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Abstract

Cladribine is a nucleoside analog that is phosphorylated in its target cells (B- and T-lymphocytes) to its active adenosine
triphosphate form (2-chlorodeoxyadenosine triphosphate). Cladribine tablets 10 mg (Mavenclad®) administered for up to
10 days per year in 2 consecutive years (3.5-mg/kg cumulative dose over 2 years) are used to treat patients with relapsing
multiple sclerosis. The ATP-binding cassette, solute carrier, and nucleoside transporter substrate, inhibitor, and inducer
characteristics of cladribine are reviewed in this article. Available evidence suggests that the distribution of cladribine across
biological membranes is facilitated by a number of uptake and efflux transporters. Among the key ATP-binding cassette
efflux transporters, only breast cancer resistance protein has been shown to be an efficient transporter of cladribine, while
P-glycoprotein does not transport cladribine well. Intestinal absorption, distribution throughout the body, and intracellular
uptake of cladribine appear to be exclusively mediated by equilibrative and concentrative nucleoside transporters, specifically
by ENT1, ENT2, ENT4, CNT2 (low affinity), and CNT3. Renal excretion of cladribine appears to be most likely driven by
breast cancer resistance protein, ENT1, and P-glycoprotein. The latter may play a role despite its poor cladribine transport
efficiency in view of the renal abundance of P-glycoprotein. There is no evidence that solute carrier uptake transporters such
as organic anion transporting polypeptides, organic anion transporters, and organic cation transporters are involved in the
transport of cladribine. Available in vitro studies examining the inhibitor characteristics of cladribine for a total of 13 major
ATP-binding cassette, solute carrier, and CNT transporters indicate that in vivo inhibition of any of these transporters by
cladribine is unlikely.

The cladribine tablet is an oral therapy for people with Multiple sclerosis (MS) is a chronic and debilitating
relapsing multiple sclerosis. autoimmune disorder of the central nervous system,
affecting about 2.8 million people worldwide [1]. B- and
T-lymphocytes are believed to play a major role in the
pathophysiology of MS [2]. Cladribine tablets 10 mg
(Mavenclad®; Merck Europe B.V., Amsterdam, Nether-
lands), were shown to have significant efficacy in the treat-
ment of relapsing MS in placebo-controlled phase III trials
[2-4]. A cumulative dose of 3.5 mg per kg body weight
(consisting of two annual courses each comprising two

In this comprehensive review, the authors look at the role
of various transporter proteins in the absorption, distri-
bution, and excretion of cladribine.
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ing MS [5]. Treatment with cladribine results in selective
reductions in B-lymphocyte and T-lymphocyte counts.
Historically, emphasis has been placed predominantly on
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T-cell inhibition as the main hypothesized mechanism of
action. However, more recent immunophenotyping data
demonstrated that effective doses of oral cladribine only
induced a 20-30% reduction in CD8" T-lymphocytes and a
40-45% reduction in CD4* T-lymphocytes during the first
12 months after initiation of treatment. This was accom-
panied by a comparable reduction in memory T-lympho-
cytes, but induced a marked reduction (80-85%) in CD19™
B-lymphocytes [6, 7]. Current evidence suggests that
cladribine primarily confers a long-lasting B-lymphocyte
reduction characterized by slow repopulation kinetics,
along with long-term memory B-lymphocyte reduction
[8]. This mechanism suggests that cladribine acts as an
immune-reconstitution therapy inducing immune resetting
and results in long-term efficacy. The short-term treatment
posology of cladribine tablets with subsequent treatment-
free periods has the potential to facilitate patient adher-
ence [9], which is still an existing challenge for the long-
term treatment of MS [10].

