP1B1/1B3-humanized mice decreased to a similar extent
(3-fold lower in WT mice and 4.6-fold lower in humanized mice)
in the presence of Rifampicin. This decrease is in line with the
corresponding increase in systemic exposure to E7766 in the presence
of Rifampicin.
TABLE 2
Disposition of E7766 in BDC rat and dog after intravenous bolus administration
Dose

CLtot,p (l/h per kilogram)
Vss (l/kg)
Ae renal (%)
CLrenal (l/h per kilogram)
Ae biliary (%)
CLbiliary (l/h per kilogram)
Ae fecal (%)
CLfecal (l/h per kilogram)

BDC Rat Intravenous Bolus,
1 mg/kg

6.50
2.47
13.7
0.895
92.1
6.04
0.366
0.0227

6
6
6
6
6
6
6
6

0.429
0.849
2.80
0.189
7.26
0.798
0.208
0.0138

Dog Intravenous Bolus,
0.075 mg/kg

1.29
0.553
4.96
0.0528
87.9
1.19

Values represent the mean 6 S.D. (n = 4 for BDC rats and n = 3 for dogs).

6
6
6
6
6
6
―
―

0.369
0.345
4.37
0.0293
30.5
0.637

PBPK Modeling and DDI Simulation of E7766. The PBPK model
was built for E7766 and all input parameters that were used for the PBPK
model are summarized in Table 4. The predicted plasma PK and
systemic clearance as well as AUC ratio of E7766 in the presence and
absence of Rifampicin are presented in Fig. 5 and Table 5. In scenario 1
of the DDI simulation, active uptake clearances measured as Jmax/Km in
HEK293 cells were assigned to OATP1B1 and OATP1B3, and the
passive sinusoidal and biliary efflux clearances were taken from the
SCHH experiment. Based on the REF factor and the in vitro uptake
kinetics, the ft for OATP1B3 and OATP1B1 were predicted to be 0.97
and 0.02, respectively, thus suggesting that OATP1B3 plays a predominant role in the hepatic uptake of E7766 (Fig. 5A). The contribution
of passive sinusoidal diffusion clearance to the overall uptake CL of
E7766 was negligible (1%, Fig. 5A). This simulation showed that
the plasma AUCtotal increased by 2.77-fold, whereas the Cmax in the
presence of Rifampicin was unchanged (Fig. 5B). The free liver
intracellular Cmax of E7766 in the presence of Rifampicin decreased
by 31.1%, and E7766 concentration further decreased to 72.6% at 1 hour
after dosing because of impairment of OATP1B function. However, as
shown in Fig. 5C after 1 hour, the liver intracellular concentration started
to increase at later time points and therefore resulted in an unchanged
liver intracellular AUCfree (69.06 nmol/h per liter, Table 5) in presence
of Rifampicin compared with Rifampicin-free group (76.19 nmol/h per
liter, Table 5). This increase of liver concentrations at later time points is
due an increase in the systemic exposure of E7766 in the presence of
Rifampicin. A sensitivity analysis was performed for the in vitro
parameters with uncertainty. As shown in Figs. 5, D–F, the change in
AUC ratio ranged from 1.0 to 2.6 when the REF or kinetic parameters for
OATP1B3 were varied. The AUC ratio remained unchanged when the
REF or kinetic parameters for OATP1B1 were varied, indicating that the
DDI was not sensitive to changes in Jmax, Km, and REF for OATP1B1. It
is noteworthy that AUC ratio first increased along with the increase of
OATP1B3 REF (when OATP1B3 REF , 3) and then started to drop as
OATP1B3 REF increased further until AUC ratio became ultimately
close to unity (Fig. 5D). One potential reason for this pattern is maybe
that the hepatic uptake clearance increases when the OATP1B3 REF
increases and will result in a larger DDI magnitude, (i.e., a greater AUC
ratio in the beginning when REF is in a relatively low range). However,
as the OATP1B3 REF increases further (above 3), the intrinsic uptake

