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Abstract

The effect of membrane transporters on drug disposition, efficacy and safety is now well
recognized. Since the initial publication from the International Transporter Consortium, significant
progress has been made in understanding the roles and functions of transporters, as well as in the
development of tools and models to assess and predict transporter-mediated activity, toxicity and
drug—drug interactions (DDIs). Notable advances include an increased understanding of the effects
of intrinsic and extrinsic factors on transporter activity, the application of physiologically based
pharmacokinetic modelling in predicting transporter-mediated drug disposition, the identification
of endogenous biomarkers to assess transporter-mediated DDIs and the determination of the
cryogenic electron microscopy structures of SLC and ABC transporters. This article provides an
overview of these key developments, highlighting unanswered questions, regulatory considerations
and future directions.

Introduction

Since the original publication of the International Transporter Consortium (ITC, www.itc-
transporter.org) in Nature Reviews Drug Discovery?, significant progress has been made in
understanding the roles of membrane transporters in drug disposition and response. This
first ITC publication identified a subset of transporters of particular clinical interest and
outlined decision trees that could be applied to predict the clinical importance of changes in
transporter activity. Subsequent ITC publications have highlighted the development of tools
and approaches to address the complex and critical issues related to transporters in drug
development, evaluated preclinical and clinical data, and provided updated recommendations
on decision points for the involvement of transporters and the potential for clinically relevant
transporter-mediated drug—drug interactions (DDIs)26.

This article is structured in sections that aim to provide an overview of the current status of
transporters in drug development, focusing on transporters in two major superfamilies, the
solute carrier (SLC) superfamily and the ATP binding cassette (ABC) superfamily. Although
there are 65 families in the human SLC superfamily with about 450 genes encoding
transport proteins, and 49 genes encoding efflux pumps in the human ABC superfamily, this
article will focus on a subset of transporters (Fig. 1) that are involved in DDIs and/or drug
toxicity in specific tissues based on a detailed analysis of the recent literature. As a result

Nat Rev Drug Discov. Author manuscript; available in PMC 2024 October 09.


http://www.itc-transporter.org/
http://www.itc-transporter.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Galetin et al.

Page 3

of our recent analysis, transporter categorization in Fig. 1 differs from earlier assessments
by the ITC of transporters relevant in drug development3. As in the past, transport proteins
of interest in drug development that play a key role in mediating drug absorption and/or
elimination in the liver, kidney and intestine are included. However, Fig. 1 also includes
transporters in other specialized blood-tissue barriers such as the blood—brain barrier and
placenta. Transporters discussed in this article are multispecific, interact with drugs from
diverse pharmacological classes and are associated with DDIs and/or toxicity. Additionally,
genetic polymorphisms in several of these transporters have been associated with drug
toxicities and/or non-response.

In the first section of this article, recent research focusing on the role of intrinsic factors
(such as genetics, ethnicity, age, sex, physiologic states and organ-based diseases) and
extrinsic factors (such as diet, herbal or medication use, the microbiome and environmental
exposure) in the modulation of transporter function and abundance is discussed. However,
further work is needed to fully understand the mechanisms underlying the effects of

some of these factors on transporter function. The second section provides an overview

of advances made in the development and application of modelling approaches to predict
and understand the role of transporters in drug disposition and DDIs, as well as to predict
pharmacokinetic (PK) changes in diseases and in specific populations. The enormous
progress since the original ITC publication?, in the discovery and validation of endogenous
substrates as biomarkers of transporter function, and their application in assessing risk of
transporter-mediated DDIs are discussed in the third section of this article. As reviewed in
the fourth section, drug transporters can directly or indirectly contribute to drug-induced
organ toxicity. Prominent examples including neurotoxicity and cardiotoxicity, cholestasis
and the developing area of environmental toxins such as heavy metals are discussed. The
regulatory implications regarding transporter-mediated DDIs are considered in the fifth
section. Specifically, different modelling approaches in the regulatory submission process
are critically reviewed, together with a consideration of metabolites of drugs as inhibitors of
transporters and endogenous biomarkers as additional clinical tools to evaluate transporter-
mediated DDIs.

The final two sections summarize key technological advances in transporter research

(for example, structural determination of transport proteins and modulation of transport
function via genome editing) and future directions in the application of transporter research,
including the importance of measurements beyond systemic pharmacokinetics. Information
derived from the analysis of tissue-derived small extracellular vesicles (SEVs) and the
growing interest in nutrient/endobiotic transport are considered.

The aims of this article are to provide a summary of the current status of transporters in drug
development and highlight recent advances in our understanding of the pharmacological
roles of transporters in drug development and precision medicine. Critical remaining
questions that need to be addressed concerning the role of transport proteins in drug
discovery and development, as well as in determining their effects on therapeutic and
adverse drug response, are highlighted.

Nat Rev Drug Discov. Author manuscript; available in PMC 2024 October 09.
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Factors regulating transporter activity

Although the importance of transport proteins in drug disposition and response is

now widely recognized, factors such as epigenetics, transcriptional and post-translational
regulation that affect the expression, abundance, localization and function of transporters
in humans are not well understood7. In this section, current knowledge about the intrinsic
and extrinsic factors that affect the abundance and function of transporters is presented,
highlighting research needed to fully understand the mechanisms by which transporter
activity can be modulated.

Intrinsic factors

A growing body of data support the influence of intrinsic factors such as genetics, ethnicity,
age, sex, physiologic states and organ-based diseases on transporter function (Fig. 2).

Genetics.—Functional genomic studies have revealed that several drug transporters carry
common reduced-function polymorphisms, which have been associated with interindividual
variation in drug response. Transporter polymorphisms are considered clinically relevant if
they result in functional changes and show significant associations in candidate gene studies
and genome-wide association studies. For example, the increase in plasma exposure (area
under the plasma concentration-time profile (AUC) and/or maximum plasma concentration
(Cmax)) of most statins due to hepatic SLCO1B1 variants encoding decreased function of
OATP1B1 transporter can lead to myopathy or rhabdomyolysis and is one of the most well-
established, clinically relevant examples of the effect of genetics on transporter function®.
Additionally, decreased function of intestinal ABCG2 variants increases rosuvastatin
exposure9. Recommended dosage adjustments for patients with SLCO1B1 and ABCG2
polymorphisms are available (https://cpicpgx.org/genes-drugs/). Reduced-function variants
in SLC22A1 impair hepatic uptake and increase the plasma exposure of drug substrates
including sumatriptan, morphine and ondansetron1%11. Advances in transporter science have
helped unravel the complexities of some DDIs and provided explanations for unexpected
pharmacodynamic effects. In the case of metformin, SLC22A1 variants are associated with
decreased hepatic distribution and reduced efficacy; importantly, this change in metformin
in the liver and the antihyperglycemic effect is not reflected in plasma exposurel2-13,

In addition to genetic polymorphisms, an increased understanding of the contribution of
epigenetics (for example, microRNAS) and other regulatory mechanisms to transporter
function will be important for elucidating the effects of intrinsic and extrinsic factors on
transporter-mediated drug disposition’14. Deep mutational scanning and other technologies
should be applied to important drug transporters in the liver, kidney and intestine for a
comprehensive understanding of the effects of genetic variants on transporter function,
membrane trafficking and overall protein levels.

Ethnicity, sex, pregnancy and ontogeny.—The exposure to several statins, notably
rosuvastatin, was higher in Chinese and Japanese subjects living in the US for at least 12
months compared with white individuals!®. Although some variability may be explained
by a higher frequency of the decreased-function ABCG2 variant (c.421A, p.141K) in
Chinese and Japanese populations, additional factors may contributel15. For example, a
genotype-independent ethnic variability in OATP1B1-mediated uptake of simvastatin has
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been suggested in Japanese participants16. Examples of transporter-mediated sex-related
differences in pharmacokinetics are rare to datel’. Hepatic and intestinal P-gp abundance

is slightly higher in males than females8-20, which might contribute to lower saquinavir
systemic exposure and higher clearance in males. Interestingly, polyethylene glycol
(PEG400) caused a sex-related modulatory effect on P-gp, resulting in up to a 58% increase
in urinary excretion of cimetidine in males but not females!®. Furthermore, in participants
with the ¢.521TT genotype of SLCO1B1, pravastatin plasma exposure was higher in females
than males?!. However, OATP1B1 abundance appeared to be similar in males and females?.
Although the effects of pregnancy on drug transporters are not as well characterized as

for metabolic enzymes, clinical studies revealed increased net renal secretion clearance of
amoxicillin (>50%), metformin (~40%) and digoxin (107%) during pregnancy, consistent
with increased renal transport likely by OAT1/3, OCT2 and P-gp, respectively?2:23,

Maturation of drug transport, which is often transporter and organ dependent?3-26, may
cause variability in pharmacokinetics, especially in neonates and infants (for example,

lower morphine clearance owing to OCT1 ontogeny)?. Differences in developmental
pattern could lead to different contributions of specific transport or metabolic pathways

to drug disposition in children versus adults. The available age-dependent protein abundance
data for clinically relevant transporters indicate that, in general, age-related changes in
transporters are less pronounced than metabolic enzymes23. However, further research
regarding the ontogeny of transporter function is needed for successful pharmacokinetic
predictions in paediatrics.

Liver disease.—L.iver disease has long been associated with reduced clearance of many
drugs, although the effects were attributed primarily to a decreased expression of hepatic
CYPs and other enzymes involved in drug metabolism?8. More recently, the influence

of liver disease on hepatic transporters and its effect on hepatobiliary drug disposition

have been reviewed29. Changes in hepatic transporters depend on the type and severity of
liver disease. For example, in patients with chronic hepatitis C virus and various degrees

of fibrosis, 99mTc-mebrofenin hepatic uptake, mediated by OATP1B1/1B3, was impaired
relative to the control; increased hepatic exposure of 99mTc-mebrofenin suggested impaired
MRP2 function30. Results of a proteomic analysis of hepatitis C virus-infected human
liver samples were consistent with downregulation of MRP2, MRP4, NTCP, OATP2B1 and
OCT13L,

In general, a progressive decrease in OATP1B activity occurs in patients with increasing
hepatic impairment. On the basis of plasma concentrations of the OATP1B biomarker
coproporphyrin I (CPI) and the systemic exposure of 21 substrate drugs, OATP1B activity
was estimated to decrease by as much as ~90% in patients with severe hepatic impairment
(Child-Pugh category C)32. Proteomic data for OATP1B1 and other transporters in patients
with specific liver diseases have previously been summarized23. The plasma exposure

of repaglinide was increased in chronic liver disease patients (Child-Pugh B or C with
cirrhosis), relative to controls, consistent with significantly decreased OATP1B1, CYP2C8
and CYP3A4 abundance33:34. Similarly, in cirrhotic patients (Child-Pugh B), pitavastatin
plasma exposure was increased ~threefold relative to healthy controls3®.

