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Abstract

Organic anion transporting polypeptides (OATPSs), expressed in human liver (OATP1B1,
OATP1B3, and OATP2B1) and intestine (OATP2B1), govern the pharmacokinetics (PK) of
drugs (e.g., statins) and endogenous substrates (e.g., coproporphyrin I, CPI). Their expression
is known to be modulated (e.g., disease, age, and environmental factors) and they also present
as the loci of clinically relevant polymorphisms and drug interactions involving inhibition. In
comparison, relatively few clinical reports describe the induction of OATPs, although the effect
of inducers (e.g., rifampicin, RIF; carbamazepine, CBZ) on OATP biomarker plasma levels
and statin PK has been reported. Of note, available human tissue (e.g., biopsy) protein and
messenger RNA expression profiling data indicate that OATPs in gut and liver are not induced
by prototypical inducers such as RIF when compared to cytochrome P450 3A4 (CYP3A4), P-
glycoprotein (Pgp), multidrug resistance-associated protein 2 (MRP2), and breast cancer
resistance protein (BCRP). Such results are consistent with in vitro human hepatocyte data.
Therefore, the observed impact of RIF, and possibly CBZ, on statin PK (> 20% decrease in the
area under the plasma concentration versus time curve) cannot be ascribed to OATP induction
with certainty. In fact, most statins and CPI have been shown to present variously as substrates
of RIF inducible proteins such as CYP3A4, Pgp, MRP2, and BCRP. Interpretation of multi-
dose RIF data is further complicated by its auto-induction, which likely leads to decreased
inhibition of OATP. In the absence of more conclusive OATP induction data, caution is needed

when modeling DDI involving multi-dose inducers such as RIF.
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Significance Statement

Presently, there is limited direct clinical evidence supporting the notion that human liver and
gut OATPs are inducible by agents like RIF. Such data need to be reconciled and will pose
challenges when attempting to incorporate OATP induction into physiologically-based PK
models. Although disparate sets of tissue biopsy (atorvastatin and CBZ) and in vitro hepatocyte
(phenobarbital, chenodeoxycholate, and amprenavir) data present OATP messenger RNA
induction (>2-fold) by agents beyond RIF, the clinical relevance of such data needs to be

determined.
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Introduction

Of the various solute carriers (SLC) known to be expressed in the human liver, two
organic anion transporting polypeptides (OATP)1B1 and OATP1B3 are well characterized. A
third OATP (OATP2BL1) is ubiquitously expressed including the intestine and liver (Oscarson
etal., 2006, 2007; Brueck et al., 2019). To a greater or lesser degree, each of the three is known
to be involved in the pharmacokinetics (PK) of various drugs (e.g., statins, sartans, gliptins),
endogenous compounds (e.g., coproporphyrin isomers CPI, and CPIII, bilirubin glucuronide,
and amidated bile acid glucuronides and sulfates), and agents supporting liver function testing
and imaging (Rodrigues et al., 2018; Yoshikado et al., 2016; de Graaf et al., 2011; Mori et al.,
2019). Any combination of the three OATPs can also serve as the target of important drug-
drug interactions (DDIs) involving inhibition (Yoshida et al., 2012; Poirier et al., 2007; Jamei
et al., 2014; Vaidyanathan et al., 2016). Beyond DDIs, the expression and function of
individual OATPs in human tissues can be modulated by genetic polymorphisms (e.qg., loss-of-
function alleles), proinflammatory mediators, viral infections, cholestatic drugs and metabolic
diseases such as non-alcoholic steatohepatitis (Gong and Kim, 2013; Clarke et al., 2014; Le
Vee et al., 2009; Billington et al., 2018; Vildhede et al., 2019).

One aspect of clinical research that has received relatively little attention, when
compared to drug-metabolizing enzymes (e.g., cytochrome P450 3A4, CYP3A4) and various
ATP-binding cassette (ABC) transporters (e.g., P-glycoprotein, Pgp, and multidrug resistance-
associated protein 2, MRP2, breast cancer resistance protein, BCRP), is the induction of
OATPs by nuclear receptor agonists such as rifampicin (RIF) and carbamazepine (CBZ).
Although regulation of OATP expression and function has been the subject of reviews (Alam
et al., 2018; Svoboda et al., 2011; Staudinger et al., 2013), nuclear receptor-mediated OATP
induction has been somewhat under-represented, with some researchers studying the effect of

OATP expression and genotype on the exposure of inducers and possible impact on the
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induction of CYP3A4. This is because inducers like RIF and hyperforin are known to be OATP
substrates, which may govern their intracellular concentration and interaction with nuclear
receptors such as the pregnane X receptor (PXR, NR112) (Schafer et al., 2018; Tirona et al.,

2003; Niemi et al., 2006a).

Perspective

It is accepted that RIF induces CYP3A4 and ABC transporters via the PXR, whilst CBZ
(arelatively weak PXR agonist versus RIF) manifests a somewhat different induction signature
via other nuclear receptors such as the constitutive androstane receptor (CAR, NR113) (Kim et
al., 2010; Faucette et al., 2007). In fact, RIF has been studied extensively as an inducer in vitro,
in animals (humanized rodents and non-human primate) and clinical assessment has involved
the use of CYP3A biomarkers (e.g., 6B-hydroxycortisol-to-cortisol urine ratio, plasma 4p-
hydroxycholesterol) as well as CYP3A (e.g., midazolam) and Pgp (e.g., digoxin, dabigatran
etexilate) probe drugs (Yamazaki et al., 2019; Li et al., 2014; Tahara et al., 2019; Peng et al.,
2011; Henderson et al, 2019; Rae et al., 2001; Greiner et al., 1999). Because various statins
are accepted clinical probes for the study of SLCO1B1 genotype-phenotype associations and
inhibitory OATP DDls, it is not surprising that there are numerous reports describing the
impact of multi-dose RIF and CBZ on their PK (Backman et al., 2005; Lutz et al., 20183,
2018b; Kyrklund et al., 2003; Chung et al., 2006; Ucar et al., 2004). More recently, this has
extended to the OATP biomarker CPI (Kunze et al., 2018).

At face value, one could interpret such changes in statin PK (e.g., >20% decrease in the
area under the statin plasma concentration versus time curve, AUC) as induction of OATP in
the gut and liver and then consider such information when attempting to model multi-dose DDI
for new molecular entities in development (Table 1). Likewise, because plasma CPI is

increasingly considered a viable OATP1B1/3 biomarker (Rodrigues et al., 2018), it is only
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natural to assume that decreases in its plasma concentration following RIF multiple dosing
could also be reflective of OATP induction (Kunze et al., 2018). However, the pre-dose CPI
levels in plasma are not impacted by multiple doses of RIF, which indicates that OATP
induction is unlikely. The decrease in maximal CPI plasma concentration following RIF
dosing is more likely reflective of reduced RIF exposure, following auto-induction, that results
in loss of OATP inhibition (Kunze et al., 2018).

From the standpoint of expression profiling, in vitro and human tissue biopsy data argue
against clinically meaningful induction of OATPs following a probe inducer such as RIF
(Figure 1). Infact, could one make the case that documented multi-dose DDI are largely driven
by induction of CYP3A4 and ABC transporters in the gut and liver? At the same time, although
RIF is widely studied and serves as the pharmaceutical industry’s gold standard potent inducer,
it is subject to auto-induction involving unidentified mechanisms (Acocella, 1978). This will
further complicate the modeling of its PK and DDI. Admittedly, there are caveats when
interpreting relatively weak induction of OATPs in vitro or analysing data from human tissues.
For example, one assumes that biopsy data are reflective of the whole organ and that maximal
induction (Emax) ratios (e.g., CYP3A4-to-OATP1B1 or Pgp-to-OATP1B1 Emax ratio) obtained
in vitro faithfully reflect the situation in vivo.

Whilst focused on human data, we do acknowledge that some investigators have
explored the induction of various OATP forms expressed in animals (Rausch-Derra et al., 2001;
Cheng et al., 2005; Niu et al., 2019). Recent data published by Niu et al (2019) are particularly
interesting, since they deployed the cynomolgus monkey as a model to investigate the induction
of OATP by RIF. The authors concluded that RIF, a known cynomolgus monkey PXR agonist
and CYP3A4 inducer, does not induce cynomolgus monkey liver OATP1B1 and OATP1B3.

In the following, we discuss evidence supporting and refuting the induction of human

gut and liver OATPs; clinical DDI data are described, in the context of the extended clearance
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classification system (ECCS), in addition to in vitro induction data and the results of human

tissue expression profiling following inducer administration.

