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Abstract

Simeprevir (SMV), asunaprevir (ASV), daclatasvir (DCV) and sofosbuvir (SOF), which
are direct-acting antiviral agents (DAAs), are expected to become essential
pharmaceutical tools in the fight against the hepatitis C virus (HCV). However, because
DAAs are taken orally, there is a potential risk of drug-drug interaction (DDI) at the
absorption step of co-administered drugs in the small intestine. Since it is known that
organic anion transporting polypeptide 2B1 (OATP2B1) is one of the key transporters
that contribute to intestinal drug absorption, it is important to thoroughly understand the
inhibition profiles of various DAAs in relation to the OATP2B1 function in order to
avoid unexpected DDIs. Therefore, using a cell-based transport assay, this study aimed
at clarifying such DAA inhibition characteristics towards the OATP2B1 function. Our
results of co-incubation inhibition assays showed that SMV and ASV strongly inhibited
estrone-sulfate (5 nM) uptake by OATP2B1 with 0.49 +0.12 and 0.16 £ 0.06 (uM) of
half maximal inhibitory concentrations, respectively. Furthermore, it was found that
SMV and ASV imposed long-lasting pre-incubation inhibitory effects on the OATP2B1
function that enhanced their co-incubation inhibition potencies. On the other hand, no
(or much less significant) inhibitory effects were observed in SOF or DCV. To
summarize, our results show that SMV and ASV are co-incubation, as well as
long-lasting pre-incubation, inhibitors of the OATP2B1 function, and therefore those
inhibitions may lead to clinically relevant DDIs when used with OATP2B1 substrates.

Key words: Direct-acting antiviral agents; organic anion transporting polypeptide 2B1;
transporter; drug-drug interaction; hepatitis C virus; long-lasting inhibition
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1. Introduction

Direct-acting antiviral agents (DAAs) are orally administered drugs that
strongly inhibit hepatitis C virus (HCV) protein functions, and the introduction of
telaprevir (TLV) and boceprevir (BOC) have resulted in significant improvements to
therapy success rates [1]. In addition, the more recently-developed agents, including
simeprevir (SMV), asunaprevir (ASV), daclatasvir (DCV), and sofosbuvir (SOF), are
expected to further advance the success rates of the sustained virologic response to more
than 80%, due to their higher efficacy and the lower risk of severe adverse effects [2].
Therefore, it is considered likely that these new agents will significantly contribute to
reducing cirrhosis and liver cancer mortality rates.

However, it has also become evident that DAAs bring with them a potential
risk of drug-drug interactions (DDIs) [3,4]. Furthermore, risk profiles are different
among DAAs, and it has been reported that TLV and BOC interact significantly with
various drugs, such as atorvastatin, cyclosporine, and tacrolimus [5,6]. It has also been
shown that TLV and BOC are strong inhibitors of cytochrome P450 3A4 (CYP3A4) and
organic anion transporting polypeptide (OATP) 1B1/1B3 [7-9]. The former is an
important drug-metabolizing enzyme that is expressed in the liver and small intestine,
while the latter are hepatocyte transporters that take up various drugs from the
circulatory system. Thus, these inhibition properties are obviously the most probable
mechanisms behind the DDIs observed with tacrolimus, cyclosporine, and atorvastatin.

In contrast, the potential DDI risks of recently-developed DAAs remain mostly
uncertain. However, ‘it has been shown that SMV and ASV are capable of inhibiting
CYP3A4 and CYP2D6, respectively (the Sovriad and Sunvepra interview forms). More
recently, it has been shown that SMV, ASV, and DCV, possess inhibitory effects on
OATP1B1 and 1B3 functions [the Sovriad, Sunvepra, and Daklinza interview forms,
and 10]. Therefore, even though there have been no reports showing detrimental DDIs
between those newly-developed DAAs and co-administered drugs in their clinical trials,
their DDI risk potential should be evaluated to the greatest extent in order to achieve
better clinical management in HCV therapies, where the co-administration of multiple
medications is often required.