1.1 Mechanism of Action

Cladribine is a chlorinated analog of deoxyadenosine. The
chlorine substitution renders cladribine largely resistant to
deamination by adenosine deaminase, prolonging its pres-
ence and leading to accumulation in the cell cytoplasm [11].
Cladribine is a prodrug that is phosphorylated intracellu-
larly to its active form, 2-chlorodeoxyadenosine triphos-
phate (2-Cd-ATP). Formation of 2-Cd-ATP is a sequen-
tial three-step process: first, cladribine is phosphorylated
to 2-chlorodeoxyadenosine monophosphate (2-Cd-AMP)
by nuclear/cytosolic enzyme deoxycytidine kinase (DCK)
and mitochondrial deoxyguanosine kinase. 2-Cd-AMP is
then further phosphorylated by nucleoside monophosphate
kinase to 2-chlorodeoxyadenosine diphosphate (2-Cd-
ADP), and nucleoside diphosphate kinase to 2-Cd-ATP.
In most cells, 2-Cd-AMP is dephosphorylated by 5'-nucle-
otidase (5'-NT) and, consequently, accumulation of 2-Cd-
ATP depends on the intracellular ratio of DCK and 5'-NT
enzymes. Cells with high endogenous DCK/5'-NT activity
ratio (as is the case in B- and T-lymphocytes) accumu-
late deoxynucleotides to toxic concentrations, resulting in
cell death. By this mechanism, cladribine exerts a selective
mode of action on B- and T-lymphocytes [12, 13]. Thus,
constitutive variations in the expression levels of DCK and
5'-NT between immune cell subtypes explain differences in
immune cell sensitivity to cladribine. Accordingly, cells of
the innate immune system are less affected than cells of the
adaptive immune system [13, 14]. The preferential reduc-
tion in lymphocyte subpopulations, followed by the pattern
of lymphocyte recovery (termed immune reconstitution),
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may ‘reset’ the immune system to a less autoreactive state
[15].

1.2 Biopharmaceutical Characteristics and the Role
of Transporters in the Disposition of Cladribine

As a nucleoside analog, cladribine represents a small hydro-
philic compound (molecular weight 285.7 g/mol). Cladribine
has been shown to have a moderate permeability with an apical
to basolateral (A-to-B, i.e., mimicking absorption) apparent
permeability coefficient (i.e., Py, value) of 0.95 + 0.05x1076
cm/s in colorectal adenocarcinoma-2 (Caco-2) cell monolay-
ers, about five-fold to six-fold greater than the P,,, value of
atenolol (a low-permeability drug), and about six-fold lower
than the P,,, value of minoxidil (a high-permeability drug)
[data on file, Study Report DMPK 153-08; Merck KGaA,
Darmstadt, Germany]. The rapid absorption of cladribine
(time to maximum concentration of approximately 0.5 h) does
not seem to be capacity limited [5]. Cladribine has a topologi-
cal polar surface area of 119 A%and a LogP of — 0.1. As a
general rule, it is thought that neutral drugs with a topological
polar surface area less than 100 A% will permeate membranes
with a high rate of passive diffusion, whereas drugs with a
topological polar surface area greater than 140 A2 will not.
Cladribine falls between these cut-offs, thus some uptake by
passive diffusion seems possible. However, as a nucleoside
analog, cladribine requires, in principle, transporter-mediated
cellular uptake to exert its action on intracellular functions.
Cladribine has also been classified according to the Biop-
harmaceutics Drug Disposition Classification System as a
Class II drug where efflux transporters may play a role in
absorption [16]. Absorption and distribution of cladribine
across biological membranes is facilitated by a variety of
uptake and efflux transport proteins. The available evidence
on the key transporters involved in the uptake and efflux of
cladribine in target cells, in absorption and excretion pro-
cesses in the intestine, liver, and kidney, and in the endothe-
lium of the blood-brain barrier (BBB) and choroid plexus
(CP) is reviewed in this article, as well as the potential of
cladribine to elicit transporter-based drug interactions.

2 Search Methodology

Data from proprietary in vitro transporter studies conducted
by or on behalf of Merck KGaA, Darmstadt, Germany, as
well as a systematic review of literature and database entries
on transporters are presented in this article. This review
considers the role of concentrative nucleoside transport-
ers (CNT1; CNT2; CNT3), and equilibrative nucleoside
transporters (ENT1; ENT2; ENT4), as well as selected
other uptake transporters from the solute carrier (SLC)
superfamily and key ATP-dependent efflux pumps from the
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ATP-binding cassette (ABC) superfamily. Their selection
was based on available preclinical and clinical evidence and
current regulatory guidance documents [17-19] indicating
that these transporter proteins play important roles in the
disposition of nucleoside analog drugs, drug interactions,
and/or side effects.

The specific transporters discussed in this review include
nine transporters from the SLC superfamily, grouped into
organic anion transporters (OATP1B1; OATP1B3; OATI;
OAT2; OAT3; OAT4) and organic cation transporters
(OCT1; OCT2; OCT3), as well as seven ABC transport-
ers (P-glycoprotein [P-gp]/ABCB1; breast cancer resist-
ance protein [BCRP]/ABCG2; multidrug resistance protein
2 (MRP2)/ABCC2; MRP4/ABCC4; MRP5/ABCCS5; MRP7/
ABCCI10; and MRP8/ABCCI11), and finally two multi-
drug and toxin extrusion (MATE) transporters (MATE]I;
MATE2K).