Regulation of OATP Expression and Function

Both the transcriptional and post-translational regulation of OATP expression and
function has already been reviewed extensively by others (Alam et al., 2018; Svoboda et al.,
2011; Murray and Zhou, 2017; Staudinger et al., 2013). With respect to gene expression,
certain OATP gene promoter regions have been characterized, transcription factor and nuclear
receptor (e.g., PXR, CAR, vitamin D receptor [NR1I1], farnesoid X receptor [FXR, NR1H4]
and liver X receptor alpha [LXRa, NR1H3]) binding motifs identified, and their impact on
expression in cell-based assays has been studied (Eloranta et al., 2012; Jung et al., 2001, 2002;
Wood et al., 2005; Meyer zu Schwabedissen and Kim, 2009; Meyer zu Schwabedissen et al.,
2010).

Like many SLCs, human OATP1B1 and OATP1B3 are known to be glycosylated,
undergo ubiquitination, and are subjected to kinase-dependent phosphorylation. All serve to
modulate their function, intracellular cycling, turnover, and trafficking to and from the plasma
membrane (Murray and Zhou, 2017; Alam et al., 2018; Xu and You, 2017). This implies that
OATP messenger RNA (mRNA) expression does not necessarily correlate with protein
expression and function. Recently, Zhang and Hagenbuch, (2019) have proposed that, once
resident on plasma membranes, individual SLCs can form heterodimers and homodimers and
form higher order structures which could be further regulated. Hypothesis testing and in vitro-
in vivo extrapolations are further complicated by additional human OATPs (e.g., intestinal
OATP3A1, OATP4Al, and OATP4C1) that are poorly characterized in terms of their
regulation, response to inducers, and role in DDI (Oswald, 2019). Even for well characterized

OATPs, such as OATP1B1 and OATP1B3, the role of microRNAs and epigenetics (e.g.,
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histone methylation and acetylation) in governing their expression and function must be
considered (Krattinger et al., 2016; Kacevska et al., 2011, 2012; Rieger et al., 2013). Therefore,
a new chemical entity could modulate basal OATP expression in a given tissue by any number
of mechanisms.

Such complexity necessitates the development and careful validation of more
sophisticated in vitro test systems and human-relevant animal models to support new chemical
entity screening and in vitro-to-in vivo extrapolations. As described in the following, of critical
importance is the consideration of OATP induction (by perpetrator) in the context of CYP3A
and ABC transporter induction, as well as the role of OATP in governing the overall clearance

of the victim drug and its susceptibility to such induction.

Interpreting and Modeling of Clinical DDI Data and the Challenge of Using

RIF as a Model Inducer

A case can be made that the PK of statins is not solely governed by OATP, but also by
combinations of various ABC transporters expressed in the gut and liver; nearly all statins more
or less present as Pgp, BCRP and MRP2 substrates in vitro, and some as CYP3A4/cytochrome
P450 2C (CYP2C) substrates (Gupta et al., 2016; Shin et al., 2017; Knauer et al., 2010;
Prueksaritanont et al., 1999; Jacobsen et al., 1999; Afrouzian et al, 2018; Huang et al., 2006,
Yeo and Yeo, 2001; Chen et al., 2005). This is particularly true for atorvastatin and
rosuvastatin, whose PK is associated with both SLCO1B1 and BCRP (ABCGZ2) genotype
(Niemi, 2010). Of the statins, simvastatin is known to be extensively metabolized by CYP3A4
(Table 2), which is highly inducible by RIF (versus OATP) in both the gut and liver (Table 3).
Even so called “selective” OATP probes like pravastatin show limited oral absorption due to
ABC transporter-mediated efflux. For example, pravastatin is a known MRP2 substrate, which

is inducible in gut and liver by RIF (Table 2 and 3). In agreement, Shen et al (2018) have
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reported that itraconazole has a minimal impact on CPI plasma levels indicative of weak
OATP1B1 and OATP1B3 inhibition in vivo. However, itraconazole has been shown to
increase the AUC of oral pravastatin by as much as 72% when dosed prior to the statin. Could
this implicate ABC transporters? Notably, itraconazole also increases the AUC of digoxin, a
widely accepted Pgp substrate (Supplemental Table S1).

It can be argued that the single dose PK of an OATP probe, such as pravastatin, is not
associated with ABC transporter genotype (e.g., ABCG2) (Niemi, 2010). However, following
a RIF induction regimen (600 mg QD, > 7 days), there is ample evidence indicating that the
expression of ABC transporters is increased and likely leading to increased biliary and
intestinal secretory clearance. Such a hypothesis, involving the induction of MRP2, has been
proposed by Kyrklund et al (2003) to explain why multi-dosing of RIF decreases the plasma
AUC (~30%) of oral pravastatin in their study. Relatedly, Niemi et al (2006b) reported a 68%
decrease in pravastatin AUC in subjects carrying the ABCC2 (MRP2) ¢.1446C>G allele, which
reflects a nonsynonymous nucleotide polymorphism (threonine at position 482) on exon 10
that leads to a ~2.0-fold increase in liver MRP2 mRNA expression. The authors did not assess
the impact on ABCC2 genotype on intestinal MRP2 expression. As discussed in the following,
such an increase in liver MRP2 expression (in the absence of OATP1B1 induction) is
comparable to that reported by Marschall et al (2005) following RIF multi-dosing. Overall,
this implies that statins can be used as single dose OATP phenotyping tools, or as probes to
assess OATP inhibition in the absence of induction (i.e., following a single perpetrator dose).
However, their use in clinical studies to investigate OATP induction per se should be

questioned. The same could apply to CPI, also an MRP2 substrate, as OATP biomarker.

RIF as Inducer and Auto-Inducer

10
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Although RIF is well studied as an inducer, in many ways it remains an enigmatic drug.
For example, it is an inducer of numerous drug-metabolizing enzymes beyond CYP3A4,
presents as an OATP and ABC transporter substrate in vitro (Rae et al., 2001; Tirona et al.,
2003; Spears et al., 2005; Poirier et al., 2014a, 2014b) and its inhibition of gut CYP3A4 and
Pgp is a consideration when modeling and designing DDI studies involving induction (Reitman
et al., 2011; Baneyx et al., 2014; Supplemental Table S2). At the same time, while its
absorption-distribution-metabolism-excretion profile in human subjects has been documented,
it is only recently that the enzymes involved in its metabolism have been identified. RIF is now
known to be largely metabolized by microsomal arylacetamide deacetylase (AADAC),
expressed in the gut and liver, to the 25-desacetyl RIF metabolite (Kobayashi et al., 2012;
Nakajima et al., 2011). This major metabolite is recovered (with parent RIF) in urine and bile
(Acocella, 1978). A second relatively minor metabolite (3-formyl RIF) is thought to be formed
non-enzymatically and may itself undergo AADAC-dependent metabolism. Currently, there is
no direct evidence that RIF is a CYP3A substrate, and AADAC is not inducible (at least in
human hepatocytes in vitro) (Nishimura et al., 2002; N. Johnson, Pfizer, Inc., unpublished
results). So why does RIF (e.g., 600 mg QD) manifest auto-induction after multiple dosing
(Acocella, 1978)?

RIF does present as an OATP1B1 (initially reported as OATP-C) and OATP1B3
(initially reported as OATP8) substrate, not as an OATP2B1 (initially reported as OATP-B)
substrate (previously unpublished Pfizer data in Supplemental Table S3; Tirona et al., 2003;
Vavricka et al., 2002), but we are making a case here that none of these SLCs are significantly
induced in vivo. On the other hand, as described above, RIF does present as a Pgp and MRP2
substrate in vitro and it does appear to significantly induce both ABC transporters in vivo
(Table 3). Therefore, could a case be made that RIF auto-induction is the result of its induction

of gut and liver Pgp and MRP2 expression, which leads to increased gut secretion and biliary
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clearance? Since both RIF metabolites (25-desacetyl RIF and 3-formyl RIF) are also MRP2
and Pgp substrates (Supplemental Table S3), this implies that their clearance would also be
increased after multi-dosing of RIF. The increased recovery of parent RIF and 25-desacetyl
RIF in the bile of subjects dosed 600 mg for 7 days (versus Day 1) is consistent with this
hypothesis (Acocella, 1978). We noted that publications ascribed the observed auto-induction
to “increased metabolism” of RIF in both the gut and liver (Acocella, 1978; Loos et al., 1987;
Chirehwa et al., 2015). In hindsight, are the results of such studies reporting increased biliary
and gut secretion of RIF and its metabolites via Pgp and/or MRP2? In agreement, Smythe et
al (2012) have posed a hypothesis that RIF auto-induction could be explained by PXR-

mediated induction of Pgp in the gut and liver.