Nat Rev Drug Discov. Author manuscript; available in PMC 2024 October 09.
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Although obesity and other comorbidities related to nonalcoholic fatty liver disease

may confound pharmacokinetic alterations, in patients with noncirrhotic nonalcoholic
steatohepatitis (NASH), decreased OATP1B1/1B3 and MRP2 function contributed to
increased 99mTc-mebrofenin systemic and hepatic exposure3®, consistent with decreased
glycosylation of these transporters3”. Higher systemic concentrations of glucuronide
conjugates of morphine and acetaminophen in noncirrhotic adult and paediatric NASH
patients, respectively, are consistent with decreased MRP2 and increased MRP3 efflux38:39,

Renal impairment.—For many years, renal impairment was thought to affect solely
renal drug clearance, primarily through the loss of nephrons and an associated decrease

in filtration and tubular clearance. Recent studies have revealed the complexity of renal
disease on both hepatic and renal drug clearances and, in particular, on drug transporters
expressed in these organs. For example, in acute kidney injury, inflammation results in
increased plasma concentrations of pro-inflammatory cytokines such as interleukins (for
example, IL-1, IL-6, IL-8), tumour necrosis factor alpha (TNF-a) and interferon gamma,
and these cytokines can affect membrane transporters®0. For instance, in renal allograft
patients with ischaemic reperfusion injury-induced acute kidney injury, the total clearance
of the OAT1 substrate para-aminohippurate was reduced 8.6-fold*L. This correlated with
the redistribution of OAT1/3 to the apical plasma membrane in proximal tubule cells

and subsequent excretion of the transport proteins in urine42. In chronic kidney disease
(CKD), the pharmacokinetics of drugs that undergo renal and non-renal elimination may
be altered?3:29, For instance, CKD increased systemic exposure of hepatically cleared drugs
such as pitavastatin (OATP1B1/1B3 substrate) and fexofenadine (OATP1B1/1B3/2B1 and
P-gp substrate)?°, and also CP1 (OATP1B1/1B3 and MRP2 substrate)*3. Interestingly, CKD
may also affect intestinal BCRP and/or P-gp based on findings that the inhibitory effect

of rifampin was more pronounced on the unbound plasma Cmax than on the unbound
AUCO-inf after oral administration of a microdose of dabigatran etexilate, rosuvastatin and
atorvastatin in patients with various stages of CKD*3. The mechanism by which CKD
affects transporters is unclear but may be because of elevated uremic toxins in plasma

that inhibit transporters or modulate transporter abundance44. Although no correlation was
observed between increased levels of systemic uremic toxins and OATP1B inhibition in
patients with various degrees of CKD*3, several uremic toxins inhibited OAT1/3 in vitro®>.

Extrinsic factors

The function and levels of transport proteins may also be affected by extrinsic factors, such
as diet, herbal or medication use, the microbiome and environmental exposure. In some
cases, the mechanisms have been elucidated, but in others the exact mechanisms remain
unknown (Fig. 2).

Microbiome.—The role of the microbiome in drug disposition and the regulation of drug
transporters is an emerging area of research. Many of the uremic toxins that accumulate in
CKD and inhibit transporters are produced by the gut microbiome#6:47. Short chain fatty
acids and secondary bile acids produced by the gut microbiota upregulated P-gp, whereas
antibiotic treatment-induced perturbations of the microbiota in mice decreased P-gp levels?8.
These findings were supported by data from patients with ulcerative colitis*8.

Nat Rev Drug Discov. Author manuscript; available in PMC 2024 October 09.
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Food and herbs.—Food-drug interactions involving grapefruit juice and CYP3A4 are
well characterized, but the effect on transporters is now also recognized and extends to
other fruit juices. For example, orange and apple juice decreased aliskiren plasma exposure
by ~60%, likely through intestinal OATP2B1 inhibition49. Similarly, grapefruit, apple and
orange juice reduced fexofenadine exposure up to ~77%°0. However, mechanistic data

on the role of OATP2B1 versus OATP1A2 or other factors in intestinal DDIs (e.g., fruit
juice interactions) are conflicting with the clinical observations because of uncertainty in
the localization of OATP2B1 in the intestine®1:°2, inconsistent effects of polymorphisms

in SCLO2B153 and reports on presence/absence of intestinal OATP1A254:5%, Flavonoids,
which inhibit drug-metabolizing enzymes, are thought to be the constituents in juice

that may also inhibit intestinal transporters. More inhibitory compounds continue to be
discovered (e.g., avicularin in cranberry juice56). Furthermore, catechins in green tea may
inhibit drug transport, as shown by a 70% decrease in fexofenadine exposure following
administration of green tea extract®’. The flavonoid quercetin, found in many foods (for
example, onion), inhibits OATP1B1-mediated statin transport. Although quercetin-mediated
increases in pravastatin systemic exposure in healthy participants are modest>8, interactions
of dietary constituents with transporters, especially those used as herbal supplements,
warrant further investigation. The effects of some botanical natural products on P-gp are
documented. For instance, the antidepressant hyperforin, the active ingredient in St John’s
Wort, induces intestinal P-gp, resulting in reduced oral bioavailability of the P-gp substrate
talinolol®®. Although components in an extract of the herb Goldenseal were relatively potent
inhibitors of several clinically relevant drug transporters in vitro, a significant reduction
was observed only in metformin plasma exposure after administration of an oral drug
cocktail consisting of furosemide, metformin and rosuvastatin60. In cocktail study design,
the selection of probe substrates and their doses is important when establishing a standard
approach to study natural product—drug transporter interactions.

Medications.—Since the first ITC publication on transporters, the mechanisms of
transporter inhibition and induction have been increasingly revealed®:62, nitial assessments
for transporter (for example, OATP1B) DDI risk typically are based on in vitro substrate and
inhibitor studies in recombinant cell lines or membrane vesicles®3, assuming competitive
inhibition. Preincubation of OATP1B1 inhibitors (for example, cyclosporine) has been
shown to increase their inhibitory potency®* and has been recommended for evaluation

of OATP1B1/1B365, Several tyrosine kinase inhibitors (TKIs) that are potent inhibitors of
LYN kinase reduced OATP1B1 phosphorylation, which correlated with a reduced activity
of human OATP1BL1 in cell lines, and increased rosuvastatin plasma exposure, at least in
mice66. This opens the possibility that the pharmacological activity of TKIs could explain,
in part, DDIs caused by this class of drugs. Similarly, the treatment of sandwich-cultured
human hepatocytes with the farnesoid X receptor agonist obeticholic acid increased protein
levels and activity of OSTa/B8’. Clearly, transporter regulation is an emerging field, and
more work is needed’.

Environment.—Our understanding of how environmental factors influence transport
proteins remains rudimentary. Environmental exposure to heavy metals (e.g., mercury,
cadmium) may directly or indirectly inhibit transporters leading to adverse effects, for

Nat Rev Drug Discov. Author manuscript; available in PMC 2024 October 09.
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example, increased fetal exposure to other harmful BCRP substrates such as aflatoxin B1
and heterocyclic amines68. These factors are discussed in more detail in the “Transporters
and toxicity” section. Modelling and simulation Physiologically based pharmacokinetic
(PBPK) modelling is now the major translational tool in drug development for drugs

that are substrates or inhibitors of transporters. PBPK has gained broad acceptance in
regulatory submissions8%:70 and has been used for a variety of diverse applications, including
the characterization of transporter-mediated disposition mechanisms in healthy and other
populations?3.71.72 (Fig. 3 and below).

Transporter-mediated drug disposition/clearance

Organ clearance of transporter substrates is governed by either transporter—transporter

or transporter—enzyme interplay; these individual processes are defined by the extended
clearance concept’1:73. In vitro— in vivo extrapolation (I\VIVE) of transporter-mediated
clearance and the ability of PBPK modelling to integrate multiple mechanisms

and investigate their interplay mechanistically have proven valuable in predicting
pharmacokinetic/DDIs of transporter substrates. Various IVIVE methods have been
evaluated, including the relative expression factor (REF) approach. REF is enabled by
advances in quantitative proteomics and provides correction for differences in individual
protein levels between in vitro systems and tissues’?:74.7>, Leveraging the IVIVE principles,
mechanistic PBPK models have been applied to predict transporter-mediated disposition for
certain drugs’®77 and in certain disease populations (e.g., obesity’8, Crohn’s disease79).
The broader application in disease still needs to be demonstrated, together with establishing
correlations between transport protein levels and functional activity for different tissues and
disease states, which would further increase confidence in using transporter proteomic data
in PBPK modelling. Although for several drug transporters IVIVE is established for cellular
systems such as hepatocytes and recombinant cell lines, the translational ability of such data
from novel complex cellular models such as microphysiological systems80 remains to be
ascertained.

‘Fit-for-purpose’ PBPK models have been extensively described and evaluated for their
ability to capture transporter-mediated disposition in the liver and kidney, partly because
of the availability of clinical pharmacokinetic data to enable model verification and/or
optimization of transporter activity/protein abundance3481-83 |n contrast, IVIVE methods
are not as extensively evaluated in areas such as oral absorption or local tissue distributions,
due to limitations in the quantitative interpretation of in vitro data for efflux transporters
and/or limited availability of in vivo data for model verification. Emerging proteomic or
tissue imaging data are critical for the refinement of PBPK-based predictions of tissue
exposure (Fig. 3), as demonstrated for the prediction of liver exposure of OATP1B

and OCT1 substrates84,85 or brain penetration for P-gp/BCRP substrates®¢:87. Despite
successes, PBPK models to predict changes in transporter-mediated drug disposition and
tissue exposure are generally hindered by the presence of multiple transporter orthologues,
a lack of substrate specificity, limited selective inhibitors, difficulty in deriving proteomics-
based scalars for individual transporters, limitations of in vitro methodologies to delineate
multiple transport mechanisms/ratelimiting steps, and a lack of quantitative proteomic

Nat Rev Drug Discov. Author manuscript; available in PMC 2024 October 09.
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methods to differentiate between active and inactive proteins. Further research to address
these specific gaps is needed.