In addition to the liver, it has been acknowledged that the small intestine is also
a pivotal site of DDI occurrence, as exemplified by the finding that perpetrator drugs
inhibit transporter-mediated absorption of the victim drug [11]. OATP2B1 is another
member of the OATP family that is abundantly expressed in enterocytes at the apical
side, where it plays an ifnportant role in absorption of a number of drugs such as
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fexofenadine, aliskiren, montelukast, and celiprolol, by taking advantage of its substrate
polyspecificity [12,13]. It has previously been shown that grapefruit juice (GFJ), orange
juice, and apple juice can strongly inhibit OATP2B1-mediated uptake of fexofenadine,
aliskiren, and montelukast, thereby causing significant reduction in their area under the
plasma concentration-time curves (AUCs) in vivo [14-18]. Accordingly, OATP2B1 has
been recognized as a critical target of DDI studies.

When considering DDI at the OATP2B1 level, two recent findings should be
taken into account: one is that OATP2BI1 is considered to have multiple transport
activity sites. For example, it has been shown that there are at least two sites that show
different affinity to estrone-sulfate (E;S, a classical OATP2B1 substrate), which are
designated as the high or low E;S affinity site (H-site or L-site), respectively [19], and it
appears that these sites are interchangeable in a substrate-dependent manner (e.g., the
H-site for E;S uptake can be the L-site for another drug) [20]. Furthermore, OATP2B1
inhibitors have shown to exhibit interaction preferences related to those sites, as
exemplified by taurocholic acid (TCA) and testosterone (TST) as selective inhibitors of
the H- and L-sites for E;S uptake, respectively [19].

Another finding is that apple and orange juices are first examples that not only
show co-incubation inhibitory effects, but also long-lasting pre-incubation inhibitory
effects on the OATP2B1 function [21]. Tentatively, co-incubation inhibition is defined
as the conventional transporter inhibitory effect that occurs in the presence of an
inhibitor, while long-lasting inhibition indicates an inhibitory effect that can last for
some time even after the removal of an inhibitor. It has been reported that the
long-lasting OATP2B1 inhibition property of apple juice appears to augment its
co-incubation inhibition property [21]. Therefore, it is possible that this newly-emerged
inhibition type may significantly affect the overall OATP2B1 inhibition profile of an
inhibitor.

With the above background in mind, it is self-evident that the OATP2BI1
inhibition profiles of DAAs need to be clarified in order to thoroughly understand their
DDI risks with current, as well as future, orally administered drugs. Therefore, in the
present study, we aimed to characterize the interaction profiles of SMV, ASV, DCV, SOF,
and TLV, in relation to OATP2B1. Then, based on those results, we also sought to
clarify their potential DDI risks in relation to OATP2B1 substrates.
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2. Material and methods

2.1. Development of human embryonic kidney 293 (HEK293) cells stably expressing
OATP2B1

The OATP2B1 cDNA was subcloned into pcDNA3.1/Neo(-) vector (Life
Technologies, Carlsbad, CA). The vector was transfected into HEK293 cells, and the
cells expressing OATP2B1 at the highest level were isolated and named 2B1/HEK.
Similarly, HEK293 cells carrying an empty pcDNA3.1/Neo(-) were prepared and named
mock/HEK.

2.2. Total RNA isolation, cDNA synthesis, and reverse-transcription PCR (RT-PCR)

Total RNA isolation and cDNA synthesis of 2B1/HEK and mock/HEK were
conducted using the methods described previously [10].

RT-PCR for detection of OATP2B1 or glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA expression was performed using each gene-specific

primer set.
2.3. Western blotting

Western blotting for detection of OATP2B1 protein expression was performed
essentially using the methods described previously [10].