OATP Induction in the Context of PK Modeling

Given the large number of induction studies with RIF, it is not surprizing that the wealth
of clinical data has spawned numerous publications describing various RIF model files to
support PK and physiologically-based PK (PBPK) modeling (Yamashita et al., 2013; Reitman
etal., 2011; Baneyx et al., 2014). Although numerous groups have modeled CYP3A induction,
more recent PBPK models have been expanded to include induction of gut Pgp, liver CYP2CS8,
CYP2C9, and OATP (Asaumi et al., 2018; Yamazaki et al., 2019; Hanke et al., 2018; Asaumi
etal., 2019).

In particular, the recent report by Asaumi et al (2019) caught our attention. In this
instance, the authors expanded their original RIF PBPK model (Asaumi et al., 2018) to
incorporate OATP1B (OATP1B1 and OATP1B3) induction (Emax= 2.2 to 2.3) akin to CYP2C8
(Emax = 2.6) and assigned an ECso (concentration of inducer at half of Emax) for OATP1B based
on CYP3AA4. It is noteworthy that additional authors claim to have similarly developed an

extended PBPK model for RIF and have considered its Pgp (Emax = 2.5), AADAC (Emax =
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0.99), CYP3A4 (Emax = 9.0), CYP2C8 (Emax = 3.2), OATP1B1 (Emax = 0.38) and OATP1B3
(Emax = 0.38) induction signature based on available biopsy data and in vitro data (Hanke et al.,
2018; Turk et al., 2019). A major limitation is that there is no consensus regarding the best
RIF Emax values to use as input (or for reconciling the observed DDI) for OATP1B1 and
OATP1B3 in PBPK models. Unlike OATP1B1 and OATP1B3, there is closer agreement
across groups regarding the model RIF Emax input values for Pgp, CYP3A4, and CYP2C8
(Asaumi et al., 2018; Yamazaki et al., 2019; Hanke et al., 2018; Asaumi et al., 2019; Yamashita
et al., 2013; Reitman et al., 2011; Baneyx et al., 2014). On the contrary, Varma et al (2013b,
2014) were able to describe the effect of time-staggering of the RIF dose on the AUC of
OATP1B/CYP3A/CYP2C8 substrates (repaglinide and glyburide) by simply adopting CYP3A

induction (Emax and ECsg) and an OATP inhibition constant (K;) obtained in vitro.

DDI Involving Induction by RIF in the Context of ECCS

Concepts involving liver clearance have evolved to include both transporter and
enzymatic activity. Depending on the rates of the individual transport (active and passive
transport) and metabolic processes, an ‘extended clearance’ term may be applied to identify
the rate-determining step in the overall hepatic clearance of a drug. It is generally acceptable
to assume ‘rapid-equilibrium’ conditions between blood and liver compartments for highly
permeable compounds that are not substrates of an uptake transporter. In such a scenario,
metabolism is typically the rate-determining step in hepatic clearance. However, when uptake
via transporters such as OATP1B1 and OATP1B3 is involved, hepatic clearance can be
‘uptake-determined’ or influenced by ‘transporter-enzyme interplay’ (Varma et al., 2015;
Kimoto et al., 2018). Therefore, OATP induction can differentially impact victim drugs

manifesting rapid-equilibrium hepatic clearance, OATP uptake-determined hepatic clearance,
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or OATP-enzyme interplay. However, factors such as CYP and ABC transporter induction in
the gut and liver need to be considered also.

In order to identify any previously unrecognized case examples in support of OATP
induction in vivo, we evaluated clinical DDIs per ECCS class following chronic treatment with
RIF (Figure 2). An extensive dataset was developed with about 200 substrate drugs for which
AUC ratio values (i.e. AUC without and with RIF treatment) were available. According to the
ECCS framework — substrate drugs categorized based on their ionization, molecular weight
and permeability (Varma et al., 2015) — metabolism is suggested to be the primary driver of
systemic clearance for high permeability basic and neutral compounds (Class 2). In the case
of high permeability, low molecular weight (< 400Da) acidic or zwitterionic compounds (Class
1A), organic anion transporter 2 -enzyme interplay contributes to hepatic clearance (Kimoto et
al., 2018). On the other hand, OATP1B-mediated hepatic uptake is often the primary systemic
clearance mechanism for high permeability, high molecular weight (> 400Da) acidic or

zwitterionic compounds (Class 1B).

ECCS Class 1B. Consistent with the ECCS based assignment of the clearance mechanisms,
RIF-based DDIs are predominant in Class 2 with about 40% of substrate drugs showing strong
interactions (AUC ratio <0.2). On the contrary, strong interactions are limited in other classes
with a few exceptions, including atorvastatin and repaglinide (Class 1B). Other Class 1B drugs
such as bosentan, glyburide and macitentan present weak-to-moderate interactions following
oral RIF treatment. Given these 4 drugs are predominantly metabolised by CYP3A, induction
of intestinal metabolism likely contributes to the noted AUC changes. This can be
substantiated in the case of atorvastatin, because its oral exposure has been shown to be
unaltered by intravenous itraconazole, but increased ~3-fold following oral itraconazole

(Kantola et al., 1998; Maeda et al., 2011). Similar conclusions can be inferred based on the

14

%202 ‘8T [1dy uo Sfeulnor 134SY e B1o's jeuuno fiadse pwip wo.y pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on December 26, 2019 as DOI: 10.1124/dmd.119.089615
This article has not been copyedited and formatted. The final version may differ from this version.

DMD # 89615

mechanistic modeling and simulations for repaglinide and glyburide (Varma et al., 2013a;

Varma et al., 2014).

ECCS Class 3A and 4. Low permeability, low molecular weight (< 400Da) acidic or
zwitterionic compounds (Class 3A) and low permeability basic and neutral compounds (Class
4) are primarily subjected to renal clearance. However, given the low passive permeability,
these drugs are subjected to intestinal efflux via ABC transporters such as Pgp, BCRP and
MRP2, which may limit their oral absorption. Albeit a small sample size, only pefloxacin
showed some change in its systemic exposure following RIF treatment. Pgp-mediated efflux is
thought to limit its oral absorption (fraction absorbed ~ 60%), thus induction of intestinal Pgp
may explain the AUC ratio of ~0.57 following RIF treatment (Griffiths et al., 1994). Similarly,
weak-to-moderate RIF induction effects were also noted for Class 4 drugs. Metabolically-
stable, Pgp substrates with limited oral absorption such as aliskiren, celiprolol, dabigatran
etexilate, ranitidine and talinolol represent this class; consequently, induction of intestinal

efflux further limits their oral exposure.

ECCS Class 3B. Finally, Class 3B represents low permeability high molecular weight
(>400Da) acidic or zwitterionic compounds, which are primarily cleared by OATP1B-
mediated hepatic uptake and/or cleared unchanged in urine. In this instance, moderate changes
in AUC are noted for OATP1B substrate drugs including fexofenadine, rosuvastatin and
simeprevir. However, clinical evidence implies that the PK of these poorly absorbed drugs is
affected by efflux inhibitors and ABCG2 genotype. While drugs such as fexofenadine and
rosuvastatin involve OATP2B1-mediated intestinal absorption, the net effect of RIF treatment

points towards induction of intestinal efflux transporters (Table 3).
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Profiling of Human Tissue after Dosing with Inducer

RIF

It was possible to find five references describing CYP3A4, ABC transporter and OATP
human tissue expression profiling following treatment with an inducer (Table 3; Figure 1).
Four of the reports described the biopsy of study subjects pre- and post-inducer. The work of
Marschall et al (2005) is particularly important, because it is one of the few examples of liver
biopsy following an inducer such as RIF. In this instance, healthy gallstone patients (scheduled
for cholestectomy) were randomized to RIF (600 mg/day for 1 week), ursodeoxycholic acid (1
g/day for 3 weeks) or no medication before surgery. A liver biopsy specimen was taken to
study the expression of transporters and drug-metabolizing enzymes. As expected, CYP3A4
mRNA was induced (3-fold) by RIF, which corresponded to a 247% increase in plasma
biomarker levels (4B-hydroxycholesterol) in the same (biopsied) subjects. In contrast,
ursodeoxycholic acid did not induce CYP3A4 mRNA and elicited less impact on plasma 43-
hydroxycholesterol levels (38% increase). Of note, RIF induced MRP2 mRNA and protein
expression (~2-fold) but did not induce OATP1B1 mRNA expression. Unfortunately, the study
did not evaluate the expression of Pgp, BCRP and additional OATPs in the samples. Lack of
induction of OATP1B1 by ursodeoxycholic acid is somewhat anticipated, because it presents
as a weak tor FXR agonist (versus chenodeoxycholate) in human hepatocytes (Liu et al., 2014).