Transporter-mediated DDIs

PBPK modelling has been used extensively to predict transportermediated DDIs, to allow
study waivers and to inform dosing recommendations in polypharmacy13:23.70.72,83,88,89,
With multiple transporters localized in the basolateral membrane of hepatocytes or proximal
tubule cells, it is important to characterize the fraction transported (ft) by the individual
transporter and the contribution of passive diffusion to the overall uptake. This information
is critical for the mechanistic prediction of transporter-mediated DDIs. The ft estimates

of OATP1B-mediated hepatic uptake determined using chemical inhibition in primary
hepatocytes, or REF approaches using transfected cell data, were shown to reasonably
explain the DDIs of statins with OATP1B inhibitors (e.g., rifampin, cyclosporine)90:1,
PBPK models enable considerations of multiple interaction mechanisms when evaluating
investigational drugs as transporter inhibitors. At this point, there is still some ambiguity
in the success of IVIVE of inhibition interaction parameters (IC50/Ki) due to lab-to-

lab method variables (cell systems, incubation conditions), substrate-dependent inhibition
observed for some transporters and other factors.

Direct use of in vitro interaction parameters has generally resulted in the under-prediction

of the magnitude of transporter-mediated DDIs272. Therefore, verification of initial ‘bottom-
up’ models with relevant clinical data is important before model application to predict

DDls involving specific pathways. To that end, endogenous biomarkers emerged as an
alternative to clinical DDI data using probe drug(s), wherein drug-induced changes in
biomarker pharmacokinetics or renal clearance can be leveraged to verify and refine the
transporter interaction parameters. This concept has been illustrated by using CPI data to
estimate in vivo OATP1B Ki for rifampin®2 and 4-pyridoxic acid data to refine probenecid
OAT1/3 Ki%, Recently, biomarker-informed PBPK modelling using in vivo Ki estimated
from CPI data successfully predicted the magnitude of clinical DDIs for multiple OATP1B
inhibitors with various magnitudes of inhibition, demonstrating the potential in combining
biomarker information and PBPK models to refine/replace clinical transporter-mediated DDI
studies®9 (Fig. 3).

Uptake transporter substrates may exhibit elevated intracellular unbound concentrations
relative to plasma and thus pose a higher risk as hepatic CYP/efflux transporter inhibitors
or inducers. As such, it is critical to assess the in vitro intracellular concentrations first and
then predict the in vivo intracellular concentrations through a PBPK model®8. Notably, a
PBPK model trained to describe systemic pharmacokinetics may not necessarily predict
liver exposure and may need to be further verified with either tissue exposure data
obtained by positron-emission tomography imaging or relevant pharmacodynamic data’?.
Despite the lack of adequate holistic in vitro tools and challenges with the verification of
unbound intracellular exposure predictions, consideration should be given in the mechanistic
modelling and simulations to understand the elevated CYP modulation risk for uptake
transporter substrates. Intestinal efflux transporters, BCRP and P-gp, are important loci for
clinically relevant DDIs. Mechanistic models for probe drugs rosuvastatin®3:97 and digoxin
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or dabigatran etexilate®8:98.99 have been developed to study the effect of inhibitor/inducer
drugs on these mechanisms in vivo, or explore intestinal regional differences/interplay with
perpetrator absorption®4:88, Recent studies demonstrated adequate predictions of BCRP-
mediated DDIs using in vitro inhibition data, implying that a PBPK modelling approach can
effectively predict DDI risk involving intestinal efflux in drug development®3.

Disease states and specific populations

In recent years, exciting progress has been made in extending PBPK modelling efforts to
specific populations, including patients harbouring different diseases (for example organ
impairment, NASH) and paediatric and pregnant populations23. In some instances, model
development was supported by increased availability of transporter proteomic data in those
populations (e.g., cancer’®, NASH191), Existing paediatric proteomic data suggest that
transporter abundance follows less noticeable age-dependent changes than metabolizing
enzymesi92, However, the knowledge of transporter developmental biology in extrahepatic
organs is still limited193, which needs to be considered when developing paediatric PBPK
models?3.104,

In areas where transporter proteomic data are inadequate, an analysis of clinical data

for a wide range of substrate drugs in such patients is critical to inform disease-related
changes in system parameters in PBPK models. Examples of such approaches include

an estimated 50% decrease in the renal OAT1/3 transporter activity, in addition to the
decline in glomerular filtration rate in severe stages of CKD105, Alternatively, PBPK
modelling of clinical data reported for either transporter probe drugs and/or endogenous
biomarkers can be used to gain insight into disease-mediated modulations in transporter
function106-108_For instance, PBPK modelling of CPI and several substrate drugs suggested
up to ~90% reduction in OATP1B-mediated uptake in patients with hepatic impairment32
and ~40% decrease in CKD19, These examples emphasize the importance of stepwise
model development strategies (i.e., initial model verification against pharmacokinetics and
DDl data in healthy participants before the extension of the model to specific patient
populations), as shown recently for 4-pyridoxic acid1%°. Despite these advances, prospective
PBPK modelling of transporter-mediated processes in specific populations has not yet
gained complete confidence in regulatory submissions for exploring untested/’what-if’
scenarios?3,

Endogenous biomarkers

The discovery and validation of biomarkers, endogenous substrates of transporters, have
significantly advanced the assessment of transporter-mediated DDIs. Monitoring changes in
the disposition of these endogenous substances as indicators of altered transporter function
in vivo offers the possibility to assess a new molecular entity as a transporter modulator

in early drug development. The last decade has witnessed considerable efforts towards

the identification, characterization and validation of endogenous biomarkers to monitor
transporter activities in vivo and to support the early assessment of DDIs. Quantitative
prediction of DDIs involving transporter inhibition is challenging because of the uncertainty
in the translatability of in vitro inhibition data (i.e., ICsg), and complex interplay among
multiple transporters/enzymes223.71, Furthermore, current static DDI prediction models
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based on in vitro data and certain assumptions about the concentrations of inhibitors often
result in false-negative and false-positive predictions!10:111, As such, measuring biomarkers
that are selective for transporter(s) of interest in early-phase clinical investigations (for
example, dose escalation studies) has become an attractive approach to facilitate transporter-
mediated DDI risk assessments, in conjunction with PBPK modelling (Supplementary
Tables Sla and S1b). As a result, there have been numerous academic and industry efforts
to discover and validate biomarkers for a variety of drug transporters, including hepatic
(OATP1B1, OATP1B3 and OCT1) and renal transporters (OAT1, OAT3, OCT2, MATE1
and MATE2K)112-117 An ITC publication in 2018 summarized the key features of these
biomarkers and provided recommended methods to identify and validate biomarkers for the
evaluation of DDIs via certain transporters®. Since then, the field has rapidly progressed
and resulted in the (1) discovery of additional novel biomarkers with high sensitivity and
selectivity for several hepatic/renal transporters119:118-120 (2 generation of rich clinical
datasets to further validate selectivity and sensitivity of selected biomarkers (for example,
CPI as OATP1B biomarker)9:117.121-123 (3) evaluation of transporter function and DDIs
in diseased populations (for example, organ impaired patients)3243 and (4) development

of biomarker-informed modelling approaches to either support their qualification92,93 or
to quantitatively translate biomarker data to predict transporter-mediated DDIs9%4.109.124-
126 On the basis of our increased understanding of the in vivo kinetic properties of

the various transporter biomarkers, the ITC recommends monitoring several hepatic and
renal transporter biomarkers in clinical phase | studies when in vitro studies suggest
clinical DDI potential. Figure 4 illustrates the proposed classification of endogenous
biomarkers for several hepatic and renal transporters and recommendations for their
application in drug development to improve DDI de-risking and management strategies.
This classification is based on their selectivity (in vitro transporter phenotyping profile and
in vivo pharmacogenomic data), sensitivity (clinical DDI studies with known transporter
inhibitors with different inhibition potency and variability in biomarker baseline) and
predictability (prediction performance in the clinical DDI studies and/or PBPK modelling
and simulation). The data and existing evidence that support our recommendations are
summarized in Supplementary Tables S1a and S1b. Measurement of CPI is recommended
in early-phase clinical studies, and data for this biomarker can be applied for OATP1B

DDI risk assessment given its superior selectivity, sensitivity and prediction performance
compared with other biomarkers (i.e., Tier 1 biomarker). Considering existing evidence,
we propose collecting data for GCDCA-3G (OATP1B1), GDCA-3G (OATP1B1), GCDCA-
S (OATP1B), 4-pyridoxic acid (PDA) (OAT1/3), N1-methylnicotinamide (NMN) and
creatinine (OCT2 and MATE1/2K) as Tier 2 biomarkers in early clinical studies. Recent
studies have shown that GCDCA-3G and GDCA-3G are more selective for OATP1B1118,
whereas GCDCA-S is a more selective biomarker for OATP1B3122, in addition to

being an OAT3 substrate. Therefore, monitoring GCDCA-S in both plasma and urine is
recommended if the new molecular entity is a dual inhibitor of OATP1B3 and OAT3116.122,
These Tier 2 biomarkers should be measured together with a Tier 1 biomarker (CPI) in

a multiplexed approach. However, drug-induced changes in these biomarkers should be
carefully considered in the DDI risk assessment/decision-making processes, as they are

not yet fully validated. In contrast to CPI, all bile acid conjugates show larger baseline
diurnal variability and may potentially be affected by food, which needs to be considered
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in the data interpretation/study design. As clinical studies are time-consuming, costly and
associated with some health risks to the trial participants, an important use of a biomarker
is to demonstrate no or limited risks of transporter-mediated DDIs (decision tree in Fig.

5), thereby obviating the need for a separate dedicated clinical study. Currently, the Tier 1
biomarker CPI has sufficient clinical data with inhibitors of various potencies as highlighted
above and is considered validated for this purpose (Supplementary Table S1a).