2.4. Transport assay for validation of OATP2B1 expression in HEK293 cells

OATP2B1 activity was examined in 2B1/HEK and mock/HEK using transport
assay, which was essentially the same as described in [10]. As OATP2B1 has two
activity sites with different substrate affinity profiles, it has been shown that the
function of each site can be independently evaluated using different substrate
concentrations [19,20]. Based on this information, the E;S (Sigma, St. Louis, MO)
concentration was set to 5 nM for the H-site-mediated uptake or to 50 uM for the
[-site-mediated uptake. [PH]-labelled E;S were obtained from PerkinElmer Life Science
(Boston, MA). The Krebs-Henseleit buffer (KHB, pH 6.5) was used as an assay buffer.
The uptake period was set to three min, based on the results of preliminary experiments

showing the uptake level linearity.
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Inhibition assays against OATP2B1 activity were performed using TCA (1 mM,
an inhibitor of the H-site for E;S uptake), TST (1 mM, an inhibitor of the L-site for E;S
uptake), and bromosulfophthalein (BSP, 100 pM, an inhibitor of both sites). These
inhibitors were purchased from Sigma, and solubilized in dimethyl sulfoxide (DMSO).

2.5. Transporter inhibition assays

TLV, SMV, ASV, DCV, and SOF were purchased from Shanghai
Biochempartner (Shanghai, China), ChemScene LLC (Monmouth Junction, NJ), AdooQ
BioScience LLC (Irvine, CA), ChemScene LLC, and Medchemexpress LLC (Princeton,
NIJ), respectively, and dissolved in DMSO. Transporter inhibition assays (co-incubation
method, pre-incubation method, long-lasting pre-incubation method, as well as pre- and
co-incubation combination method) were conducted essentially based on the
above-described method (the Section 2.4) and the method described previously [10].
The OATP2B1 activity level was calculated by subtracting the value obtained from
mock/HEK from the value obtained from 2BI1/HEK. Inhibitor concentrations are
indicated in the figure legends. A concentration that inhibited OATP2B1 activity level
by 50% in co-incubation assay (/Csprg) Or in pre- and co-incubation combination assay
(IC50(coprey) Was calculated using the formula: Control (%) = 100/(1 + I/ICsp), where
control (%) represents the transporter-mediated uptake in the presence of various
inhibitor concentrations (/) relative to that in the absence of inhibitor.

2.6. Evaluation of DDI risk potential of DAA through inhibition of OATP2B1 function

The DDI risk potential of a DAA was evaluated according to a method using
[[]2/ICso, where [I] is the estimated maximum intestinal drug concentration defined by
[I], = Dose/250 mL [22].

2.7. Statistical analysis

Student’s t-test was performed using a statistical software package (Statcell,
OMS, Saitama, Japan) in order to determine whether the differences between two values

were significant.

2.8, Others



182 Method details, including specific materials utilized, are provided in the

183  supplemental material.
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3. Results
3.1. Development of HEK293 cells stably expressing OATP2B1

To begin with, validation experiments of OATP2B1 expression in 2BI/HEK
were performed. As shown in Figs. 1A and 1B, OATP2B1 mRNA and its protein were
exclusively expressed in 2B1/HEK, while GAPDH mRNA or Na'/K" ATPase protein
was detected in both 2B1/HEK and mock/HEK cells. Then, the OATP2B1 functionality
in 2B1/HEK was examined using low E;S concentration (5 nM for the FH-site) and high
ES concentration (50 puM for the L-site) (Fig. 1C). The results showed that
OATP2B1-mediated E;S uptake via the H- and L-sites were observed in 2B1/HEK. The
uptake activity mediated by the H-site was completely inhibited by TCA and BSP, but
was enhanced, rather than repressed, by TST. This enhancement effect of TST is
consistent with the previous result [19], although the reason behind it is currently
unknown. On the other hand, the uptake activity mediated by the L-site was strongly
inhibited by both TST and BSP, while the effect of TCA was modest.