Downloaded from dmd.aspetjournals.org at ASPET Journals on January 8, 2023

Rosuvastatin

4C
37C
4C
37C
4C

Uptake CLint,T (ml/min per
106 cells)

271

Transporter-Mediated Drug-Drug Interactions for E7766

In the second scenario, DDI was simulated using active uptake,
passive sinusoidal uptake, and biliary efflux clearances measured in
SCHH experiment. In this simulation, we observed similar results for
both PK profile and DDI potential of E7766 as victim compared with the
first scenario. The comparison between two different scenarios is
summarized in Table 5. Simulation showed that the plasma AUC
increased by 2.59-fold, whereas the Cmax in the presence of Rifampicin
was unchanged. The liver AUCfree calculated by free intracellular
concentrations remained unchanged in the presence of Rifampicin with
a liver AUCfree ratio of 0.86. The consistency of prediction from two
scenarios that adopted experimental data from two independent
approaches suggests that the PBPK model is mechanistically sound.

Discussion

Fig. 4. Pharmacokinetics and disposition of E7766 after intravenous administration
in wild-type and OATP1B1/1B3-humanized mice. (A) Plasma concentrations of
E7766 were measured with or without coadministration with Rifampicin after
intravenous administration of E7766 and Rifampicin. (B) Blood concentrations of
E7766 were measured with or without coadministration with Rifampicin after
intravenous administration of E7766 and Rifampicin. (C) Excretion with or without
coadministration with Rifampicin of E7766 in urine, bile, and feces was determined
after intravenous administration of E7766 and Rifampicin. Hu, humanized mouse.

clearance will exceed hepatic blood flow and become a blood-flow ratelimited process. Therefore the AUC is not readily affected by inhibition
of uptake clearance. We speculate that another explanation may be that
E7766 is cleared away from the transporter binding site very rapidly
when REF increases further. Thus there is not enough duration of
exposure for E7766 (given as intravenous bolus dose) to have interaction
with orally administered Rifampicin, which needs time to get to the
interaction site in liver.

TABLE 3
Liver and systemic exposure of E7766 in wild-type and humanized mice in the
presence or the absence of Rifampicin

Parameters

AUCtotal (ng∙h/ml)
AUCtotal/dose
(ng∙h/ml/
[mg/kg])
CLtot,p (l/h per
kilogram)
Vss (l/kg)
Liver AUCtotal
(ng×h/g)
Liver Kp,total

WT Mice
0.5 mg/kg
E7766

WT Mice
0.5 mg/kg
E7766
+Rifampicin

Hu Mice
1.0 mg/kg
E7766

Hu Mice
0.5 mg/kg
E7766
+Rifampicin

56.0
112

300
600

126 6 48.7
126 6 48.7

302 6 92.2
604 6 184

8.93

1.72

9.20 6 4.65

1.80 6 0.619

1.66
4460

0.520
4250

5.93 6 5.96
―

1.29 6 0.243
―

79.6

14.2

―

―

AUCtotal/dose, area under the total plasma conc.-time curve normalized by dose; Hu,
OATP1B1/OATP1B3-humanized mouse; liver AUCtotal, area under the total liver conc.-time
curve. Values represent the mean 6 S.D. (n = 3).
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E7766 is a macrocycle-bridged dinucleotide under development as an
immuno-oncology drug to be used as a single agent or in combination
with other standard-of-care therapies. For several drugs, such as
pravastatin, which are cleared primarily via biliary excretion, hepatic
uptake is in fact the rate-limiting step (Nakai et al., 2001), and inhibition
of these uptake processes or polymorphisms in the hepatic uptake
transporters may lead to clinically relevant change in the PK of drugs
(Chen et al., 2018). Therefore, in vitro and in vivo studies were
conducted for E7766 to systemically investigate drug transporters
involved in its systemic clearance and to predict clinical DDI potential
using PBPK models.
PK and excretion studies of E7766 were first conducted using BDC
rats and BDC dogs. The results confirmed that biliary excretion plays
predominant role in systemic clearance of E7766. To further study the
clearance mechanisms of E7766, DDI studies with Rifampicin were
conducted with OATP1B1/1B3-humanized and WT mice. Coadministration with Rifampicin in OATP1B1/1B3-humanized mice as well as
WT mice resulted in an approximately 5-fold decrease in plasma
clearance of E7766. We also measured the liver exposure of E7766 with
and without coadministration with Rifampicin in WT mice. Although
liver AUC was comparable between mice with or without Rifampicin,
the observed decrease in liver/plasma ratio (liver Kp,total) in WT mice in
the presence of Rifampicin is consistent with hepatic OATP-mediated
uptake. Studies in bile-duct cannulated dogs and rats show that biliary
excretion of unchanged drug is the major route of clearance in preclinical
species. Fecal excretion of unchanged drug was also observed in
humanized and WT animals, and excretion into the feces decreased
substantially in animals wherein liver OATP/oatp function was
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TABLE 4
Summary of input parameters used to build the PBPK model for E7766
Parameter