2.1 Literature Database and Literature Search
Strategy

In May 2019, a systematic review of the transporter sub-
strate, inhibitor, and inducer characteristics of cladribine was
undertaken using Medline In-Process (PubMed) and lim-
ited to English-language publications. As target cell uptake
and efflux are of particular relevance to the disposition (and
efficacy) of cladribine, search terms included the keywords
“Cladribine/2-CdA” and specific white blood cell (WBC)
subsets. In parallel, another set of searches aimed to explore
transporter expression profiles of WBCs using a combina-
tion of keywords including names of WBC subsets, and cur-
rent or traditional names of the selected ENT/CNT, ABC,
SLC, and MATE transporters.

To enable assessment of the transporter abundance
and localization in organs and tissues of interest, targeted
searches were performed for transporter expression studies
(i.e., proteomics studies). Cladribine transporter interaction
studies were also searched for and reviewed using keywords
“cladribine/2-CdA” and names of transporters thought to
transport nucleoside analogs in general or cladribine with an
emphasis on confirmed inhibitors or inducers of transport-
ers already known to be involved in the uptake or efflux of
cladribine.

A further literature search was conducted to explore the
role of intracellular metabolic activation/deactivation of
cladribine in target cell toxicity of, and resistance to clad-
ribine using the following search terms: drug transport/
transporters, nucleoside transport/transporters, nucleo-
side transport tumor cells, cladribine/2-CdA resistance,
cladribine/2-CdA clinical studies, cladribine/2-CdA toxi-
cology, and cladribine/2-CdA metabolism.

The database search yielded a total of 510 articles of
potential relevance. Two authors (RH and PK) reviewed the

complete set of abstracts independently for relevance using
pre-defined criteria for selection and de-selection of publi-
cations, and reconciled their assessments and discrepancies
by mutual discussion. Following this process, 76 articles
were considered relevant for this review. During the ongoing
preparation on this manuscript (i.e., between May 2019 and
December 2020), the authors continued to screen literature
databases for relevant publications, and additional pertinent
publications issued during this time period were considered
for this review.

2.2 Transporter Substrate Characteristics
of Cladribine

In vitro transport assessments have been undertaken based
on data in transporter-specific expression systems or holis-
tic systems using transporter-specific inhibitors. Details on
the in vitro cell systems used for these studies, cladribine
concentrations employed, substrates, and control substances
used are summarized in Tables 1, 2, 3, 4, 5 and 6.

2.3 Assessment of Transporter Inhibition
by Cladribine

The assessment of the potential clinical relevance of
observed in vitro transporter inhibition by cladribine was
determined based on calculation methods suggested by reg-
ulatory agencies [17-19]. For the assessment of potential
drug—drug interaction (DDI) risks, the obtained in vitro data
were interpreted in the context of cladribine in vivo expo-
sure data, with a particular emphasis on the free fraction
of the compound. Protein binding of cladribine in human
plasma is about 20% [20]. The maximum cladribine in vivo
exposure achieved at steady state after administration of rec-
ommended clinical doses of one or two cladribine 10-mg
tablets is about 0.07-0.14 pM (20-40 ng/mL) and respective
unbound maximum cladribine steady-state concentrations
are about 0.112 pM (32 ng/mL). One micromolar of clad-
ribine translates to 285.7 ng/mL.

For the assessment of the potential of cladribine to inhibit
intestinal efflux transporters such as P-gp and BCRP, the cut-
off criterion /,/ratio of the concentration of drug inhibiting
transporter activity by 50% (ICs,) or K; > 10 was applied
(17, 18], whereby 1, = dose of inhibitor/250 mL, ICs5, =
half-maximal inhibitory concentration, and K; = inhibitory
constant. If only K; or ICs,, values were available from spe-
cific studies, the IC5, was assumed to be equivalent to 2 X
K; when the substrate concentration is equal to the Michae-
lis—Menten constant K, [21].

No formal calculation as to whether cladribine may act
as an inhibitor of the hepatic uptake transporters OATP1B1
and OATP1B3 was undertaken, as OATP1B1/3 in vitro
transporter inhibition by cladribine compared to rifampicin
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DMPK 21-10*

Key references

Report

Cladribine is substrate

No

reference inhibitor on cladribine

OAT4 did not transport
cladribine and no effect of a
transport was noted

Key results

Experimental conditions

Uptake of [*H]-cladribine into
OCT2 expressing cells and
control cells, using probenecid
(300 uM) as OCT?2 inhibitor

Transfected S2 cells with vectors
containing human OAT4

transporter 4, OATP1B]1 organic anion transporting polypeptide 1B1, OATP1B3 organic anion transporting polypeptide 1B3, OCT1 organic cation transporter 1, OCT2 organic cation transporter