Recently, a cut-off value for applying CPI data to de-risk OATP1B DDIs has been

derived based on a retrospective analysis of clinical CPI and OATP1B DDI data, and
recommendations on study design/data interpretation have been provided2?. In addition,
there are several important considerations regarding clinical development (see the Fig. 5
legend). One important factor is the design of clinical studies from which the biomarker
kinetic data are obtained. For example, if a biomarker is monitored in first-in-human

studies with a limited number of participants covering the clinical dose, raw observed

data might not be sufficient for detecting weak transporter inhibition. In such cases, model-
based approaches (for example, population PK modelling) can be used to leverage the

entire dataset across wide dose levels!?8. One way to ensure the robustness of biomarker
observations is to not only focus on the point estimate of the observed magnitude of the
interaction, but to also provide confidence intervals, either from a statistical summary of

the raw observed data or model-based approaches, and to compare that with expected

results from clinical studies. The needed level of confidence depends on the stage of

clinical development — relatively limited data from firstin- human studies can be sufficient
for inclusion/exclusion criteria for Phase 2/3 clinical studies, and more data can be
accumulated in parallel with the conduct of confirmatory studies. The final step in biomarker
application is to quantitatively predict the magnitude of DDIs based on the biomarker
kinetics and inform the co-medication recommendations. This application requires model-
based approaches?4:95.125.129 5 discussed in more detail in the “Modelling and simulation”
section and illustrated in Figs. 3 and 5. Transporters and toxicity Given the evidence that
drug transporters regulate both systemic and local concentrations of unbound drugs, it is not
surprising that drug transporters can directly or indirectly contribute to drug-induced organ
toxicity. Over the past decade, several papers!30-133 have examined the role of transporters
in drug toxicity. Furthermore, recent studies have shown that tissue-specific expression of
several transporters can contribute to local drug accumulation and DDIs and that functional
alterations in these transporters can directly influence an individual’s susceptibility to
drug-induced organ injury. This section will highlight prominent examples of transporter-
mediated drug toxicities (Fig. 6a), emerging approaches to navigate these toxic effects and
available risk assessment tools. Although SLC transporters play a vital role in the absorption
and disposition of essential micronutrients and macronutrients, they can also mediate the
uptake of drugs and other xenobiotics, thereby playing unintended and sometimes harmful
roles in response to such molecules. For example, injury to neurons and the heart resulting
in peripheral neurotoxicity and cardiotoxicity, respectively, are particularly common adverse
events of cancer therapeutics. Although the mechanisms underlying these side effects remain
incompletely understood, multiple studies have shown that many cytotoxic anticancer drugs
accumulate extensively in healthy cells such as peripheral neurons and cardiomyocytes

and that this process accounts, at least in part, for selective toxicity to these cells134.135,
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Several studies have confirmed the expression of certain SLCs in peripheral neurons and
cardiomyocytes that are known to transport a broad range of clinically relevant xenobiotics,
including anticancer drugs such as oxaliplatin and doxorubicin (Fig. 6). Although still
largely unexplored, one strategy that could offer neuroprotection or cardioprotection is to
intentionally inhibit this transport process with pharmaceuticals to restrict drug access to the
site of injury, thereby preventing drug accumulation that results in the clinical manifestations
of toxicity36. Among the class of SLCs, the importance of OCTs as mediators of neuronal
and cardiac uptake of drugs has been reasonably well established, and this collective

work has demonstrated contributions of OCT2 to oxaliplatin transport!37 and of OCT3

to doxorubicin transport138. Similarly, a role for certain OATPs has been implicated in the
transport of the neurotoxic chemotherapeutic drug paclitaxel in rodents by a mechanism
that is sensitive to pharmacological inhibition by the TKI nilotinib13°. In contrast, SLC
inhibitors can directly disrupt the uptake and use of nutrients by cells, leading to a range

of toxic effects. Fedratinib has been associated with Wernicke’s encephalopathy, which is
thought to be because of its ability to inhibit thiamine transporter 2 (THTR2)-mediated
uptake in the gut and potentially into the brain140.141, Reduced function of ABC transporters
via genetic alteration or inhibition can have toxic consequences. Genetic polymorphisms in
BSEP and MDR3 are associated with the cholestatic liver diseases known as progressive
familial intrahepatic cholestasis (PFIC) type 2 and 3, in which cholestatic injury occurs from
increased intracellular bile acid concentrations due to reduced biliary efflux, and increased
free biliary bile acids due to reduced biliary phospholipid translocation from hepatocytes
into bile, respectively130. Inhibition of BSEP or MDR3 by xenobiotics has been associated
with cholestasis and drug-induced liver injury?30. Inhibition of MDR3 has also been
associated with bile duct hyperplasia and cholecystitis42143, Another ABC transporter,
P-gp, in the blood-brain barrier can modulate the neurotoxicity of methadone used to treat
opioid addiction. Following fatal overdoses with methadone, higher brain-to-blood ratios
were detected in patients expressing a polymorphic variant of P-gp associated with reduced
function compared to patients expressing the transporter wild typel3l. Uptake and efflux
transporters are also involved in cellular exposure leading to adverse human health effects
because of heavy metals, including the drinking-water contaminant arsenic (MRP2/MRP4)
and the ubiquitous environmental pollutant mercury (OAT1/OAT3)131, Humans are exposed
to the heavy metal cadmium primarily through diet, smoking or industrial use. Cadmium is
excreted by BCRP and MRP2, but elimination is not as efficient as uptake/sequestration
resulting in adverse health effects in the kidney, liver, bone, lung and cardiovascular
system131. Recently, therapeutic approaches aimed at transport pathways to reduce toxicity
have been studied. Although further investigations are needed to determine the feasibility of
such approaches in the clinic, several caveats exist including the need for pathway-specific
transporter inhibitors. Studies to mechanistically link transporters to an underlying toxicity
can be challenging because of a lack of selective substrate/inhibitor pairs, robust in vitro
and in vivo test systems, profound species differences and lack of clear in vitro-to-in

vivo translation. For example, although individuals carrying BSEP gene mutations develop
cholestatic injury associated with PFIC2, rodents with Bsep gene knockout are fertile

and viable and only develop a mild nonprogressive intrahepatic cholestasis30. Therefore,
more comprehensive and physiologically relevant in vitro systems that recapitulate the in
vivo functionality (for example, 3D cultures, primary cell co-cultures, microphysiological
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systems) are in increasing demand. However, the characterization and optimization of
advanced cellular systems for transporter function remain at an early stage. Combining

in vitro test systems, animal safety data and mathematical modelling (Fig. 6b) approaches is
required to de-risk and predict the clinical outcomes of transporter-induced organ toxicity.
Assessing in vitro BSEP inhibition for investigational drugs has been increasingly adopted
in the pharmaceutical industry30. However, in vitro BSEP IC50 alone cannot accurately
predict clinical drug-induced liver injury. Additional mechanisms associated with bile
acid accumulation in hepatocytes in addition to BSEP inhibition are investigated in some
cases30, Early termination of drug candidates that are associated with toxic findings

and the advancement of safe molecules that will most likely succeed are achieved by

the introduction of well-defined testing strategies that ensure the implementation of the
appropriate in vitro/in vivo test models.

Regulatory science considerations

The assessment of DDIs is an integral part of drug development. These DDIs can involve the
modulation of various transporters, which may affect drug concentrations in the systemic
circulation and/or specific tissues thereby affecting drug efficacy and/or safety. Here,
regulatory considerations are discussed, focusing specifically on transporter-mediated DDIs.

Transporter-mediated DDIs caused by inhibition

The regulatory guidance documents recommend evaluating the inhibition potential of
investigational drugs towards several transporters (i.e., BCRP, MATE1, MATE2K, OAT1,
OAT3, OATP1B1, OATP1B3, OCT2, P-gp). The EMA guideline also recommends that
consideration is given to investigating the inhibitory effect of a drug on OCT1 and preferably
also on BSEP. The current guidance documents from several regulatory agencies (for
example, FDA, EMA, Pharmaceuticals and Medical Devices Agency) are in line with this
general framework, with some differences in terms of the cut-off values or decision criteria
used in basic models. Recently, a draft of a globally harmonized DDI guideline, M12, has
been published for public consultation by the International Council for Harmonization of
Technical Requirements for Pharmaceuticals for Human Use (ICH), in which the cut-offs
for corresponding transporters are unified!44. An initial qualitative assessment of the in vivo
potential for a drug to inhibit transporters uses basic models with decision criteria. If the
drug interaction potential cannot be ruled out by these basic models, further assessment

is warranted either by conducting a clinical DDI study or by quantitative prediction with
more sophisticated models (e.g., PBPK models). The cut-offs are generally selected with
intention to minimize false negative predictions, but inevitably they lead to false positive
predictions. For example, dividing the dose by 250 ml to estimate intestinal luminal
concentrations for P-gp and BCRP inhibitors likely overestimates inhibitor concentrations
for drugs that have poor solubility, leading to false positive predictions'4®. For OATP1B1/3
inhibition, various decision criteria were evaluated for prediction performance showing
positive prediction error values of 27% to 43%%10 (that is, the proportion of studies that
were conducted unnecessarily because there was no observed in vivo DDI), with 35%
obtained for the current recommended criteria in the FDA guidance. Similar positive
prediction error values were observed for the proposed criteria by the FDA to predict