Scenario 1

Scenario 2

Source

PhysChem and blood binding
Mol. wt. (g/mol)
Log P
Compound type

Km (mmol/l) for OATP1B1
fuinc for OATP1B1
REF for OATP1B1
Jmax (pmol/min per 106 cells)
for OATP1B3
Km (mmol/l) for OATP1B3
fuinc for OATP1B3
REF for OATP1B3
Uptake CLint,T (ml/min per
106 cells)
REFSCHH
Efflux CLint,T (ml/min per 106
cells)

2.20
1.00
0.10
24.39

―
―
―
―

3.97
1.00
2.80
―

―
1.00
―
7.7

―

1

2.1

2.1

Calculated
Measured
―
Calculated
Measured
Measured
―
SimCYP predicted (method 2, the Rodgers-Rowland method)
Fitted based on preclinical data, see Materials and Methods for details
Estimate as fu  glomerular filtration rate
Obtained from E7766 uptake measured at 0.3 mmol/l at 4 C with SCHH model (Table 1)
SimCYP predicted
SimCYP predicted
Vmax in the unit of pmol/min/mg protein (Fig. 3) was converted to Jmax in the unit picomoles per
minute per 106 cells by incorporating measured protein abundance data of HEK293 cells (0.3 mg
protein per 106 HEK293 cells)
Obtained from transporter kinetic assays (Fig. 3)
SimCYP predicted
Calculated by eq. 4, see Supplemental Table 2 for details of transporter protein expression.
Fig. 3. Units were converted as shown above for OATP1B1
Obtained from transporter kinetic assays (Fig. 3)
SimCYP predicted
Calculated by eq. 5, see Supplemental Table 2 for details of transporter protein expression.
For scenario 2, the uptake CLint,T for E7766 measured at 0.3 mmol/l after 1 min incubation at 37 C
(Table 1) was assigned as input value for uptake CLint,T in SCHH, as early time point and lower
conc. can better represent the initial linear uptake phase.
The REFSCHH is assumed to be one based on literature reported data shown that OATP1B1 and
OATP1B3 expression levels are comparable between SCHH and primary hepatocyte if from the
same lot (Kimoto, 2012)
For both scenarios 1 and 2, SCHH efflux CLint,T for E7766 measured at 0.3 mmol/l after 20-min
incubation at 37 C (Table 1) was used as input value for efflux CLint,T.

B/P, blood-to-plasma partition ratio; CLPD, passive diffusion clearance; fu, unbound drug fraction in plasma; fuIW, unbound drug fraction in intracellular water; fuEW, unbound drug fraction in
extracellular water; fuinc, unbound drug fraction in in vitro incubation system; Kp, tissue-to-plasma partition coefficient; uptake CLint,T, intrinsic uptake clearance obtained from SCHH assay; efflux
CLint,T, intrinsic biliary efflux clearance obtained from SCHH assay. For scenario 1, hepatic uptake clearance was assigned from the transporter kinetics measured in HEK293 cells and for scenario 2,
intrinsic active uptake clearance measured in from SCHH was assigned to OATP1B3.