According to Oscarson et al (2007) and Brueck et al (2019), RIF also elicits weak
induction (<1.2-fold) of OATP mRNA in the human gut (e.g., OATP2B1), which is somewhat
surprising given the anticipated high concentrations of the inducer during first pass (Baneyx et
al., 2014; Asaumi et al., 2018). Presumably, RIF interacts with PXR in the gut, because the

expression of CYP3A4, Pgp, and MRP2 in duodenal biopsies is induced (2.0- to 4.0-fold).

CBz
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To our knowledge, tissue expression profiling following oral CBZ is reported twice
(Brueck et al., 2019; Oscarson et al., 2006); CBZ is known to interact with CAR and is a weak
PXR agonist (versus RIF). Like RIF, tissue expression data point to CBZ as a relatively weak
inducer of intestinal OATP2B1 when compared to CYP3A4, Pgp, MRP2 and BCRP (Brueck
et al., 2019; Table 3). However, data provided by Oscarson et al (2006) for two epileptic
subjects on CBZ are compelling. Although a small sample set, the authors were able to show
that hepatic OATP1B1 and OATP1B3 mRNA expression was induced ~2-fold in both subjects
(versus the livers of N = 7 control subjects); the induction was comparable to that observed for

CYP3A4 and MRP2 mRNA, but lower than for BCRP mRNA (3.6-, 5.3-fold).

Atorvastatin

To date, perhaps one of the most intriguing reports describing expression profiling of
liver biopsy samples is by Bjorkem-Bergman et al (2013). The authors reported that OATP2B1
MRNA was statistically significantly induced (3-fold; P < 0.05) in liver biopsies of subjects
receiving atorvastatin (80 mg for 4 weeks). In the same study, a ~2-fold induction of liver Pgp
and BCRP was noted in the absence of induction of OATP1B1 and CYP3A4 mRNA.
Fluvastatin (20 mg/day for 4 weeks) was dosed in the same study but elicited a relatively
minimal effect on hepatic gene expression profiles. Unfortunately, the above described biopsy
data are discordant with the results of in vitro studies supporting that atorvastatin is a PXR
agonist and induces CYP3A4 mRNA (~6-fold) in human primary hepatocytes (Hoffart et al.,
2012). The exact mechanism of how atorvastatin elicits induction of hepatic OATP2B1 in
vivo, without induction of OATP1B1 or CYP3A4, is not known and needs confirmation.
However, it is known that the OATP2B1 gene promoter region is distinct from that of
OATP1B1 and OATP1B3, which explains its broader tissue expression profile and possibly its

differentiated induction signature (Maeda et al., 2006).
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In Vitro Data

We also turned our attention to various publications describing studies with
cryopreserved human primary hepatocytes in culture (co-culture or sandwich) and precision-
cut human liver tissue slices, rather than hepatic (e.g., HepG2, HepaRG, and Huh7) or intestinal
(e.g., Caco-2, LS180, T84 and LS174T) cell lines. Unfortunately, reports of RIF incubation
with primary human enterocytes, as well as precision-cut human intestinal slices, have largely

focused on CYP3A4 and ABC transporters (Li et al., 2018; van de Kerkhof et al., 2008).

Plated Human Primary Hepatocytes

Examples of reports describing studies with human primary hepatocytes in culture are
shown in Table 4 and focused as much as possible on papers reporting multiple OATPs, RIF
dose response, single RIF concentrations that were well above the reported ECso for PXR-
mediated CYP3A4 induction in vitro, and direct comparisons to CYP3A4 and ABC
transporters in the same experiment. Some investigators were able to leverage proteomics,
which is important when considering pre- versus post-translation changes after addition of

inducer to hepatocytes (Schaefer et al., 2012; Alam et al., 2018).

RIF and Phenobarbital. As summarized in Table 4 and Figure 1, it is evident that RIF and
other compounds like phenobarbital are relatively weak inducers of OATP mRNA (versus
CYP3A4). The reports of Chen et al (2011), Badolo et al (2015), Han et al (2017), Sahi et al
(2006), Niu et al (2019), Jigorel et al (2006) and Moscovitz et al (2018) more or less indicate
that OATP induction is only a fraction of that observed for CYP3A4; i.e., the relative Emax for
OATP versus CYP3A4 (Emax ratio) at ~10 uM RIF is < 0.1. The report of Moscovitz et al
(2018) is noteworthy, because the authors studied RIF over a concentration range (0.1 to 10

H1M) and defined a “maximal observed induction” metric for OATP1B1 (3.1), OATP1B3 (0.5),
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OATP2B1 (2.9) and CYP3A4 (75). However, these data are based on mRNA expression which
does not necessarily translate to protein and function. Therefore, our attention also focused on
the work of Schaefer et al (2012) because the investigators deployed tandem liquid
chromatography-mass spectrometry methods to quantitate transporter protein abundance in
human hepatocytes after 48hr with RIF (25 uM). In this instance, induction of CYP3A4 protein
was evident (8.9-fold) when compared to OATP1B1, OATP1B3, OATP2B1 and the ABC

transporters (Pgp, MRP2 and BCRP) that were quantitated (< 1.5-fold induction).

Amprenavir. To date, Liu et al (2012) have reported the highest magnitude induction of
OATP1B1 mRNA in human hepatocytes (7-fold). This was achieved with the human
immunodeficiency virus 1 protease inhibitor amprenavir, a known PXR agonist (Helsley et al.,
2013). The same authors noted that this was accompanied by a 1.8-, 15-, 2.5- and 1.5-fold
increase in OATP1B3, CYP3A4, Pgp and MRP2 mRNA expression, respectively. In the same
study, RIF induced OATP1B1 mRNA expression 2.5-fold (Table 4). To our knowledge, there
are no clinical reports describing tissue biopsy profiling after multiple doses of amprenavir.

Therefore, such in vitro data also need to be corroborated.

CBZ. As described above, Oscarson et al (2006) reported ~2-fold induction of OATP1B1 and
OATP1B3 mRNA expression in the livers of two epileptic subjects receiving CBZ.
Unfortunately, we are aware of only one report by Badolo et al (2015) that described the lack
of OATP1B1 mRNA induction in plated human hepatocytes after the addition of CBZ at a low
concentration (5 uM). In the same study, the authors also showed that induction of
cytochromes P450, BCRP, MRP2, and Pgp mRNA expression by CBZ was weak (< 2.0-fold).

Because CBZ at high concentrations (>10 uM) is known to present as an inducer of CYP3A4

19

%202 ‘8T [1dy uo Sfeulnor 134SY e B1o's jeuuno fiadse pwip wo.y pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on December 26, 2019 as DOI: 10.1124/dmd.119.089615
This article has not been copyedited and formatted. The final version may differ from this version.

DMD # 89615

(Luo et al., 2002; Sugiyama et al., 2016), additional in vitro studies are warranted in order to

further explore CBZ as an OATP inducer.

Precision-Cut Human Liver Tissue Slices

We felt it important to include the publication of Olinga et al (2008), because the
investigators used freshly prepared precision-cut human liver tissue slices and incubated with
RIF (10 uM, 16 hrs) and a low concentration of phenobarbital (50 uM, 24 hrs). As expected,
RIF induced CYP3A4 (14-fold), Pgp (4.8-fold) and MRP2 (2.5-fold) mMRNA expression (Table
4). No induction of OATP1B3 (reported as OATP8) mRNA expression was observed
(OATP1B1 and OATP2B1 not reported). On the other hand, the same authors did observe
robust induction of OATP1B3 mRNA expression (5.6-fold) with phenobarbital, a CAR ligand,
which accompanied mRNA increases for CYP3A4 (8.6-fold), MRP2 (12.4-fold) and Pgp (2.6-
fold). Such marked induction of OATP1B3 has not been replicated by other investigators using
cultured human hepatocytes incubated with higher phenobarbital concentrations (1 mM)
(Schaefar et al., 2012). Unfortunately, we were unable to locate human liver biopsy expression
data for phenobarbital-dosed subjects and so the results reported by Olinga et al (2008) cannot

be corroborated.