DDIs mediated by OCT2/MATES or OAT1/3 inhibition146. It should be noted that these
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decision frameworks for the prediction of transporter-mediated DDIs offer a qualitative
(yes/no) prediction, primarily to rule out the potential of a drug to inhibit transporters

in vivo based on in vitro inhibition data and do not provide a quantitative prediction of

the extent of DDIs. In addition, the decision frameworks only consider one transporter

at a time, whereas in clinical settings a DDI may occur with multiple enzymes and/or
transporters. Mechanistic static models and PBPK models have been used for quantitative
predictions of transporter-mediated DDIs; these models are considered at different stages

of drug development depending on data availability®>72.147. Although static models require
fewer resources and less data than PBPK models, their inability to capture dynamic profiles
of perpetrators and substrates at sites relevant for interaction is a significant limitation

for the evaluation of transporter-mediated DDIs2. In contrast, PBPK models offer a wider
range of capabilities, for example, simulation of systemic and tissue concentration—time
profiles at pharmacologically and toxicologically relevant sites, which is critical for the
investigation of complex DDI scenarios involving multiple transporters and/or transporter-
enzyme interplay (further details in the “Modelling and Simulation” section)223.71, The
number of regulatory PBPK applications related to transporters has increased significantly in
the past 5 years23:69.70: among those submissions, the prediction of transporter-mediated
DDls (mainly for OATP1B1 and BCRP) remains one of the key applications. The

analysis of submissions from 2018-2021 showed that 59% of submissions evaluated the
investigational drug as a perpetrator, 27% evaluated the investigational drug as a substrate
and 14% were intended to evaluate the investigational drug both as a perpetrator and
substrate23, Some recent examples of PBPK model applications to inform drug labelling of
transporter inhibitors or substrates include cabotegravir (OAT1/3)148, mitapivat (OAT3)149
and atogepant (BCRP)1%0, Besides the refinement of inhibitor PBPK models, models for
transporter substrates (victim drugs) should also be established and verified with appropriate
clinical studies. One critical factor for predicting transporter-mediated DDIs is the term £. In
addition to in vitro methods (“Modelling and simulation” section), this value can be derived
from clinical DDI studies of a substrate conducted with strong inhibitors that are relatively
specific for an individual transporter, similar to the approach used with metabolic DDIs.
However, transporter inhibitors are often non-selective and affect multiple transporters
and/or enzymes. Equally challenging, transporter substrates often share substrate specificity
with other transporters/enzymes4. Hence, it is not straightforward to dissect the contribution
of an individual transporter to the observed DDI effect and derive the ft. In certain
instances, pharmacogenetic analyses are used to estimate # values!2:64, Although this
approach provides useful information, some polymorphisms such as the BCRP ¢.421C>A
and OATP1B1 ¢.521T>C show decreased transporter activity but do not completely abolish
function of BCRP or OATP1B1, and therefore, such data may underestimate #. Thus,

the confidence in the # of a substrate may need to be considered based on the totality

of data. Endogenous biomarkers of drug transporters have received considerable attention
as a possible additional clinical tool to support the evaluation and prediction of transporter-
mediated DDIs in vivol®l. Major advances have been made in recent years to identify
various biomarkers for OATP1B1/3 and OAT1/3 (See “Biomarker” section). The evaluation
of several biomarkers has now been incorporated into the development process?>152; among
these, CPI is the most established biomarker so far (Fig. 4). The strategy of leveraging
biomarkers for a drug predicted to have the potential to inhibit a transporter in vivo is that
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one or multiple biomarkers for that transporter of interest are measured during early clinical
studies of the drug in development (for example, single-dose or multiple-dose escalation
studies, Fig. 5). If the drug does not significantly alter the level of the biomarker(s), then

it is considered less likely to inhibit the transporter in vivo, whereas significant changes in
biomarker levels confirm a potential interaction risk and support the conduct of a clinical
study as a follow-up. In addition, biomarker data can be used in combination with PBPK
models to refine the in vivo inhibitory potency of an investigational inhibitor drug%+109,
which is critical for the prediction of the magnitude of the transporter-mediated DDI, but

is often not accurately reflected by in vitro measured 1C50 or Ki data (further details in
“Biomarkers” and “Modelling and simulation”sections).

Metabolites of drugs as inhibitors of transporters

Metabolites of drugs can also contribute to DDIs leading to ‘unexpected’ interactions

if only the parent is evaluated as the inhibitor using in vitro methods. Gemfibrozil
glucuronide contributes to the OATP1B inhibitory effect of gemfibrozil'>3. Norverapamil
is another example; it has comparable concentrations to verapamil and is a more potent
P-gp inhibitor than verapamil®4. However, there are generally less data or predictive models
with decision criteria available for metabolites compared with parent drugs. The general
principles and strategies for the evaluation of parent drugs could be applied to metabolites,
when applicable. The draft ICH M12 DDI guideline adopts the same recommendation for
transporters as for CYPs. From a pragmatic perspective, it recommends the conduct of in
vitro experiments to evaluate the transporter inhibitory potential of metabolites that have
AUCmetabolite/AUCparent > 25% and that are also major metabolites (i.e., account for

at least 10% of drug-related material in the circulation based on radioactivity data from

a mass balance study). This approach may stimulate the generation of more data to fill

the knowledge gap, and the recommendation could be revisited when more data become
available.

Transporter-mediated DDIs caused by induction

Compared with the induction of CYP enzymes, there are far fewer studies assessing the
induction of transporters. P-gp is the most studied transporter and can be induced by
activators of the nuclear receptor, pregnane X receptor (PXR), which also regulates the
expression of CYP3A4. Because P-gp appears to be less inducible than CYP3A461.155,
the draft ICH M12 DDI guideline provides recommendations on whether a clinical DDI
study with P-gp substrates may be needed by considering multiple factors including the
magnitude of CYP3A induction by an investigational drug144. On the contrary, there is
less consensus on the induction of OATP1B61:62, One challenge with interpreting clinical
transporter-mediated DDI data is that the substrates are often nonspecific and the potential
involvement of other transporters or enzymes confounds the interpretation of the clinical
data. Further research is warranted to investigate the clinical relevance and mechanism(s)
of OATP1B1/3 induction. Emerging technologies and advances In the past decade, new
technologies have been applied to advance basic, translational and clinical research in SLC
and ABC transporters, as described in a recent ITC publication®6. Here, two major areas
that have not been extensively covered previously are focused on: new structures available
through cryogenic electron microscopy (cryo-EM), especially ligand-bound structures,
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and modulation of transporter function via CRISPR—Cas9. Transporters mediate complex
molecular events involved in substrate recognition, binding, translocation and release!®’.
Furthermore, many transporters harness ion gradients to bind and translocate their substrates
against a concentration gradient. Experimental structures of transporters, along with
functional studies and molecular/computational simulation, have helped us to understand
these complex mechanisms1°6 (Table 1). New and ligand-bound structures of SLC and ABC
transporters In the past few years, enormous advances have been made in the determination
of protein structures for transporters in both the SLC and ABC superfamiliest56-159,
Notably, structural information is now available for approximately 50% of the transporters
in the human ABC superfamily, which has led to a new understanding of substrate binding
and transport mechanisms of many members of this important superfamily. In contrast,
although progress has been made, structural data are available only for ~15% of the

human SLC superfamily members. Since the ITC review in 2022196, several new structures
of SLC and ABC transporters have been published (Table 1). Those structures that are
particularly relevant to drug development include SLC19A1160, the reduced folate carrier,
which plays a role in methotrexate disposition; the organic anion transporting polypeptides,
SLCO1B1 and SLCO1B3161.162: and the organic cation transporters, SLC22A1, SLC22A2
and SLC22A3163.164 \which play critical roles in the disposition of a variety of drugs and
endogenous molecules. Cryo-EM structures of transporters that are bound with ligands that
are inhibitors, substrates or inducers allow us to identify the precise residues bound to the
ligands and, therefore, to understand the structural determinants of transporter function (see
examples in Table 1). Such information is critical in the design and development of drugs
that target transporters. With more available structures, de novo prediction by AlphaFold2
and/or comparative modelling, rational drug design and ligand discovery for transporters
have been enabled. Modulation of transporter function via CRISPR-Cas9 genome editing
CRISPR-Cas9 and related techniques enable fine-tuned genome editing, without the need
for time-consuming and costly protein engineering steps that were limitations of earlier
techniques. These advances have paved the way for the development of more precise in
vitro and in vivo tools for transporter research, as well as for genome-wide approaches to
deconvolute transport mechanisms. Cell lines overexpressing heterologous transporters have
been used extensively in transporter research. Delineating transport mechanisms is, however,
often complicated by the background expression of endogenous transporters in the host

cell line, and inhibitors selective for individual transporters are rare. CRISPR-Cas9 genome
editing has been used successfully to address such limitations. For example, the expression
and function of canine Mdr1/P-gp (Abcbl) was completely ablated in Madine-Darby canine
kidney cells, which are commonly used to host human ABC efflux transporters, for example
in the assessment of central nervous system exposure65, Canine knockout cells transfected
with human P-gp (ABCBL1) or BCRP (ABCG2) resulted in improved classification of efflux
substrates, reconciling several earlier inter-assay discrepancies, and demonstrating species
differences in substrate efflux166-168. Similarly, the selective knockout of P-gp, BCRP

or MRP2 in the widely used model of intestinal drug absorption, Caco-2, enabled the
deconvolution of efflux pathways in a more complex and in vivo-like system, in which
multiple transporters contribute to drug permeability16®. Knockout of MRP1 (ABCC1) in
NCI-H441 cells via a targeted CRISPR—Cas9 approach identified 5(6)-carboxyfluorescein
as a suitable probe to study MRP1 functional activity170. The CRISPR—Cas9 system has

Nat Rev Drug Discov. Author manuscript; available in PMC 2024 October 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Galetin et al.

Page 18

also been used in elegant studies to knock out transporters in a human-induced pluripotent
stem cell line to validate findings from genome-wide association studies'”1:172, Mouse
knockout models have been used widely for several decades to assess the effects of

various transporters in vivo, although data must be interpreted cautiously owing to the
potential for compensatory changes in other transport or metabolic pathways. Initially,
Zn-finger technology and, more recently, CRISPR-Cas9 have been applied to establish
similar models in other species commonly used in nonclinical pharmacokinetics and

safety studies. For example, CRISPR-Cas9 knockout models of rat Mdrla/b (Abcbla/b),
Oatplb2 (Slcolb2) or the combination of Oatl/3 (Slc22a6/Slc22a8) have been reported,
demonstrating an altered systemic exposure of the model substrates digoxin, pitavastatin
and furosemide, respectivelyl73-175. CRISPR-Cas9 is a valuable tool to generate knockout
mice for preclinical drug evaluation. The relative ease of selective editing using CRISPR,

in which multiple genomic regions can be targeted using identical setups by varying only
the guide RNA, has greatly simplified genome-wide as well as focused screening for genes
involved in specific phenotypes. For example, an SLC-focused CRISPR screening approach
in haploid HAP1 cells was used to identify previously unknown transporter interactions

for cytotoxic drugs, demonstrating functional dependencies on one or more SLC genes for
close to 80% of the 60 compounds tested!’6. Similar approaches were used to identify
OATP1A2 and OATP1B3 as mediators of doxorubicin cardiotoxicityl’” and the association
of ENT3 with remdesivir cytotoxicityl”8. An alternative approach, using CRISPR-Cas9 to
introduce controlled transcriptional activation, identified SLC transporters that allow cells
to survive under the depletion of essential nutrients”9. Future directions Understanding the
role of transporters beyond systemic pharmacokinetics To date, the clinical relevance of
many transporters has been established based on the changes in systemic pharmacokinetics
of drugs resulting from DDIs and functional pharmacogenetic variants (Fig. 1). As

such, the main focus in drug development has been primarily on (1) hepatic and renal
uptake transporters (i.e., OATPs, OATs, OCTSs), (2) intestinal efflux transporters (i.e.,