inhibited. Taken together, these results suggest that E7766 is cleared
from systemic circulation primarily via active uptake into the liver by
OATP/oatp and then excreted unchanged into the bile. Previous
reports have shown that hepatic expression of OATP1B1 in the
humanized mice was lower than that in human liver, whereas the
expression of OATP1B3 was 3-fold higher than that in human liver
(Higgins et al., 2014). These differences in the expression could
lead to the overestimation of the contribution of OATP1B3 on the
systemic exposure of OATP substrates in humanized mice. However,
OATP1B1/1B3-humanized mice may still be useful in qualitatively
determining whether hepatic OATP can impact systemic exposure
and hepatic distribution of substrates.
To prospectively predict clinical DDI potential for E7766 as the
victim drug, we used in vitro kinetic data generated from transporteroverexpressing cell lines coupled with REF approach (scenario 1) and
CLint data from SCHH coupled with REF approach (scenario 2) to build
“bottom-up” full PBPK models and run DDI simulations. DDI
simulation with Rifampicin suggests that Rifampicin may cause about
2–3-fold increase in plasma AUC in both scenarios, indicating that the
current PBPK model is mechanistically sound. Similar to the findings in
mice treated with Rifampicin, PBPK simulation showed that the
intracellular free liver AUC did not change with treatment with
Rifampicin; however, the liver-to-plasma ratio decreased in the presence
of Rifampicin. Previously reported PBPK approaches suggested the

need for empirical scaling factors for hepatic active uptake to recover
human PK of several OATP substrates (Watanabe, et al., 2009; Jones
et al., 2012). These scaling factors are derived from “top down”
approaches and are often compound-specific (Varma et al., 2013).
Hence the model developed here will need to be verified, and E7766specific scaling factors will be derived once clinical PK and DDI data for
E7766 are available.
For prospective DDI assessment, a sensitivity analysis of parameters
that have high uncertainty is important. For transporter-mediated DDIs,
there is significant uncertainty due to the limited understanding of
quantitative translation of in vitro transporter kinetics to the clinical
scenario. Hence we conducted a sensitivity analysis of the in vitro Jmax,
Km, and REF values. The sensitivity analysis results show that AUC
ratio was less sensitive to changes in the kinetic parameters for
OATP1B1 than those of OATP1B3 because of predominant role of
OATP1B3 in the overall clearance. On the other hand, based on ft of
E7766 for OATP1B1 and the sensitivity analysis, we can conclude that
the pharmacokinetics of E7766 is less likely to be influenced by
polymorphisms in OATP1B1. Although the impact of genetic polymorphisms of OATP1B1 on the PK/pharmacodynamics of OATP1B
substrates has been well documented (Niemi et al., 2011), that of
OATP1B3 polymorphisms has not been clearly reported. Reduced
uptake of glibenclimide and glipizide by OATP1B3 in HEK cells
expressing OATP1B3 (699 G . A) was recently reported (Yang et al.,
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746
746
1.31
1.31
Monoprotic
Monoprotic
acid
acid
pKa
3.41
3.41
B/P
0.55
0.55
fu
0.50
0.50
Distribution model
Full PBPK
Full PBPK
model
model
Vss (l/kg)
0.637
0.637
4.0
4.0
Kp scalar
CLrenal (l/h)
3.0
3.0
Hepatic transport (permeability-limited liver module)
Passive diffusion CLPD (ml/
0.00013
0.00013
min per 106 cells)
fuIW
1.00
1.00
fuEW
0.657
0.657
Jmax (pmol/min per 106 cells)
8.34
―
for OATP1B1
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Fig. 5. Summary of PK parameters and DDI profile of E7766 from PBPK model. (A) Contribution of passive diffusion and OATP1B1- and OATP1B3-mediated uptake to
overall hepatic uptake clearance of E7766. Simulated plasma (B) and liver (C) concentration-time profiles of E7766 after intravenous administration of 1-mg dose with and
without 600-mg oral dose of Rifampicin. Sensitivity analysis of changes in E7766 area under the curve ratio as a function of REF (D) and kinetic parameters for OATP1B1
(E) and OATP1B3 (F).