Studies with FXR Agonists

For the sake of completeness, we also wanted to consider additional publications
describing in vitro studies with agonists for additional nuclear receptors beyond PXR and CAR.
A summary of our findings for a well characterized FXR agonist (chenodeoxycholic acid) is
tabulated (Table 5). Three reports described studies with conventional plated human primary
hepatocytes (Liu et al., 2014; Krattinger et al., 2016; Meyer zu Schwabedissen et al., 2010) and

one leveraged precision-cut human liver slices (Jung et al., 2007). In all cases, induction (>3-
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fold) of bile salt export pump (BSEP, ABCB11) mRNA was evident and was indicative of FXR
engagement. Although induction of OATP1B1 mRNA varied considerably across the studies
(0.6- to 4-fold), the induction of OATP1B3 mRNA was more evident and in three of the four
studies was reported as >3.5-fold (Table 5).

To date, chenodeoxycholic acid is the most robust and consistent in vitro inducer of any
OATP (OATP1B3) reported. Unfortunately, we are not aware of any studies describing tissue
biopsy expression profiling following chenodeoxycholate dosing, as was done for
ursodeoxycholate (Marschall et al., 2005). Alternatively, we looked to a semi-synthetic FXR
agonist like obeticholic acid (6a-ethyl-chenodeoxycholic acid), which similarly elicits robust
induction (>5-fold) of BSEP and small heterodimer partner mRNA expression in sandwich-
cultured human hepatocytes (Zhang et al., 2017). But unlike chenodeoxycholic acid, clinical
data are available for multi-dose obeticholic acid showing that it has a minimal effect on the
AUC of an orally dosed BCRP/OATP probe drug (rosuvastatin) (Edwards et al., 2017).
Consistent with such clinical data, ljssennagger et al (2016) have reported that obeticholic acid
(1 uM) elicits a relatively modest effect on OATP1B1 and OATP1B3 mRNA expression

(versus induction of ABCB11 mRNA) in precision-cut human liver slices.

Studies with Peroxisome Proliferator-Activated Receptor (PPAR) and LXRa Agonists
To our knowledge, Meyer zu Schwabedissen et al (2010) are the only group to describe
OATP induction in vitro with a LXRa agonist such as TO-901317. The authors incubated TO-
901317 with plated human hepatocytes and showed that OATP1B1 mRNA is induced (~2.5-
fold) with a more muted effect (~1.2-fold induction) on OATP1B3 mRNA expression.
Likewise, Rogue et al (2010, 2011) have assessed the mMRNA expression signatures of primary
human hepatocytes after the addition of PPARy (NR1C3) agonists (e.g., troglitazone and

rosiglitazone) and dual PPARo/y (NRICI/NRIC3) agonists (e.g., muraglitazar). Test
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compounds were assessed at relatively high concentrations (up to 40 - 300 M) and none were
shown to induced OATP1B1 or OATP1B3 mRNA expression. In fact, suppression of
OATP1B3 mRNA expression was noted. Such results are consistent with those of Chen et al
(2011), who similarly reported no induction of OATP1B1 mRNA in freshly prepared co-
cultures of human primary hepatocytes incubated with WY 14643 (100 uM, PPARa agonist).
In all cases, investigators described robust induction (> 6-fold) of known PPAR regulated genes

such as adipose differentiation-related protein.

Assessing OATP Induction: An Evolving Toolkit

As summarized in Table 6, various approaches could be jointly used to investigate the
induction of OATPs in vitro and in vivo, support in vitro-to-in vivo extrapolations, and enable
modeling and simulation exercises. However, many of the described tools need to be adapted
to support the assessment of OATP induction by test compounds and still require validation

prior to being widely accepted.

In Vitro

Given the examples described in Tables 4 and 5, induction studies with human primary
hepatocytes or tissue slices is advisable as primary in vitro screens. If OATP induction is
evident (e.g., >2-fold increase in mMRNA and protein) it should be compared to CYP3A4 and
various ABC transporters and relative Emax values generated. Since new chemical entities may
present unique induction signatures in hepatocytes, versus standard inducers such as RIF, CBZ,
phenytoin, additional studies with nuclear receptor transactivation assays (e.g., PXR, CAR,
FXR, LXRa, vitamin D receptor) may have to be considered to rationalize the gene induction
signatures observed in primary calls (Meyer zu Schwabedissen et al., 2010; Howe et al., 2011,

Elorantaetal., 2012). In vitro induction studies could be extended to include burgeoning novel
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plate-based and chip-based microphysiological systems (e.g., liver organoids and liver-on-a-
chip) that might better support the assessment of OATP expression and function and their
modulation by test compounds (Ishida, 2018). To date, however, we are not aware of any

reports describing the impact of test compounds on OATP expression in such systems.

Animal models

Beyond in vitro assays, various attempts have been made to assess in vivo induction in
extensively humanized mice or chimeric mice with humanized livers (Henderson et al., 2019;
Kakuni et al., 2013). But in such instances, reports have largely focused on the induction of
CYP3A4 by classical inducers such as RIF and no data are available for OATP1B1 and
OATP1B3. Evidently, there is a need to study the induction of human OATPs in such models.

In recent years, the cynomolgus monkey has increasingly been used as a model to
investigate PXR-mediated induction of CYP3A by agents such as RIF. This is because monkey
PXR is highly homologous to the human ortholog (96%) and cynomolgus monkey CYP3A is
inducible by RIF both in vitro and in vivo (Li et al., 2014; Tahara et al., 2019; Kim et al., 2010).
In fact, the RIF dose response curves for CYP3A4 induction in plated cynomolgus monkey and
human primary hepatocytes are comparable (Kim et al., 2010). With this mind, it is not
surprizing that Niu et al (2019) turned to the cynomolgus monkey as a model to study OATP
induction by RIF. The authors described the dosing of cynomolgus monkeys with RIF for 7
days (18 mg/kg), using a protocol known to induce monkey CYP3A, and reported a ~2-fold
increase in antipyrine clearance (cytochrome P450 mediated) with no impact on pitavastatin,
CPI, and CPIII plasma exposure. RIF similarly increases antipyrine clearance in human
subjects (Bennett et al., 1982). The lack of OATP induction was confirmed after the addition
of RIF (10 puM, 72 hr) to sandwich-cultured cynomolgus monkey hepatocytes; CYP3A4,

MRP2, Pgp, BCRP, OATP1B1, and OATP1B3 mRNA was induced 58-, 2.2-, 1.4-, 1.4-, 0.9,
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and 1.3-fold, respectively. Of note, no attempt was made by the authors to isolate liver or gut
tissue, before and after the dosing of the monkeys with RIF, to support OATP, CYP3A4, and
ABC transporter expression profiling.

Consistent with the report of Niu et al (2019), mRNA expressing profiling of
cynomolgus monkey liver tissue after ~9 days of oral RIF (100 mg/kg), CBZ (80 mg/kg), or
phenytoin (30 mg/kg) presents robust induction of various CYP3A forms (up to 19-fold) with
no statistically significant changes in SLCO1B1 and SLCO1B3 expression (W. Hu and S. Arat,
Pfizer Inc., unpublished results). Beyond a PXR agonist such as RIF, however, it is not known
if the cynomolgus monkey is a suitable in vivo model to assess OATP induction via other

mechanisms or nuclear receptors such as CAR, LXRa, FXR or vitamin D receptor.

Liquid Biopsy Approaches to Facilitate Tissue Expression Profiling

As described above, the use of clinical drug probes and biomarkers to study OATP
induction has its limitations and human tissue biopsy expression profiling is likely the most
direct approach to differentiate OATP induction versus CYP3A4 and ABC transporters. But
because conventional tissue biopsy methods are not routine, researchers may wish to turn their
attention to less invasive strategies such as plasma exosome-based liquid biopsy (Rodrigues
and Rowland et al., 2019). For example, Rowland et al (2019) recently described the
assessment of CYP3A4 activity, protein and mRNA induction using exosome preparations
derived from the plasma of subjects who had received RIF (300 mg daily) for 7 days. With
validation, a similar approach could be applied to the assessment of OATP protein and mRNA
expression. Alternatively, the expression of OATPs in circulating human lymphocytes has
been described and attempts have been made to deploy them as liver and gut tissue surrogates;
Yang et al (2019) reported a ~2-fold increase in OATP1B1 and BCRP mRNA expression in

the circulating lymphocytes of subjects who had consumed a herbal medicine (2.5g tanjin per
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day) for seven days. Both the maximal plasma concentration (27%) and AUC (~20%) of
rosuvastatin were decreased in the same subjects. How such induction in circulating
lymphocytes relates to OATP expression in tissue is presently not known. Most importantly,
such results need to be confirmed, as others have failed to detect OATP1B1 mRNA expression

in various human T-cell lines and blood mononuclear cells (Janneh et al., 2008).