P-gp, BCRP) and (3) renal excretion by MATEs180. Although efflux transporters (for
example, P-gp, BCRP) in clearing organs have been discussed, practical recommendations
for drug development have been difficult to articulate. Although the inhibition of these
efflux mechanisms can lead to drug accumulation in the clearing organ and potentially
toxicity, systemic pharmacokinetics may not be affected® 71181 Modelling and simulation
approaches are often used to predict the intracellular concentrations of P-gp or BCRP
substrate/inhibitor drugs and establish relationships with their systemic or pharmacodynamic
effects’1:88.182 (see also “Modelling and simulation” section). Clinical studies may be
designed to further verify the model for use in predicting untested scenarios or studies

that are challenging to conduct clinically. A number of recent DDI studies have explored the
use of a cocktail of clinical probe drugs (at therapeutic or microdose levels), or monitoring
of transporter biomarkers together with clinical probes, to gain a mechanistic understanding
of complex DDIs involving multiple transporters and enzymes*43:119.123.152,183,184 ' pp
important future direction for understanding the effect of transporters in drug safety and
efficacy is to expand the design of DDI studies to evaluate alterations in drug disposition
beyond just systemic pharmacokinetics and changes in the exposure ratio end point.
Depending on the specific transport pathway(s) involved, this approach may vary in
complexity. Transporters in renal DDIs and toxicity Renal transporter-mediated DDIs can be
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identified by examining urinary excretion data in addition to systemic pharmacokinetic data.
Quantitative collection of urine on a predetermined schedule in clinical studies necessitates a
paradigm shift in drug development13.185-187 The acquisition of both systemic and urinary
pharmacokinetic data enables the determination of whether apical excretion from the renal
proximal tubule has been perturbed, a scenario that may not always be apparent based

on systemic pharmacokinetic data. Furthermore, knowledge of changes in urinary drug
recovery can help inform whether oral bioavailability may have been affected!86. Potential
increases in kidney drug exposure when renal excretion is impaired is difficult to directly
assess without imaging data, or changes in biological response (for example, toxicity) or
biomarker levels. Finally, the availability of both systemic and urinary pharmacokinetic data
is critical either for the verification or for the refinement of PBPK model simulations of
renal drug exposure.

Transporters in hepatic DDIs and toxicity

Clinical studies to assess the effects of transporter-mediated DDIs on hepatic excretion are
even more challenging because bile is not as easily accessible as urine. Although studies
including human bile collection have been conducted, these approaches have been rarely
applied in drug development to date because, logistically and practically, these are not
easy studies to execute88, However, imaging approaches have been used to show that
when biliary excretion is impaired, a considerable increase in hepatic drug exposure may
be observed36:189.190_ Clinical imaging of drug tissue distribution, when feasible, could be
incorporated into clinical DDI studies when transporter-mediated perturbation of biliary
excretion is expected based on in vitro data and/or liver toxicity has been observed in

the clinic. The liver is the target organ for statins, so altered hepatic exposure would

be expected to result in changes in systemic cholesterol; unfortunately, the time required
to observe alterations in statin pharmacodynamics (>2 weeks) is impractical for DDI
studies in drug development9. However, for drugs for which the liver is the site of action
and pharmacodynamic or toxicodynamic biomarker response is rapid, these alternative
approaches should be considered when hepatic drug exposure is expected to be perturbed, as
highlighted in the case of metformin3.

Transporters in nutrient deficiencies

In addition to transport pathways involved in DDIs, the ITC has also discussed the
inhibition of nutrient/endobiotic transport as a putative mechanism of drug toxicity. The
recommendations have been limited to a retrospective understanding of clinical safety
observations rather than prospective testing of these transporters in drug development3-180,
The challenge in understanding drug perturbations in nutrient/endobiotic homeostasis is

the complexity of the multitude of transport and metabolic mechanisms involved, as well

as physiological factors (e.g., diet, disease). This challenge has been highlighted for the
interpretation of BSEP data as a hepatotoxicity alert, which requires a consideration of other
pathways?30. A culture shift has occurred in drug development, in which mechanism(s)

of drug toxicities are increasingly scrutinized instead of reporting high-level findings with
no understanding of the underlying mechanism(s). For example, THTR2 inhibition was
elucidated as a contributing factor for fedratinib-induced encephalopathy?41, and modulation
of folate transport pathways (PCFT, RFC, FRa) was investigated for the entire HIV
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integrase inhibitor drug class!®L. Studies elucidating mechanism(s) underlying drug toxicity
may ultimately provide evidence for prospective screening of transporters as toxicity alerts,
as discussed above for BSEP.

Transporters as drug targets

Transporters are increasingly being studied as drug targets to treat diseases®6:192, For
example, SGLT2 inhibitors (for example, canagliflozin, dapagliflozin, empagliflozin) have
been approved as a new class of antihyperglycemic compounds for the treatment of type

2 diabetes mellitus193-195, URAT1 inhibitors are being developed for the treatment of
hyperuricemia and gout196:197 A grey box illustrating a first-in-class drug targeting ASBT
(SLC10A2) and approved for the treatment of cholestatic diseases is shown in Box 1.
Future transporter research in drug development will advance understanding of transporters
from their effect on pharmacokinetics to targets for drug toxicities (including the use of
biomarkers), identify transporters that are targets to treat common and rare diseases and
elucidate the role of transporters as important determinants of total body homeostasis.
Biomarkers and in vivo measures of transporter activity Monitoring of a cocktail of
validated Tier 1 and 2 transporter biomarkers, in combination with PBPK modelling,

is envisaged to refine the design and guide decision making on prioritization/need for
dedicated clinical transporter-mediated DDI studies (Figs. 4-5). Despite significant progress
in identifying multiple potential biomarkers for hepatic and renal transporters (Fig. 4),
there are no biomarkers for the intestinal efflux transporter P-gp, and limited data are
emerging for BCRP1%. In addition to de-risking transporter-mediated DDIs, endogenous
biomarkers have great potential as tools to evaluate the modulation of transporter function
in diseased and specific populations. Data reported so far focus on CPI and the use of

this biomarker to study changes in OATP1B activity in mild-to-severe renal and hepatic
impairment, hyperlipidemic children, rheumatoid arthritis and some cancer populations23:32,
Knowledge gaps remain in reference values for CPI in other patient populations and the
availability of data for biomarkers of other transporters (for example, renal). Important
consideration in data interpretation is that disease may also alter biomarker synthesis rates,
in addition to the potential modulation of transporter activity. Recent modelling of CPI
data in severe renal impairment illustrated this complex interplay between disease-related
decreases in CPI synthesis and active uptake via OATP1B1, in addition to renal elimination
and protein binding1%6. Emerging data suggest that tissue-derived plasma sEVs may serve
as a ‘liquid biopsy’, a noninvasive detection technique for drug-metabolizing enzymes
(DMEs) and transporter profiles in absorption-, distribution-, metabolism-, and/or excretion—
related organs199:200, However, currently only liver specific SEVs have been identified
because of the unique expression of the asialoglycoprotein receptor (ASGPR), whereas
similar markers remain to be identified/validated for other organs. This approach could

be especially advantageous in diseased and specific populations in which access to tissue
samples is not feasible and/or limited. For instance, when plasma exosomes were isolated
from the blood of 29 patients with liver cancer, a good correlation was observed between
normalized plasma exosome mRNA expression and protein levels in matched liver tissues
for OATP1B1, MRP2, P-gp, BCRP and 12 DMEs2%, Quantification of protein levels of
OATP1B and CYP3A in liver-specific SEVs confirmed the induction of CYP3A4 but not
of hepatic OATP1B1 and OATP1B3 following multiple doses of rifampin, a well-known
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inducer of CYP3A and P-gp202. sEVs hold great promise as a valuable next generation

tool to provide unique and rich information on changes in DME and transporter levels in
different diseases and physiological states99:203, Although sEVs have unique advantages
such as minimal invasiveness, routine accessibility of clinical samples and the quantitative
nature of the measurements, sEVs only provide information on protein levels, with limited
data on correlations to transporter function?93, The comparison of liquid biopsy (transporter
levels) and biomarker data (transporter activity) in the plasma samples obtained from the
same individuals would help establish whether and to what extent relationships between
transporter abundance and function change because of genetic polymorphisms or in disease.

Major progress has been made over the past two decades in understanding the role of
membrane transporters in drug safety and efficacy and in translating this information

into practical guidance for drug developers and clinicians. Scientists working together

in the academic, regulatory and pharmaceutical industry sectors, with ongoing dialogue
facilitated by the ITC, have accelerated discovery and application in the field of transporter
science. However, as highlighted in this manuscript, many key questions remain to

be answered before we can fully use this knowledge about transporters to optimize

drug therapy in individual patients. Rapid technological advances such as single-cell

RNA sequencing, CRISPR-Cas9 genome editing, cryo-EM, advanced omics capabilities,
exosome-based liquid biopsy, artificial intelligence, machine learning, real-world data,
enhanced modelling and simulation tools, and advances in clinical trial design will continue
to drive breakthroughs in transporter science and fill existing knowledge gaps. Improved,
physiologically relevant in vitro models, state-of-the-art tools to investigate the effect of
intrinsic and extrinsic factors on transporter function, identification of novel endogenous
biomarkers that may reduce or eliminate the need for clinical DDI studies, and advances

in PBPK and quantitative systems pharmacology/toxicology modelling and simulation to
more accurately predict transporter-mediated DDIs and pharmacokinetics in different patient
populations will aid in unraveling the complexities that currently challenge the interpretation
of transporter data. Transport proteins have clearly taken a place alongside DMEs in their
relevance to our understanding of drug disposition. In some cases, transport proteins are a
key consideration in selecting the appropriate medication for patients and in optimizing drug
dosage regimens to enhance efficacy and minimize toxicity. Indeed, this continues to be an
exciting era in transporter research, which is advancing at a rapid pace to help achieve the
promise of precision medicine.
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Box 1 |

First-in-class SLC10A2 inhibitor, for the treatment of disorders associated
with abnormal bile acid concentrations