Taken together, these results confirmed that OATP2B1 was functionally
expressed in 2B1/HEK and that it appeared to possess the two previously identified
substrate affinity sites.

3.2. Characterization of inhibition profile of DAAs on OATP2BI function

The inhibition profiles of DAAs on E;S uptake activity by OATP2B1 through
the H- and L-sites were separately examined by a co-incubation method (Fig. 2). The
results showed that, among the DAAs examined, SMV and ASV significantly inhibited
the OATP2B1 function at both sites. The /Cspro) values (WM) of SMV for the H- and
L-sites were 0.49 & 0.12 and 10.15 £ 2.80, while those of ASV were 0.16 + 0.06 and
0.92 + 0.08, respectively. In addition, it was found that TLV reduced the OATP2B1
function level in an L-site specific manner (/Csgr) = 16.22 + 2.73 uM). In contrast,
DCYV appeared to have weak inhibitory effects on OATP2BI1 activity, and SOF did not
significantly suppress the activity. Therefore, these results indicated that SMV and ASV
were potent OATP2B1 inhibitors at both sites, and that TLV was an L-site specific
inhibitor. /C5¢r) values are summarized in Table 1.

3.3. Characterization of pre-incubation inhibitory effects of DAAs on OATP2BI

Jfunction
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In addition to co-incubation inhibition, the pre-incubation inhibition effects of
DAAs on the OATP2B1 function were examined. Consistent with the co-incubation
assay results, the pre-incubation results showed that SMV (1 and 10 pM) significantly
inhibited the OATP2B1 activity level to 40.3 + 5.9 and 29.2 £ 5.5 (%) of the control
level for the H-site (see black circles of the figure for SMV in Fig. 3), and to 39.9 £ 0.8
and 13.6 + 6.8 (%) of the control level for the L-site (see white circles of the same
figure), respectively. These values showed that the inhibition profiles of SMV on the H-
and L-sites were similar to each other, despite their different co-incubation inhibition
potencies. Similarly, ASV (0.1 and 1 pM) showed substantial repressive effects on the
OATP2BI1 function, the residual activity levels of which were 48.1 £ 3.1 and 14.8 + 5.6
(%) of the control level for the H-site (see black circles of the figure for ASV in Fig. 3),
and 74.4 + 18.5 and 31.1 £ 5.6 (%) of the control level for the L-site (see white circles
of the same figure), respectively. In contrast, no pre-incubation effect of TLV, DCV and
SOF was observed on the OATP2B1 function, at least at concentrations up to 10 pM.

Given that SMV and ASV showed notable pre-incubation inhibitory effects on
the OATP2B1 function, their continuous effects were further characterized by a
long-lasting pre-incubation method (Fig. 4). The results showed the differential
long-lasting profiles of their pre-incubation inhibitory effects. The inhibitory effects of
SMV and ASV on the H-site functions were maintained more than three hours, and for
at least one hour, respectively. In contrast, the effects on the L-site dissipated after
approximately one hour.

Taken together, these results showed that, among the DAAs, SMV and ASV
imposed long-lasting repressive effects on the OATP2B1 function in a site-specific

manner.

3.4. Determination of cooperative pre- and co-incubation inhibition of SMV and ASV on
the OATP2B] function

To investigate the possibility that the pre-incubation effects of SMV and ASV
influenced their co-incubation effects, we assessed their cooperative inhibition
properties on the OATP2B1 function by determining their ICsprogpre) Values using pre-
and co-incubation combination methods (Fig. 5 and Table 2). The results showed that
ICs0(cogpre) values of SMV against the H- and L-sites were, respectively, 2.6-fold and
20.3-fold lower than those of ICsyr). Likewise, the ICsprogpre) values of ASV against
the H- and L-sites were, respectively, 2.0-fold and 2.7-fold lower than those of /Cs(-
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Therefore, pre-incubation with SMV or ASV was found to remarkably enhance their
co-incubation inhibitory effects on the OATP2B1 function in a site-dependent manner.