2018). However, there are no reported clinical studies to support these
in vitro observations. It is, however, advisable to genotype patients and
healthy volunteers for any potential OATP1B3 polymorphisms to
understand any interindividual variability in E7766 exposure.
E7766 was also identified as a novel substrate of MRP2, an efflux
transporter expressed on the canalicular membrane of human hepatocytes. MRP2 is essential for hepatobiliary and renal elimination of many
anionic substrates, including drugs and conjugates, such as bilirubin
glucuronides (Nies and Keppler, 2007). It was reported that Rifampicin
when dosed 600 mg orally may inhibit MRP2-mediated biliary excretion

of 11C-labeled (15R)-16-m-tolyl-17,18,19,20-tetranorisocarbacyclin
methyl ester (Takashima et al., 2012). However, it is likely that the
OATP-mediated uptake rather than MRP2-mediated efflux influences
the systemic exposure of E7766. This conclusion is based on 1) ECCS
classification, which states that hepatic uptake will be the major
contributor to the clearance of class 3B compounds, and 2) other reports
(Watanabe, et al., 2009) that the impairment of MRP2 would only affect
the liver AUC but would have no impact on plasma AUC if the
compound were uptake-limited. To the best of our knowledge, no
systemic DDI has been attributed to MRP2, and there is no evidence that
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TABLE 5

Summary and comparison of simulated PK and DDI parameters of E7766 from
PBPK models using two scenarios
SimCYP default compound for Rifampicin was used for simulations. For scenario 1, hepatic
uptake clearance was assigned from the transporter kinetics measured in HEK293 cells, and for
scenario 2, intrinsic active uptake clearance measured in from SCHH was assigned to OATP1B3.
Scenario 1
PK Profile Parameters of E7766

AUCtotal (nmol×h/l)
AUCtotal ratio
Cmax,tot (nmol/l)
Cmax,tot ratio
CLtot,p (l/h)
CLtot,p ratio
Liver intracellular AUCfree
(nmol×h/l)
Liver intracellular AUCfree
ratio

(2)
Rifampicin

47.38
2.77
474.01
1.01
29.62
0.40
76.19
0.91

Scenario 2

(+)
(2)
(+)
Rifampicin Rifampicin Rifampicin

131.06
479.92
11.88
69.06

67.26
2.59
476.24
1.01
21.55
0.40
71.35

Finally, the results collected from current studies may also shed light on
pharmacokinetics and pharmacodynamics of other compounds from this
class of macrocycle-bridged dinucleotides.
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174.07
480.12
8.66
61.28

0.86

MRP3 or MRP4 should be examined or that there is a likelihood of DDI
for a substrate of MRP2 (Hillgren et al., 2013).
Further studies are warranted to investigate whether other dinucleotide NCEs are also substrates of OATP1Bs and MRP2. A recent paper
published by Luteijn and coworkers (2019) identified solute carrier
(SLC) 19A1 (folate–organic phosphate antiporter) as the major transporter to facilitate cellular uptake of cyclic dinucleotides, such as 2939cyclic guanosine monophosphate-adenosine monophosphate, into THP-1
cells and therefore has implications for the immunotherapeutic treatment of
cancer. The uptake of 2939-cyclic guanosine monophosphate-adenosine
monophosphate was inhibited by methotrexate and sulfasalazine, inhibitors
of SLC transporters. OATP1B1, OATP1B3, and other OATP transporters
are also found in multiple cancer cells, including breast cancer, colon
cancer, liver cancer, pancreatic cancer, prostate cancer, testicular cancer,
and thyroid cancer (Wlcek et al., 2008; Pressler et al., 2011). Given that
cellular permeability of E7766 or its analogs could be low because of
their physiochemical properties, additional investigation into whether
other analogs of E7766 are substrates of OATP1B1/1B3, SLC19A1, or
other OATP transporters expressed in hepatocytes, immune cells, or
cancer cells can provide insight into absorption, distribution, metabolism, and excretion properties and pharmacological function of these
novel NCEs.
In summary, our data show that transporter-mediated hepatic uptake is
the major contributor to the overall systemic clearance of E7766. Based
on the estimated ft for OATP1B3 and OATP1B1, we conclude that
OATP1B3 plays a predominant role in the hepatic uptake of E7766. The
findings reported here have a significant influence on the design of
clinical pharmacology program for E7766. Because of near-complete
recovery of unchanged E7766 observed in preclinical animal studies, the
clinical protocols emphasized the need for collecting urine and fecal
samples from patient volunteers in phase I studies to measure the
recovery of E7766 in early clinical studies, which will give us useful
information about renal and biliary clearances of E7766 in humans. This
information could help with the design of an appropriate human
absorption, distribution, metabolism, and excretion study and accelerate
clinical development of E7766. Since nonclinical studies have identified
transporters responsible for clearance of E7766, appropriate clinical DDI
studies can be designed, and the PBPK model developed here can be
used to predict DDI with perpetrators or coadministered therapies.
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Supplemental Figure 1 Uptake activity of positive controls in the presence and absence of
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inhibitors in uptake transporter-expressing cells (A) or efflux transporter-expressing vesicles (B).