Selective OATP Drug Probes and Biomarkers

From the standpoint of an OATP induction toolkit, perhaps the most challenging is the
discovery and validation of clinical probe drugs and biomarkers that are highly selective for
target gut and liver OATPs. In the absence of biopsy data, assessing and deconvoluting gut
(e.g., OATP2B1) versus liver (e.g., OATP1B1 and OATP1B3) OATP induction will be
difficult. Such a scenario is further complicated by co-induction of CYP3A4 and ABC
transporters in both organs. As discussed above, changes in statin and OATP biomarker (CPI)
PK cannot be necessarily ascribed to OATP induction in the absence of ABC transporter
induction. To date, however, we are aware of only one study describing multi-dose RIF on
plasma CPI levels (Kunze et al., 2018). Because CPI is selective for OATP1B1 and OATP1B3
(vs OATP2B1), and limited to MRP2 as substrate (Kunze et al., 2018; Bednarczyk et al., 2016;
Table 2), additional clinical studies evaluating its utility as an OATP induction trait measure
are warranted. This is especially true for inducers that do not inhibit OATP or manifest auto-

induction like RIF.

Concluding Remarks

Human OATPs (OATP1B1, OATP1B3, and OATP2B1) are important SLCs, and their
modulation by inhibitory drugs has been shown to be of clinical relevance for many substrate

drugs. When compared to such DDIs, however, there is less definitive clinical data describing
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their induction. Despite such limitations, it is possible to conclude that available literature
describe only weak induction of OATPs (mostly mRNA data) following treatment with a gold
standard potent PXR activator (RIF 600 mg once daily > 7 days). By extension, it is assumed
that the reported changes in individual statin PK (and OATP biomarker CPI plasma profiles),
following multiple doses of RIF, can be ascribed to the induction of CYP3A4 and ABC
transporters in gut and liver, as we all as RIF auto-induction.

Beyond RIF, disparate sets of data do provide some evidence that human OATP forms
are inducible (>2-fold). As described above, OATP induction has been described for
compounds such as atorvastatin (3-fold OATP2B1 mRNA induction in human liver biopsy
samples), phenobarbital (~6-fold OATP1B3 mRNA induction in human liver slices), CBZ (~2-
fold induction of OATP1B1 and OATP1B3 mRNA in livers of two epileptic subjects),
chenodeoxycholate (~2- to 6-fold OATP1B3 mRNA induction in plated human hepatocytes),
TO-901317 (~2.5-fold induction of OATP1BL1 in plated human hepatocytes), and amprenavir
(~7-fold OATP1BL1 induction in plated human hepatocytes). Although such results need to be
corroborated, it appears that studies focused on the induction of gut and liver OATP1B1,
OATP1B3 and OATP2B1 by agents other than RIF are warranted. Also, other OATP forms
such as OATP1A2, OATP3A1, OATP4A1, and OATP4C1 should be considered (Eloranta et
al., 2012; Oswald, 2019).

Evidently, the regulation of OATP expression and function is complex and continuous
vigilance will be needed, especially when attempting to model DDI with new chemical entities
that are OATP inducers in vitro or present as OATP substrates that may themselves become
victims of induction. In reality, such data need to be balanced against a new chemical entity’s
cytochrome P450 and ABC transporter substrate, induction, and inhibition signature. With
substantial clinical evidence supporting Pgp induction for well-known CYP3A inducers (Lutz

et al., 2018a, 2018b; Supplemental Table S4), the US Food and Drug Administration has
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suggested leveraging information from CYP3A induction studies to rationalize the need for
conducting additional clinical studies to evaluate the Pgp induction potential of an
investigational drug using a known Pgp probe substrate (USFDA-Guidance). On the basis of
the exhaustive clinical and preclinical data reviewed here, however, a clear need to evaluate
OATP induction potential in drug development does not emerge at this time. Most importantly,
the apparent lack of OATP induction by drugs such as RIF in vivo should be diligently
considered when developing extended PBPK models encompassing OATP induction-
inhibition signatures in addition to the associated interaction mechanisms involving CYP3A4,

CYP2C9, CYP2C8, MRP2, Pgp and BCRP.
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Figure Legends

Figure 1. Summary of available published in vitro (human hepatocytes) and ex vivo (gut
and liver tissue) expression profiling data for human OATP forms, CYP3A4

and various ABC transporters following an inducer.

Summary of data presented in Table 3 (tissue profiling) and Table 4 (cultured human
hepatocytes and human liver tissue slices). Colours represent different publications (in vitro
data) or inducers (tissue expression data) referenced in summary Tables. RIF, rifampicin; CBZ,

carbamazepine.

Figure 2. Clinical DDI per ECCS class involving a prototypic inducer such as RIF.

AUC ratio of substrate drug dosed intravenously (A) and orally (B) following chronic oral RIF
treatment. Open datapoints represent the AUC ratio of individual substrate drug; and Box and
Whiskers depict median, upper and lower quartile with error bars representing range. Closed
datapoints are mean values. Shaded area represents no induction, while horizontal green and
red lines denote boundaries for no interaction (AUC ratio 0.8-1.25), as well as a weak (AUC
ratio >0.5), moderate (AUC ratio 0.5 to 0.2) and strong (AUC ratio <0.2) induction effect.
Dataset was built after exhaustive and careful mining of published literature using DIDB-The

Metabolism & Transport Drug Interaction Database (www.druginteractioninfo.org). ECCS

class assignment was similar to that previously reported (Varma et al., 2015). For permeability
classification of substrate drugs into ECCS, apparent permeability was measured across

Madine-Darby Canine Kidney cells selected for low endogenous transporter expression
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(MDCK-LE). Drug ionization state was assigned based on calculated pKa-values using MoKa

(version 2.5.4, Molecular Discovery Ltd).
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Table 1 %
o
Reported impact of RIF and CBZ on the PK of putative OATP statin probes andg)iomarker CPI
=X
2
OATP Probe? Inducer® % Decrease in Probe Plasma AUC 2 Reference
C
Atorvastatin RIF 80% § Backman et al., 2005
Pravastatin ~50%; ~30% §Lutz et al., 2018a; Kyrklund et al., 2003
Rosuvastatin ~60% % Lutz et al., 2018a
Simvastatin ~90% g Chung et al., 2006
Pravastatin CBZzZ 57% 5 Lutz et al., 2018b
N
Rosuvastatin 59% § Lutz et al., 2018b
Simvastatin 75% § Ucar et al., 2004
CPI RIF No change in pre-RIF CPI plasma levels (multi- versus single dose RIF) & Kunze et al, 2018
S
D

AUC: area under the drug concentration versus time curve.
0ral statin
PRIF 600 mg QD for > 5 days; CBZ 300 mg BID for > 14 days.
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Table 2 %
In vitro data presenting various OATP probes as CYP3A and ABC transportg substrates
Is there evidence that probe is substrate?? E
OATP probe CYP3A MRP2 BCRP Pgp é’ Reference(s)
CPI N/A Yes No No % Kunze et al., 2014
Atorvastatin Yes Yes Yes Yes ‘; Prueksaritanont et al., 1999
% Gupta et al., 2016
g Shin et al., 2017
;5,&* Knauer et al., 2010
Pravastatin Yes (minor) Yes Yes Yes § Jacobsen et al., 1999
§ Afrouzian et al., 2018
Rosuvastatin N/A Yes Yes Yes E Huang et al., 2006
8
R Knauer et al., 2010
Simvastatin Yes N/A N/A Yes Yeo and Yeo, 2001

Prueksaritanont et al., 1999
Chen et al., 2005

N/A: unable to locate reference describing the assessment of OATP probe as substrate of CYP3A and/or ABC transporter. Pgp (ABCB1), MRP2 (ABCC2),
BCRP (ABCG2).