Benzothiazepines have been known to lower LDL cholesterol (US Patent 5998400) since
the 1990s, although the mechanism was unclear (see panel a of figure, various doses are
illustrated by the different colours). Later it was discovered that benzothiazepines are
potent inhibitors of the bile acid transporter, ASBT, encoded by SLC10A2, and that the
transporter represents the target for the hypolipidemic effects of the benzothiazepines23e.
Although rare variants in ASBT lead to primary bile acid malabsorption, which is
associated with congenital diarrhoea and steatorrhea?3°, common variants are associated
with lower levels of LDL and increased risk of gallstones?49241 and other sequelae
associated with reduced concentrations of bile acids and their conjugates?42. As a critical
transporter in bile acid—cholesterol balance and enterohepatic circulation of bile acids,
ASBT is a promising target for treatment of liver, intestinal and associated metabolic
diseases. High-throughput assays using baby hamster kidney cells transfected with
human ASBT cDNA (H14 cells) were used to screen a novel series of benzothiazepines,
which resulted in the development of the drug candidate, LUMO0O01, also known as
SHP625 and maralixibat?43-245, Maralixibat was designed to have minimal intestinal
absorption246 and was recently approved for cholestatic pruritus in patients with
Alagille syndrome (see panel b of figure)24’. Clinical development of maralixibat is
ongoing for the treatment of cholestatic liver diseases such as Progressive Familial
Intrahepatic Cholestasis (PFIC) and biliary atresia (NCT02057718, NCT03905330,
NCT04185363, NCT04168385, NCT04729751, NCT04524390)248 (see panel ¢ of
figure, the different colours illustrate different indications). The first published clinical
trial of maralixibat in 37 children with severe cholestasis-induced pruritis in Alagille
syndrome (NCT02057692)249 revealed that it is a safe drug and may potentially

reduce pruritus in Alagille syndrome, although no statistically significant effects in

the primary analyses of itch-reported outcome were observed. However, a combination
of two randomized placebo-controlled trials showed that maralixibat was associated
with marked improvement in pruritis and quality of life in 57 children with severe
cholestasis secondary to Alagille syndrome29. Another ASBT inhibitor, odevixibat, has
been developed to treat children with PFIC251 (US9694018B1). Similar to maralixibat,
odevixibat is minimally absorbed after oral administration. Odevixibat was approved

in July 2021 in Europe and soon after in the United States by the FDA. Elobixibat,
which is a long-acting ASBT inhibitor, is approved in Japan and Thailand for chronic
constipation252, Other lead molecules are in development, including GSK2330672
(Linerixibat)253 for the treatment of pruritus in participants with primary biliary
cholangitis?>*.
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Fig. 1|. Clinically important uptake and efflux transporters in plasma membranes.
Transporters in the plasma membrane of enterocytes, hepatocytes, renal proximal tubular

epithelia, blood-brain barrier (BBB) endothelia and placenta syncytiotrophoblasts are
shown. Transporters are only included in Fig. 1 if there is clinical evidence for their
involvement in transporter-mediated drug—drug interactions (DDIs) and/or drug toxicity
in the specific tissue and are categorized accordingly in each tissue. Thus, the designated
colour (categorization) for a transporter may differ across tissues. In some cases, precise
transporter categorization is confounded by the absence of specific in vivo inhibitors, the
presence of redundant transporters and/or a lack of evidence from knockout models or
human polymorphisms. Differences in transporter categorization compared with earlier
assessments by the International Transporter Consortium3 are based on our current
understanding of the literature, as summarized in Supplementary Table S2. Transporters
recommended by regulatory agencies for screening during drug development are highlighted
in bold in Fig. 1 (BCRP, MATE1, MATE2K, OAT1, OAT3, OATP1B1, OATP1B3, OCT2,
P-gp). Current ICH M12 guidelines recommend evaluation of OCT1, OATP2B1, MRP2
and BSEP on a case-by-case basis. Transporter Category A: Transporters coloured in

red transport a wide range of pharmacological drug classes, are critical in drug and/or
endogenous substrate disposition in the specific tissue and are the site of clinical DDIs
and/or drug-mediated toxicity. Transporter Category B: Transporters coloured in yellow
primarily transport a wide range of pharmacological drug classes, but clinical evidence
supporting their involvement in the specific tissue in DDIs and/or drug toxicity is limited.
Transporter Category C: Transporters coloured in blue primarily transport endogenous
substrates and/or fewer drug classes, and there is weak clinical evidence demonstrating
their involvement in the specific tissue in DDIs and/or drug toxicity. Transporter Category
D: Transporters in this category transport endogenous substrates and a narrow range of
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drug classes. The significance of these transporters as a target for clinical DDIs in the
specific tissue is not well-established, and/or there is limited published data showing that
the inhibition of these transporters by a perpetrator leads to abnormal levels of endogenous
substrate resulting in negative clinical outcomes. Therefore, these transporters (CNT1-3,
ENT2-3, MCT1, MRP5-6, OAT4, OAT7, OCTN1-2, PCFT, PMAT, RFC, THTRL1) are
not included in Fig. 1. BCRP, breast cancer resistance protein (gene name, ABCG2);
BSEP, bile salt export pump (ABCB11); CNT1-3, concentrative nucleoside transporter
1-3 (SLC28A1-3); ENT1-3, equilibrative nucleoside transporter 1 (SLC29A1-3); MATEL1,
MATE2K, multidrug and toxin extrusion protein (SLC47A1, 2); MCT1, monocarboxylate
transporter 1 (SLC16A1); MDR3, multidrug resistance protein 3 (ABCB4); MRP1-

6, multidrug resistance-associated protein (ABCC1-6); NTCP, sodium-taurocholate co-
transporting polypeptide (SLC10A1); OAT1-3, organic anion transporter 1-3 (SLC22A6—
8); OAT4, organic anion transporter 4 (SLC22A11); OAT7, organic anion transporter

7 (SLC22A9); OATP1AZ2, organic anion transporting polypeptide 1A2 (SLCO1A2);
OATP1B1, organic anion transporting polypeptide (SLCO1B1); OATP1B3, organic

anion transporting polypeptide 1B3 (SLCO1B3); OATP2B1, organic anion transporting
polypeptide 2B1 (SLCO2B1); OATP4C1, organic anion transporting polypeptide 4C1
(SLCO4C1); OCT1-3, organic cation transporter (SLC22A1-3); OCTN1-2, organic
cation transporter novel 1-2 (SLC22A4-5); OSTa/B, organic solute transporter alpha/
beta (SLC51A/B); PCFT, proton-coupled folate transporter (SLC46A1); PEPT1-2, peptide
transporter 1-2 (SLC15A1-2); P-gp, P-glycoprotein (ABCB1); PMAT, plasma membrane
monoamine transporter (SLC29A4); RFC, reduced folate carrier (SLC19A1); THTR1-2,
thiamine transporter 1-2 (SLC19A2-3).
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Physiologic states
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Fig. 2 |. Intrinsic (pink) and extrinsic (blue) factors affecting the abundance and/or activity of
drug transport proteins and mechanisms that may be involved, including specific regulatory
pathways and/or inhibitory effects.

Changes represent protein levels unless noted as MRNA. The examples provided are based
on a combination of preclinical and/or clinical data. For details on post-transcriptional and
post-translational mechanisms involved in regulation of drug transport proteins, see section
‘Factors regulating transporter activity’ and a 2022 International Transporter Consortium
publication7. Polymorphisms: Although some literature suggests that SLCO1B1*37 showed
increased transport activity, a review of the literature suggests that the activity of this variant
is similar to SLCO1B1*1 (wild type)229. ABC, ATP binding cassette; Asians, defined in
ref. 15 as Chinese and Japanese subjects living in the US for at least 12 months; AUC,

area under the plasma (serum) concentration-time profile; AUCliver, area under the liver
concentration-time profile; BCRP, breast cancer resistance protein; C1h, plasma (serum)
concentration at 1 hour; Cmax, maximum plasma concentration; CLrenal, renal clearance;
CLsec, renal secretion clearance; Cmax, maximum plasma concentration; DDIs, drug—

drug interactions; HCV, hepatitis C virus; MCT1, monocarboxylate transporter 1; MRP,
multidrug resistance-associated protein; NASH, nonalcoholic steatohepatitis; NR, nuclear
receptor; OAT, organic anion transporter; OATP, organic anion transporting polypeptide;
OCT, organic cation transporter; OSTa/B, organic solute transporter alpha/beta; PEPTL,
peptide transporter 1; P-gp, P-glycoprotein; SLC, solute carrier; Tmax, time required for
maximal hepatic activity; T1/2max, time required for peak activity to decrease by 50%;
TKiIs, tyrosine kinase inhibitors; 1, increase, or ¥, decrease, in the protein abundance and/or
activity as detailed in the references provided in Supplementary Materials.
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Step-wise PBPK model development and verification
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Fig. 3 |. Development, validation and applications of physiologically based pharmacokinetic
models of transporter-mediated processes.

Physiologically based pharmacokinetic (PBPK) modelling is a translational tool that
integrates drug-dependent parameters (e.g., in vitro transporter Kinetics) with physiological
parameters (e.g., transporter/enzyme expression) relevant for a specific patient population
for a prospective prediction of transporter-mediated pharmacokinetics (bottom-up approach).
PBPK modelling investigates the interplay of multiple processes governing drug distribution
and clearance in a mechanistic manner and allows the simulation of plasma and tissue
exposure resulting from modulation of enzyme and/or transporter activity. Defining the
rate-determining step(s) (uptake, efflux, metabolism or a combination of these processes) in
complex transporter-mediated drug disposition is important, and outcomes of the interplay
of these multiple processes can be explored by PBPK modelling’L. In vitro—in vivo
extrapolation (IVIVE) of transporter-mediated clearance considers differences in either
individual protein levels between in vitro systems and tissue of interest (REF approach)

or implements differences in functional activity between in vitro and in vivo (relative
activity factor, RAF); a lack of selective transporter probes hinders wider application

of the latter approach. In many instances, direct extrapolation of transporter-mediated
clearance using physiological scalars (hepatocellularity) or proteomic-informed IVIVE
results in under-estimation of in vivo clearance, thereby requiring additional empirical
scaling factors to bridge the IVIVE disconnect noted with animal studies or clinical
data230:231 Consequently, a ‘top down’ estimation of missing parameters or ‘middle-out’
approaches to optimize the uncertain system and/or drug-dependent PBPK parameters are
favoured. These approaches rely on clinical pharmacokinetic data (generally plasma) to
refine PBPK models and ideally should be done for a range of probe drugs to increase
confidence in subsequent prospective pharmacokinetic predictions; such examples have been
reviewed?23.71, Following model development and verification, PBPK models can have
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diverse applications as illustrated here, including prediction of transporter-mediated drug—
drug interactions (DDIs; in combination with endogenous biomarkers for drug transporters)
and prediction of pharmacokinetics in different patient populations (paediatrics, pregnancy
or patients with different diseases, for example, organ impairment, cancer, nonalcoholic
steatohepatitis). The current status of these applications and challenges are described in the
text. ADME, absorption, distribution, metabolism and excretion; Kpuu, unbound partition
coefficient; PET, positron emission tomography; PGx, pharmacogenomics; REF, relative
expression factor; RWD, real-world data; sEV, small extracellular vesicles.
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Fig. 4 |. Classification of endogenous biomarkers of hepatic and renal transporters
and International Transporter Consortium recommendations for their application in drug
development.