3.5, Evaluation of potential DDI risk of DAAs at OATP2B1 level

Taking into consideration the above-identified inhibition characteristics of
DAAs, it was deemed worthwhile to evaluate their OATP2B1-mediated DDI risks.
Although a standard evaluation method for OATP2B1-mediated DDI risk has not yet
been established, the International Transporter Consortium has proposed using /1//1Cs
values as criteria for ascertaining whether a new molecular entity has
P-glycoprotein-mediated DDI risk potential at the small intestine in drug development
[22]. (where [1]; is the estimated maximum intestinal drug concentration defined by [/},
= Dose/250 ml.)

Utilizing this method, the OATP2B1-mediated DDI risks of SMV and ASV
were tentatively estimated (Table 3). The results showed that the [1]/ICsgrq) of SMV
values for the H- and L-sites were 1,632 and 78.8, respectively, and that those of the
ASV values were 3,344 and 582, respectively. All these values were higher than 10,
which was suggested as a cut-off value [22]. Furthermore, it was clear that these values
would be significantly higher if, by using ICscogpre), instead of ICsp,), pre-incubation
effects were taken into consideration.

On the other hand, the results of similar calculations showed that the
[1]/ICspcoy value of TLV for the L-site was 272, and those of DCV for the H- and
L-sites were 9.2 and 6.5, respectively.

10
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4. Discussion

Our results have found that, among the DAAs examined, SMV and ASV show
greatest impact on OATP2B1 function. While SMV and ASV are co-incubation
inhibitors of OATP2B1 at both the H- and L-sites, and that their H-site inhibition
potencies are comparable with each other, it was found that ASV has higher inhibition
potency for the L-site function. Because, based on results of PubChem Compound
database analysis (Fig. S1), their physicochemical properties appear to be remarkably
similar, the dissimilarity may result from structural differences. For example, SMV has
a macrocyclic moiety, while ASV does not (Fig. S1).

The co-incubation inhibition potencies of SMV and ASV (especially for the
H-site) can be classified among the highest levels identified so far [23], and our DDI
risk evaluation results consistently indicate that a substantial risk of interactions exists
with OATP2B1 substrate drugs when they are co-administered. The evaluation method
used in this study was based on the estimated maximum intestinal drug concentration
(/1]2), where dose is divided by administration volume (250 mL). It has been reported
that, in the fasted state, the fluid volumes of the human stomach and small intestine are
45 and 105 mL (mean of 12 individuals), respectively [24]. Thus, the in vivo SMV or
ASYV concentration in the small intestine might not be drastically different from the [/,
value if the drug was taken in the fasted state. However, these drugs are usually taken
after meals, and it has been shown that fluid distribution in the intestine is actually
scattered as small pockets [24]. These facts indicate that it is remafkab‘ly difficult to
precisely predict intestinal drug concentrations at the drug absorption site. Nevertheless,
it is clear that the [I]//1Csp.q values of SMV and ASV are markedly higher than the
proposed cut-off value, and would become even higher if, by using [I]/ICsocogpre)> their
pre-incubation effects were taken into consideration. Additionally, although it will be
necessary to await further extensive studies in order to ascertain whether the
long-lasting pre-incubation effects observed in inm vifro actually have clinical
significance, it has been reported that long-lasting intestinal Oatps inhibition by
cyclosporine A contributes to a reduction in the fexofenadine absorption level in rats
[25]. Therefore, the possibility that long-lasting SMV or ASV pre-incubation may
significantly inhibit the OATP2B1 function in clinical settings cannot be ruled out. For
example, it can be speculated that the DDI assessment results observed at times when an
OATP2B1 substrate is administered simultaneously with SMV or ASV may be different
from those times when it is administered after multiple doses of SMV or ASV. This has

the potential of drawing misleading conclusions in a single dose study.
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