2, OCT3 organic cation transporter 3, S2 Schneider 2 cell, uM micromolar

#Data on file; Merck KGaA, Darmstadt, Germany

DMPK drug metabolism and pharmacokinetics, n.a. not applicable, OATI organic anion transporter 1, OAT2 organic anion transporter 2, OAT3 organic anion transporter 3, OAT4 organic anion

Transporter In vitro test systems

OAT4

Table 3 (continued)

as a reference inhibitor was too low at all concentrations
employed to derive ICs, or K; values (data on file, Study
Report PCT-059-15; Merck KGaA). The in vivo potential of
cladribine to inhibit OAT and OCT transporters was not for-
mally assessed as in vitro transporter inhibition of OATs and
OCTs by cladribine was either absent or too low to derive
ICs, or K; values (data on file, Study Reports DMPK 131-09,
PCT-059-15, and DMP K 21-10; Merck KGaA).

2.4 ABC Efflux Transporters

Efflux transporters are important determinants of substrate
permeability across biological barriers as well as immune
cells. The role of apical efflux transporters in barrier perme-
ability has been thoroughly studied and documented [22],
and will be briefly summarized below.

2.4.1 P-gp/MDR1/ABCB1

P-glycoprotein is expressed in all major barrier-forming
cell types such as enterocytes, hepatocytes, kidney proxi-
mal tubule epithelial cells, and BBB endothelial cells [23,
24]. P-glycoprotein is localized at the apical membrane in
all these cell types. The main physiological role of P-gp is
protection of cells against toxins and xenobiotics.

Expression of P-gp in WBCs varies. According to quanti-
tative polymerase chain reaction (QPCR) data in human lym-
phocytes of adults, P-gp expression is intermediate among
expressed ABC efflux transporters [25]. Among lympho-
cytes, CD8* T-lymphocytes and natural killer cells express
higher levels than CD4" T-lymphocytes and B-lymphocytes
[26]. P-glycoprotein does not have many nucleoside analogs
among its substrates [28], but transports some hydrophobic
nucleoside analogs such as abacavir [29].

In the MDR 1-Madin-Darby Canine Kidney (MDCK) sys-
tem, cladribine displayed a net efflux ratio of 2.87 at 50 uM
that was inhibited below unity by cyclosporine A (10 uM)
and ketoconazole (20 uM) [data on file, Study Report DMPK
109-08; Merck KGaAl]. At 10 uM of cladribine, the observed
efflux ratio was 1.79 and, in another study, no increase in
basal-to-apical permeability of *H-cladribine was detected
in MDCKII cells upon overexpression of P-gp [30]. There-
fore, P-gp is not considered to be an efficient transporter of
cladribine.

2.4.2 BCRP/ABCG2

BCRP/ABCG?2 is a transporter restricting absorption
and enhancing excretion of many compounds. BCRP is
expressed in all major barrier-forming cell types such as
enterocytes, hepatocytes, kidney proximal tubule epithelial
cells, and BBB endothelial cells [23]. As an efflux pump,
BCRP is apically located in all these cell types. The main

A\ Adis
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physiological role of BCRP is protection of cells against
toxins and xenobiotics.

Expression of BCRP in lymphocytes and leukocytes is
lower than expression of MRP1-5 and P-gp as assessed by
gqRT-PCR [24, 31]. BCRP expression in peripheral blood
mononuclear cells (PBMCs) is about 10% of its expression
in the intestine [32]. In human lymphocytes, expression
decreases with age [25]. BCRP has been shown to transport
purine and pyrimidine nucleoside analogs [30].

BCRP-mediated transport of cladribine has been tested in
several cellular systems. Efficient vectorial cladribine trans-
port was shown in Caco-2 cells with an efflux ratio (ER)
range from 8.9 to 18 at concentrations of 5-50 uM. Clad-
ribine ER decreased by about 50% in BCRP knock-down
CPT-B1 cells (a novel and proprietary cell line derived from
wild-type Caco-2 cells), with lower expression of BCRP and
further to below 2 by exposure to the potent BCRP inhibitor
fumitremorgin C (10 uM), indicating that BCRP is responsi-
ble for vectorial transport in Caco-2 cells [data on file, Study
Report DMPK 58-09; Merck KGaA].

In a recent study using a human BCRP-transfected
MDCK cell line (BCRP-MDCKI) together with 1 uM of
PSC833, a specific P-gp inhibitor, the BCRP-mediated ER
of cladribine was determined with 118, which is about 6-fold
to 13-fold of the ER observed in Caco-2 cells as detailed
above [34]. Large quantitative differences in the assessment
of transporter-mediated ERs in different cell systems are
likely due to differences in the respective transporter abun-
dances [34].