32

Estradiol 17-β-glucuronide (E217βG, 10 µmol/L) was used as positive control and Rifampicin

33

(100 µmol/L) was used as inhibitor for OATP1B1 and OATP1B3; [3H]Taurocholic acid (TCA, 2

34

µmol/L) and Troglitazone (100 µmol/L) were used as positive control and inhibitor for NTCP;

35

[3H]Estrone-3-Sulfate (E3S, 2 µmol/L) and Rifamycin SV (100 µmol/L) were used as positive

36

control and inhibitor for OATP2B1; N-methyl-quinidine (2 µmol/L) and Ketoconazole (20

37

µmol/L) were used as positive control and inhibitor for MDR1; [3H]E217βG (10 µmol/L) and

38

MK571 (100 µmol/L) were used as positive control and inhibitor for MRP2, respectively;
2

39

[3H]E3S (2 µmol/L) and Novobiocin (3 µmol/L) were used as positive control and inhibitor for

40

BCRP; [3H]TCA (1 µmol/L) and Ketoconazole (20 µmol/L) were used as positive control and

41

inhibitor for BSEP. All experiments were run in triplicates.
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Supplemental Figure 2 Time-dependent uptake of E7766 with HEK293-control (empty circle,

26

A, B), HEK293-OATP1B1 (solid circle, A) and HEK293-OAPT1B3 (solid circle, B) cells. All

27

experiments were run in triplicates.
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Supplemental Figure 3 Systemic unbound concentration versus time profile of Rifampicin in

25

mice after i.v. bolus coadministration of E7766 and Rifampicin. Data are presented as mean ±

26

SD (N=3). Ki,human was adapted from Ki value incorporated in SimCYP for human 1B1/1B3

27

inhibition while Ki,mouse was assumed as half of the reported IC50 value against murine Oatp1b2
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(Bins, et al., 2017).
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Supplemental Table 1 Permeability assessment of E7766 in LLC-PK1 cells.
Testing

Pappa, A-B

Papp, B-A

concentration

(×10-6 cm/s)

(×10-6 cm/s)

(µmol/L)
E7766

3

BLOQb

0.61 ± 0.14

E7766

10

0.40 ± 0.04

0.29 ± 0.07

15
16

a

17

Papp (×10–6 cm/s) = Crec,end/Cdonor,ini×Receiver V/Δt/A×106,

18

Where Crec,end is the concentration of compound in the receiver compartment at the end of incubation (nmol/L);

19

Cdonor,ini is the initial concentration in donor compartment (nmol/L); Receiver V is the solution volume (mL) in the

20

receiver compartment; Δt is the incubation time (min); A is the surface area of insert membrane (0.14 cm2).