8evaluated in vitro and determined to be (Yes) or not to be (No) a substrate.
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Table 3 %
o
Summary of some literature reports describing OATP expression profiling of human tissues aft% administration of an inducer
A
Reported Mean Fold-Increase 2
. . 2
Tissue (N subjects) Inducer® OATP1B1 OATP1B3 OATP2B1 CYP3A4 Pgp MRB2 BCRP Reference
Liver biopsy S
N =6 Inducer vs RIF 1.0 NR NR 3.0* NR 1.5% NR Marschall et al., 2005
N =7 Control (2.2\%C
Liver biopsy E
>
N = 10 Inducer vs Atorvastatin 1.0 NR 3.0* 1.0 2.4* NF§ 2.0* Bjorkem-Bergman et al., 2013
=)
N =9 Control 2z
Liver sample o':_o
N = 2 Epileptics vs CBz 17,19 21,21 13,13 2.8,2.7 NR 2.2, §4 3.6,5.3 Oscarson et al., 2006
D
N =7 Control
Gut (pre-vs post biopsy)
N=7 RIF NR NR 1.0 2.5* 2.0* 2.2* NR Oscarson et al., 2007
Gut (pre- vs post-biopsy)
N=12 RIF NR NR 1.2* 4.0* 3.5* 3.5* 15 Brueck et al., 2019
N=8 CBZ NR NR 1.5* 2.0* 2.5* 2.5* 1.5*

NR: not reported. Pgp (ABCB1), MRP2 (ABCC2), BCRP (ABCG2).

aUnless otherwise indicated, data reported as fold-increase in mRNA expression; *p<0.05.

bRIF 600 mg QD for >5 days; atorvastatin 80 mg QD for 30 days; CBZ 600 mg per day for > 14 days.

Fold-increase in protein expression.
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Table 4
Summary of literature reports describing OATP expression profiling after addition of inducer to cuBured human primary hepatocytes

and human liver tissue slices in vitro

Reported Mean Fold-Change (Versus Control)?

dsﬁ ] 6(1;) 5[eulno [BdSE'pLu%wou papeojumod

Inducer” OATP1B1 OATP1B3  OATP2B1 CYP3A4 Pgp MRP2 RP Reference

RIF 1.0 NR NR 23 2.6 NR R Chenetal., 2011
Phenobarbital 1.3 NR NR 21 2.3 NR "NR

RIF° 1.3 0.9 0.8 8.9 15 0.7 %O.? Schaefer et al., 2012

D

Phenobarbital® 14 15 13 15 4.3 2.4 @®.0

RIF 0.8 NR NR 40 1.9 1.4 %).8 Badolo et al., 2015
Phenobarbital 12 NR NR 45 2.2 2.1 ;20

RIF <1.0 <1.0 <1.0 >20 NR NR z.\';\IR Han et al., 2017

RIF 2.3 NR NR 17 1.7 8.2 NR Sahi et al., 2006

RIF 3.1 0.5 2.9 75 2.5 NR 15 Moscovitz et al., 2018

RIF® NR 0.6 NR 13.7 4.8 25 NR Olinga et al., 2008
Phenobarbital® NR 5.6 NR 8.6 2.6 12.4 NR

RIF 0.9 0.6 15 59 2.0 1.4 1.3 Niu et al., 2019

RIF 2.4 <1.0 <1.0 37 2.9 2.5 2.7 Jigorel et al., 2006
Phenobarbitalf NR <1.0 <1.0 NR 4.4 3.8 37

RIF 2.5 1.0 NR 5.5 2.5 15 NR Liuetal., 2012
Amprenavir? 7.0 1.8 NR 15 2.5 15 NR

NR: not reported. Pgp (ABCB1), MRP2 (ABCC2), BCRP (ABCG2).


http://dmd.aspetjournals.org/

DMD # 89615

aUnless otherwise indicated, data reported as fold-increase in mRNA expression.

0.1} popeouUMo(

bUnless otherwise indicated, data represent cultured human primary hepatocytes exposed to RIF (> 10 uM) for > 2& hr; phenobarbital (1 mM) for 48 hr.
°Fold-increase in protein expression.

dMaximal observed fold-induction (over a concentration range of 0.1 to 10 uM).

®Human liver tissue slices incubated with RIF (10 uM for 16 hrs) or phenobarbital (50 uM for 24 hrs).
THepatocytes incubated with phenobarbital (3.2 mM) for 72 hrs.

9Final concentration of amprenavir was 10 uM.
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Table 5 %
o
Chenodeoxycholic acid as inducer of OATP1B1, OATP1B3, MRP2 and BSEP in vitro
Reported Fold-Increase in mRNA Expression (versus Control) §
2
Human Hepatocyte Preparation OATP1B1 OATP1B3 MRP2 BSEP g Reference
Cultured cells? ~4.0 ~3.5 NR ~3.5 §\/Ieyer Zu Schwabedissen et al., 2010
Cultured cells® NR ~6.0 ~2.0 ~9.0 Liuetal., 2014
Cultured cells® 0.7 1.5 NR 4.6 Krattinger et al., 2016
Liver slices 0.6 45 NR 3.0 Jung et al., 2007

NR: not reported. BSEP, bile salt export pump (ABCB11); MRP2, multidrug resistance-associated protein 2 (AB
aChenodeoxycholate conc. and incubation not specified by the authors.

bChenodeoxycholate 30 uM (48hr).

¢Chenodeoxycholate 50 pM (48hr).

dChenodeoxycholate 10 uM (24hr).
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Table 6 %
o
Summary of tools that could be available to assess the induction of humar%OATPs
Approach Comment g References (where available)

1.In vitro nuclear hormone receptor transactivation assays
(assumes that receptor agonism drives OATP induction)

2.Primary human cells in vitro (plated hepatocytes, tissue
slices); OATP protein and mMRNA expression assessment
versus CYP and ABC transporter expression

3.Primary human cells in vitro (3D organoids, tissue-on-a-
chip); OATP protein and mRNA expression assessment
versus CYP and ABC transporter expression

4.Humanized rodents (e.g., humanized OATP, humanized
liver); OATP protein and mRNA tissue expression
assessment versus CYP and ABC transporter expression

5.Non-human primate (primary hepatocytes)

6.Non-human primate tissue biopsy (e.g., gut and liver)
following administration of inducer for greater than 7 days

7.Tissue biopsy (intestine and/or liver) of human subjects
following administration of inducer

8.Support of clinical induction study using a liquid biopsy
approach (plasma-derived tissue exosomes or circulating
human lymphocytes)

9.Use of a selective OATP biomarker or probe drug that is
minimally influenced by CYP and/or ABC transporter
induction (e.g., gut and/or liver MRP2, Pgp or BCRP)

Important to assess if compound is PXR, CAI%-
LXR, FXR, or vitamin D receptor agonist
Reports available describing assessment of OAT

‘SERUIN

induction versus CYP and ABC transporters S
Q

Needs validation for OATP induction %
M

&

Needs validation for various PXR, CAR, FXR ang
R D

LXR agonists 2
=)

>

Report available for PXR agonist (RIF) describirig,
assessment of cynomolgus monkey OATE
induction versus CYP and ABC transporters N
Targeted and non-targeted transcriptomic ani
proteome analysis; compare OATP versus CYP3A
and ABC transporters

Reports available describing assessment of OATP
induction versus CYP3A and ABC transporters
One report describing the use of circulating human
lymphocytes, but liquid biopsy approaches need
validation

Selective gut and/or liver OATP probe has not been
identified, characterized, and validated; CPI might
be an option, provided test compound does not
inhibit OATP and present auto-induction like RIF

Meyer zu Schawbedissen et al., 2010;
Howe et al., 2011; Eloranta et al., 2012
Described in Tables 4 and 5

To date, no references describing
OATP induction in organoids or
tissue-on-a-chip

To date, no references describing
OATP induction in the tissues of
humanized rodents

Niu et al., 2019

To date, no references describing
OATP tissue expression profiling
following inducer

Described in Table 3

Yang et al., 2019

To date, there are no references
describing selective OATP biomarkers
or drug probes suitable for multi-dose
OATP induction studies
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Table S1

Drug interaction between itraconazole with pravastatin compared to coproporphyrin isomers and digoxin

PO Itraconazole dose Probe % Increase in

Dose (mg) | Duration Dose (mQ) Timing of dose after itraconazole last dose® | probe AUC Reference
200 5days | PO Pravastatin (40) 4 hr 49 Mazzu et al., 2000
200 4 days | PO Pravastatin (40) 2 hr 72 Neuvonen et al., 1998
200 30 days | PO Pravastatin (40) Co-dose 12 Jacobson, 1997
200 8 days Coproporphyrin | N/A 6 Shen et al., 2018

Coproporphyrin 111 N/A 9

200 5 days PO Digoxin (0.5) 1hr 68 Jalava et al., 1997

N/A: not applicable

®Plasma Tmax Of itraconazole = 3-4 hr (Harden et al., 1988).

Hardin TC, Graybill JR, Fetchick R, Woestenborghs R, Rinaldi MG, and Kuhn JG (1988) Pharmacokinetics of itraconazole following oral

administration to normal volunteers. Antimicrob Agents Chemother 32:1310-1313.