Tier 1 biomarkers: Recommendation to include these biomarkers in clinical Phase | studies
when in vitro studies show clinical drug—drug interaction (DDI) potential; considered
validated for clinical DDI risk assessment (see Fig. 5 for decision tree). Biomarkers

have (1) high sensitivity/selectivity to the transporter of interest (based on in vitro
phenotyping or clinical pharmacogenomic data); (2) available clinical DDIs with potent,
moderate, weak and non-inhibitors; (3) validated DDI prediction performance with probe
drugs; and (4) available mechanistic models. Tier 2 biomarkers: Recommendation to
collect data on these biomarkers in clinical Phase | studies when in vitro studies

show clinical DDI potential; not considered validated for clinical DDI risk assessment/
decision making yet. Biomarkers have (1) high sensitivity/selectivity to the transporter of
interest (based on in vitro phenotyping and clinical pharmacogenomic data); (2) limited
available clinical DDIs with potent, moderate, weak and non-inhibitors; and (3) models
developed for some, but not all Tier 2 biomarkers. Further evaluation is required to
understand their DDI prediction performance. * NMN may serve as a more selective
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and sensitive biomarker than creatinine owing to a higher contribution of active renal
secretion clearance to the total clearance (~70% vs. ~30%). Creatinine is included in

Tier 2 because of the availability of data and its routine measurement to monitor renal
toxicity. Elevation of serum creatinine may also be caused by reduced renal function, and
it is important to distinguish the inhibition of OCT2/MATE versus renal toxicity. Other
biomarkers: Currently not recommended to collect data on these biomarkers in clinical
Phase | studies due to relatively low sensitivity/selectivity or limited data to understand
biomarker selectivity/sensitivity or limited clinical reports evaluating DDI predictive
performance. BCRP, breast cancer resistance protein; BSEP, bile salt export pump; CB,
conjugated bilirubin; CPI, coproporphyrin I; CPIII, coproporphyrin I11; GCDCA-3G,
glycochenodeoxycholic acid-3-glucuronide; GCDCA-3S, glycochenodeoxycholic acid-3-
sulfate; GDCA-3G, glycodeoxycholic acid-3-glucuronide; GDCA-24G, glycodeoxycholic
acid-24-glucuronide; HDA, hexadecanedioate; HVA, homovanillic acid; MATE, multidrug
and toxin extrusion protein; m1A, N1-methyladenosine; NMN, N1-methylnicotinamide;
OAT, organic anion transporter; OATP, organic anion transporting polypeptide; OCT, organic
cation transporter; PDA, 4-pyridoxic acid; P-gp, P-glycoprotein; TDA, tetradecanedioate;
UB, unconjugated bilirubin. Adapted with permission from ref. 4, Wiley.
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In vitro® OATP1B1/1B3 inhibition study
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model-based approache or in clinical studies additional follow-up needed

Fig. 5 |. Decision tree for organic anion transporting polypeptide (OATP1B)- mediated drug—
drug interaction risk assessment with coproporphyrin 1.

aConsidering substrate-dependent inhibition often seen in the case of OATP1B1, it is
recommended to generate in vitro inhibition data with coproporphyrin | (CPI) as a Tier

1 biomarker and a relevant co-medication of interest for a new molecular entity (NME). R
is the predicted ratio of the victim drug’s area under the plasma concentration-time profile
(AUC) in the presence and absence of the investigational drug as OATP1B inhibitor. °Time-
matched biomarker concentrations in the absence of the NME are usually not available
from firstin- human or clinical pharmacology studies except for drug—drug interaction (DDI)
studies. There are two potential approaches to address this issue, namely, one is to use

the pre-dose single time point as the baseline level, and the other is to use data from a
separate placebo cohort. The first approach is useful for CPI as there is little to no diurnal
variation; however, one must be careful when comparing biomarker kinetics at the steady-
state of the NME compared with the pre-dose biomarker data. The second approach is
valid except that there is less power to detect an interaction with the parallel, non-crossover
comparison. °The appropriate metrics depends on the kinetic properties of both biomarkers
and the NMEs4. Because CPI has a short terminal half-life, AUC is less appropriate, as

the ratio of AUC depends on the duration for which AUC is calculated, and this can

lead to under-estimation of the magnitude of inhibition compared with CmaxR, as seen

in CPI kinetics in the presence of GDC-0810 or cyclosporine A184:232_dQther thresholds
can be justified based on the exposure-response relationships of the co-medications of
interest for the NME. ®Factors that increase confidence in quantitative DDI prediction with
model-based approaches: (1) CPI data from dose-ranging trials, especially those including
supratherapeutic dose, (2) CPI observations from a sufficiently large number (for example,
>10 participants receiving the same dose of the NME as typically seen in a dedicated DDI
study) and (3) consistent observations with other biomarkers such as GCDCA-3G. AUCR,
AUC of CPI in the presence of an inhibitor relative to the baseline AUC (control); CmaxR,
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ratio of CPI Cmax in the presence of an inhibitor relative to the baseline Cmax (control);
PK, pharmacokinetics.

Nat Rev Drug Discov. Author manuscript; available in PMC 2024 October 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Galetin et al. Page 48

a YD
Neurotoxicity & N ZE) Ototoxicity
* P-gp / \ =t 2y « CTR1/OCT2/MCT6
Methadone —p s Cisplatin
e THTR2
Fedlaite Cardiotoxicity
e OCT3

Liver toxicit
Y Doxorubicin

e OCT1
Monocrotaline
« OATPIB Peripheral neurotoxicity
Phalloidin toxin e OCT2
o OATP/BSEP/MDR3 Oxaliplatin
Bosentan e OATP1B
Troglitazone L Paclitaxel
Ketaconazole S %
BMS-986020 ‘ &/
CP-724714 : "/ Nephrotoxicity

o OCT2/MATE/OAT
Cisplatin

o OAT/MRP/BCRP
Heavy metals:
arsenic, mercury,

Gastrointestinal toxicity
e OATP2BI1

Irinotecan (SN-38) 4\‘

cadmium
9 T
U
Testing in relevant Use of preclinical models Clinical
in vitro models e Assess mechanisms that can increase or protect monitoring/
Basic - Advanced > from toxicity < testing
in vitro models o Assess drug concentrations in the target organs

e Measure specific biomarkers in pre-clinical
species when available

I
Incorporation of modeling and simulation

Fig. 6 |. Drug-induced organ injury.

a, Examples of solute carrier superfamily (SLC)/ATP binding cassette superfamily (ABC)
transporters involved in drug-induced organ injury. b, Tools to identify/de-risk transporter-
mediated drug-induced organ toxicity in humans. The approach to identify or de-risk
transporter-mediated toxicity can depend on the site and type of toxicity (or signals
observed). Approaches can also differ depending on whether an analysis is conducted
prospectively (based on a hypothesis or previous finding) or retrospectively (after a toxicity
signal is observed in preclinical or clinical studies). As such, workflows often differ on

a case-by-case basis. In vitro, preclinical and/or clinical tools are available to assess

the transport mechanism. The following examples showcase the utility and limitations of
available tools and highlight different approaches to identify/de-risk transporter-mediated
organ toxicity. 1) Bile salt export pump (BSEP) inhibition has been associated with drug-
induced liver injury (DILI) and assessing inhibition in vitro has been widely adapted in

the pharmaceutical industry30. Often initial assessments are done in a basic in vitro model
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using membrane vesicles. Follow-up studies in more advanced hepatocyte models, such as
sandwich-cultured hepatocytes or micropatterned hepatocyte co-cultures, can be conducted
to reduce potential false positives233, Studies in preclinical models are often not conducted
because of the need for a specific biomarker and a translational preclinical model. If a
perceived liability is found in vitro, establishing structure—activity relationships to screen
out inhibition in vitro or powering a phase I study to include markers of cholestasis to
assess toxicity potential early in clinical studies could be considered. Further, incorporation
of modelling and simulation can also be used for quantitative prediction of mechanistic
liabilities, including inhibition of other transport pathways such as multidrug resistance-
associated proteins (MRPs), because DILI mechanisms are often multifactorial?34. 2) The
chemotherapeutic agent oxaliplatin can lead to severe dose-limiting peripheral neurotoxicity
because of extensive accumulation in peripheral neurons. In some cases, the toxicity

can cause functional impairment lasting well beyond the treatment period. Comparative
studies in various transporter knockout mouse models illustrated the role of organic cation
transporter 2 (OCT2) in oxaliplatin-mediated neurotoxicity3’. Follow-up studies illustrated
that pretreatment with OCT2 inhibitors could offer neuroprotection in animal models
without affecting drug clearance or efficacy. Dasatinib, an OCT2 inhibitor, is currently
being evaluated in phase I/11 clinical trials to prevent oxaliplatin-induced neurotoxicity136, 3)
Nephrotoxicity is the major dose-limiting toxicity for cidofovir. Probenecid, a pan inhibitor
of organic anion transporter 1 (OAT1) and OAT3, can increase the plasma exposure to
cidofovir while decreasing its renal clearance by inhibiting the OAT-mediated tubular
secretion?35236 The use of cidofovir (VISTIDE®) requires it to be administered with
probenecid to reduce renal tubular uptake of cidofovir and subsequent renal toxicity237.
BCRP, breast cancer resistance protein; CTR1, copper transporter 1; MATE, multidrug and
toxin extrusion protein; MCT6, monocarboxylate transporter 6; MDR3, multidrug resistance
protein 3; OATP, organic anion transporting polypeptide; P-gp, P-glycoprotein; THTR2,
thiamine transporter 2. Part a adapted with permission from ref. 131, Wiley.
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