21

b

22

The compound showed minimal non-specific binding to the assay plate as demonstrated by the high recovery (93-

23

110%); Values represent the means ± SD (n = 6)

Papp, apparent cell-based membrane permeability; Papp was calculated by following equation,

BLOQ, below the limit of quantification (0.2 nmol/L)
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Supplemental Table 4 Summary of input parameters of Rifampicin used to conduct drug-drug

15

interaction simulation of E7766
Compound Name
Route
Dose
PhysChem and Blood Binding
Mol Weight (g/mol)
log P
Compound Type
pKa 1
pKa 2
B/P
fu
Absorption Model
Input type
fa
ka (1/h)
fu(Gut)
Peff,man Type
Peff,man (10-4 cm/s)
Peff,man Cap (10-4 cm/s)
Permeability Assay
Apical pH : Basolateral pH
Activity
PCaco-2(10E-06 cm/s)
Distribution Model
Vss (L/kg)
Prediction Method
Kp Scalar
Elimination
Additional HLM CLint (μL/min/mg protein)
Biliary CLint (Hep) (µL/min/106)
Percentage available for re-absorption (%)
Active Hepatic Scalar (Net)
CLrenal (L/h)
CYPs and/or UGTs Interaction
Enzyme
Ki (µM)
Enzyme

Rifampicin
Oral
600 mg
823.000
4.010
Ampholyte
1.700
7.900
0.900
0.116
ADAM
Predicted
0.925
0.939
1.000
Global
2.151
12.000
Caco-2
6.5 : 7.4
Passive
15.000
Full PBPK Model
0.420
Method 2
0.098
2.840
0.288
100.000
1.000
1.260
CYP2C8
24.500
CYP3A4
2

Ki (µM)
fu,mic
Transporters Interaction
Organ/Tissue
Transporter
Ki (µM)
Transporter
Ki (µM)
Organ/Tissue
Transporter
Ki (µM)
Transporter
Ki (µM)
Transporter
Ki (µM)
Transporter
Ki (µM)
Transporter
Ki (µM)
fu,mic
Transport
Active transport Papp-to-Peff correlation
Active transport Papp-to-Peff correlation Slope
Active transport Papp-to-Peff correlation
Intercept
Organ/Tissue
Model
CLPD(mL/min/106 cells)
fuIW Type
fuIW
fuEW Type
fuEW
Drug concentration for passive permeability
Transporter
Location
Function
Jmax (pmol/min/pmol Transporter)
Km (µM)
fuinc
ISEF,T

15.000
1.000
Gut
ABCB1 (P-gp/MDR1)
23.800
ABCG2 (BCRP)
2.000
Liver
SLCO1B1 (OATP1B1)
0.067
SLCO1B3 (OATP1B3)
0.070
SLCO2B1 (OATP2B1)
11.400
ABCB1 (P-gp/MDR1)
23.800
ABCG2 (BCRP)
2.000
1.000
Predicted
0.939
-0.879
Liver
PerL
1.00E-05
User
0.044
Predicted
1.000
Unbound (ionised and unionised)
SLCO1B1 (OATP1B1)
Sinusoidal
Influx
4.000
0.500
1.000
1.000

16

B/P, blood-to-plasma partition ratio; fu, unbound drug fraction in plasma; fa, absorption fraction; ka, absorption

17

constant; fu Gut, unbound drug fraction in gut lumen; Peff,man, in vivo human intestinal permeability; PCaco-2,

3

18

apparent permeability measured in Caco-2 model; Vss, distribution volume at steady state; Kp, tissue-to-plasma

19

partition coefficients; HLM CLint, intrinsic clearance measured in human liver microsomal system; Biliary CLint

20

(Hep), intrinsic biliary clearance measured in SCHH system; CLrenal, renal excretory clearance; Ki, inhibition

21

constant; fu,mic, unbound drug fraction in microsomal system; CLPD, passive diffusion clearance ; fuIW, unbound

22

drug fraction in intracellular water; fuEW, unbound drug fraction in extracellular water; fuinc, unbound drug fraction

23

in in-vitro incubation system; Km, Michaelis-Menten constant; Jmax, in vitro maximum rate of transporter mediate

24

uptake or efflux; ISEF,T, intersystem extrapolation factor for transporter study

4