Jacobson TA (1997) Comparative pharmacokinetic interaction profiles of pravastatin, simvastatin, and atorvastatin when co-administered with

cytochrome P450 inhibitors. Am J Cardiol 94:1140-1146.
Jalava KM, Partanen J, and Neuvonen PJ (1997) Itraconazole decreases renal clearance of digoxin. Ther Drug Monit 19:609-613.

Mazzu AL, Lasseter KC, Shamblen EC, Agarwal V, Lettieri J, and Sundaresen P (2000) Itraconazole alters the pharmacokinetics of atorvastatin to

a greater extent than either cerivastatin or pravastatin. Clin Pharmacol Ther 68:391-400.

Neuvonen PJ, Kantola T, and Kivistd KT (1998) Simvastatin but not pravastatin is very susceptible to interaction with the CYP3A4 inhibitor

itraconazole. Clin Pharmacol Ther 63:332-341.

Shen H, Christopher L, Lai Y, Gong J, Kandoussi H, Garonzik S, Perera V, Garimella T, and Humphreys WG (2018) Further studies to support the
use of coproporphyrin I and 111 as novel clinical biomarkers for evaluating the potential for organic anion transporting polypeptide 1B1 and

OATP1B3 inhibition. Drug Metab Dispos 46:1075-1082.




Table S2
Clinical assessment of rifampicin as inhibitor of CYP3A and Pgp; digoxin and dabigatran etexilate as Pgp probes;
and midazolam as CYP3A probe

Oral rifampicin Oral probe drug (dose) Probe dose timing vs % Increase in Reference

dose (mg) rifampicin dose probe plasma AUC

600 Digoxin (0.5 mg) Co-dose 29.9 Kirby et al., 2012

600 Digoxin (0.5 mg) 1 hr after rifampicin 46.2 Reitman et al., 2011
600 DABE (0.375 pg)? Co-dose 1322 Prueksaritanont et al., 2017
600 Midazolam (33 ug) Co-dose 14.7 Maeda et al., 2011

600 Midazolam (0.07 mg) Co-dose 21.3 Yoshikado et al., 2017
600 Midazolam (10 ug) Co-dose 5.6 Prueksaritanont et al., 2017

4Dosed as dabigatran etexilate (DABE) prodrug but DDI reported out as AUC of parent drug dabigatran.

Kirby BJ, Collier AC, Kharasch ED, Whittington D, Thummel KE, and Unadkat JD (2012) Complex drug interactions of the HIV protease
inhibitors 3: effect of simultaneous or staggered dosing of digoxin and ritonavir, nelfinavir, rifampin, or bupropion. Drug Metab Dispos 40:610-
616.

Maeda K, Ikeda Y, Fujita T, Yoshida K, Azuma Y, Haruyama Y, Yamane N, Kumagai Y, and Sugiyama Y (2011) Identification of the rate-
determining process in the hepatic clearance of atorvastatin in a clinical cassette microdosing study. Clin Pharmacol Ther 90:575-581.

Prueksaritanont T, Tatosian DA, Chu X, Railkar R, Evers R, Chavez-Eng C, Lutz R, Zeng W, Yabut J, Chan GH, Cai X, Latham AH, Hehman J,
Stypinski D, Brejda J, Zhou C, Thornton B, Bateman KP, Fraser I, and Stoch SA (2017) Validation of a microdose probe drug cocktail for
clinical drug interaction assessments for drug transporters and CYP3A. Clin Pharmacol Ther 101:519-530.

Reitman ML, Chu X, Cai X, Yabut J, Venkatasubramanian R, Zajic S, Stone JA, Ding Y, Witter R, Gibson C, Roupe K, Evers R, Wagner JA, and
Stoch A (2011) Rifampin's acute inhibitory and chronic inductive drug interactions: experimental and model-based approaches to drug-drug
interaction trial design. Clin Pharmacol Ther 89:234-242.

Yoshikado T, Maeda K, Furihata S, Terashima H, Nakayama T, Ishigame K, Tsunemoto K, Kusuhara H, Furihata K1, and Sugiyama Y (2017) A
clinical cassette dosing study for evaluating the contribution of hepatic OATPs and CYP3A to drug-drug interactions. Pharm Res 34:1570-1583.
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Table S3

Rifampicin and its metabolites as solute carrier, Pgp and MRP2 substrates in vitro (Pfizer, unpublished data)

Uptake ratio in HEK293 cells (vs mock HEK?293 cells)?

Substrate (Conc.) NTCP OATP2B1 OATP1B3 OATP1B1
Rifampicin (RIF) (0.2 uM) 1.1+0.2 0.6+0.1 25+0.1 3.1+0.1
3-Formyl RIF (0.2 uM) 1.1+0.2 05+£0.1 55+0.9 46+1.0
25-Desacetyl RIF (0.2 uM) 1.0+0.1 0.6+£0.2 19+£1.7 23+1.0
3-Formyl/25-Desacetyl RIF (0.2 uM) 1.1+0.1 05+0.2 32+0.6 37+34
Taurocholic acid (0.2 uM) 70.1+10.6 - - -
Rosuvastatin (1 uM) - 8.2+0.7 72.2+18.2 97.9+4.0

aMean + SD of n = 3 determinations. °Not determined. Uptake ratio > 2 indicates compound is a substrate.
OATP, organic anion transporting polypeptide; NTCP, sodium-dependent taurocholate co-transporting polypeptide.

MDCK cell line (transwell B-A/A-B flux ratio)?

Substrate (2 uM) MDCK cells expressing Pgp MDCK cells expressing MRP2
Rifampicin (RIF) 29.4,21.3 36.1,17.9

3-Formyl RIF 175,51.4 64.2, 18.0
25-Desacetyl RIF 56.3, 54.7 55,24
3-Formyl/25-Desacetyl RIF 101° 3.5°

&Values for two different experiments shown. B-A, basolateral-to-apical flux; A-B, apical-to-basolateral flux. For MRP2 cell line, B-A/A-B ratio
> 2 indicates compound is a substrate (all ratios reduced to ~1.0 with MRP2 inhibitor MK571, 0.1 mM). For Pgp cell line, compound is
designated as substrate if B-A/A-B ratio > 6; quinidine (2 uM) as positive control (B-A/A-B ratio = 125) and sertraline as negative control (B-
AJ/A-B ratio = 3.2).

Only one experiment was attempted.

Pgp, P-glycoprotein; MRP2, multidrug resistance-associated protein 2.



Table S4

Impact of various known CYP3A inducers on the PK of Pgp probe drugs digoxin and dabigatran

Object Object Precipitant Precipitant % Change Object Dose Precipitant Dose
AUC
digoxin Oral phenytoin Oral -22.8 0.4 mg 0.2 g (7 days)
digoxin Oral phenytoin Oral -22.8 1 mgivonday 1and 0.4 mg po for 7 days (8 days) 0.2 g (8 days)
digoxin Oral rifampin Oral -30.4 0.25mg 300 mg (7 days)
digoxin Oral rifampin Oral -30.3 1mg 600 mg/day (10 days)
digoxin Oral rifampin Oral -21.1 0.5mg 600 mg (14 days)
digoxin Oral rifampin Oral -18.2 0.5mg 600 mg/day (6 days)
digoxin Oral rifampin Oral -16 0.5mg 300 mg (7 days)
digoxin Oral rifampin Oral -15.6 0.4 mg 300 mg (7 days)
digoxin Oral st. John's wort Oral -28 0.2-0.3 loading dose followed by maintenance dose (21 days) 4 g encapsulated
digoxin Oral st. John's wort Oral -28 0.25mg 300 mg (14 days)
digoxin Oral st. John's wort Oral -26.7 0.2-0.3 loading dose followed by maintenance dose (21 days) hyperforin-rich extract
digoxin Oral st. John's wort Oral -25 0.25 mg (15 days) 300 mg (extract) (10 days)
dabigatran Oral carbamazepine Oral -31.8 75 mg (as dabigatran etexilate) 300 mg (26 days)
dabigatran Oral rifabutin Oral -24.9 75 mg (as dabigatran etexilate) 300 mg (26 days)
dabigatran Oral rifampin Oral -71.6 75 mg (as dabigatran etexilate) 600 mg (17 days)
dabigatran Oral rifampin Oral -67 150 mg 600 mg (8 days)
dabigatran Oral rifampin Oral -61.5 75 mg (as dabigatran etexilate) 75 mg (17 days)
dabigatran Oral rifampin Oral -35.6 75 mg (as dabigatran etexilate) 10 mg (17 days)

Data obtained on line at https://didb.druginteractionsolutions.org/
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