In MDCKII-BCRP cells, *H-cladribine was transported
with a K, ., of 80 uM [30], and BCRP overexpression
reduced the accumulation of *H-cladribine and cytotox-
icity of cladribine in primary osteogenic sarcoma (Saos)
cells [35]. Interestingly, BCRP-mediated transport was
not observed in a vesicular transport assay and it was sug-
gested that cladribine (a moderate-permeability drug) may
have leaked out of vesicles by either passive diffusion or
facilitation by ENTs [30]. However, the latter would be
only applicable to the free cladribine pro-drug as nucleo-
side transporters (NTs) do not transport nucleotides, i.e., the
active intracellular cladribine phosphate metabolites [36].
In conclusion, cladribine is efficiently transported by BCRP
and the transport modulates the apparent permeability of the
compound in various monolayer assays.

2.4.3 MRP/ABCC Family Transporters

MRPs belong to the subfamily C in the ABC transporter
superfamily. Currently, nine MRPs are known to share a
similar ATP-driven transport mechanism [37]. A wide range
of endobiotics and xenobiotics can be transported by MRPs
and different MRPs may have overlapping substrate speci-
ficity. MRPs are known to transport nucleoside analogs and

their metabolites, specifically MRP4, MRP5, MRP7, and
MRPS [38, 39]. MRPs possess a broad expression profile;
MRP?2 is mainly expressed apically, while localization of
MRP1, MRP4, and MRPS5 is barrier dependent.

Transport of cladribine by several MRPs has been tested.
Cladribine was not transported by MRP2 in a monolayer
assay in MDCKII-MRP?2 cells at concentrations of 0.05,
0.1, and 1.0 uM (data on file, Study Report DMPK 134-09;
Merck KGaA). These data are consistent with data from
another study using a similar system [30].

Cladribine was also not transported by MRP4 as shown in
a cellular uptake assay using the human embryonic kidney
293 (HEK293)-MRP4 cell line at concentrations of 0.05,
0.1, and 1.0 uM, covering a concentration range of 20-fold
(data on file, Study Report DMPK 134-09; Merck KGaA).
These data are consistent with data from two other studies
using a MDCKII-MRP4 cell line [30]. In turn, a low-level
resistance to cladribine (i.e., resistance factor of 1.7-2.2; the
ICs in the transfected cell line divided by that in the paren-
tal cell line) was observed in HEK293-MRP4 cells [40].
However, because of the lack of specific MRP4 inhibitors,
it could not be shown that MRP4 inhibition could revert the
observed low-level resistance. In another cell line, overex-
pression of MRP4 did not produce resistance to cladribine
[41]. Thus, a role of MRP4 in cytotoxicity-related efflux of
cladribine, as suggested by the HEK293-MRP4 cell study,
appears unlikely. In conclusion, the majority of available
in vitro evidence supports the notion that cladribine is not
an MRP4 substrate.

Similar to MRP4, MRP5 was found not to transport clad-
ribine in an MDCKII-MRP5 monolayer assay (data on file,
Study Report DMPK 134-09; Merck KGaA). Although a
resistance factor of 1.5 was observed in HEK293-MRP5
cells, a reversal of resistance upon MRP5 inhibition has not
been shown [40]. Taken together, MRP2, MRP4, and MRP5
do not seem to play a meaningful role in transcellular efflux
of cladribine. No studies are available on MRP7-mediated
and MRP8-mediated transport of cladribine.

2.5 SLC Family Efflux Transporters
2.5.1 MATEs

MATE proteins are apically expressed membrane transport-
ers typically mediating the excretion of organic cations and
zwitterions into bile and urine and thereby contributing to
the hepatic and renal elimination of many xenobiotics [42].
Human MATES include three major functional solute car-
riers: MATE1, MATE?2, and the splice variant, MATE2K.
The three functional isoforms are expressed abundantly in
the apical membrane of renal proximal tubule cells and play
roles in the secretion of cations and zwitterions into urine
[43]. They function as cation/H* antiporters in functional
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interplay with organic cation transporters (e.g., OCT2)
localized at the basolateral membrane of proximal tubule
cells [43, 44]. Current evidence for a role of MATEs in
drug disposition and interactions is strongest for MATE1
and MATE2K [43].

Apart from its excretory function in the brush-border
membrane of renal proximal tubule cells, MATEI also
plays an important role in biliary excretion of endobiotics
and xenobiotics via the canalicular membrane of hepato-
cytes. Expression of MATE2K, in turn, is specific for the
brush-border membrane of renal proximal tubule cells. The
nucleoside reverse transcriptase inhibitors lamivudine and
emtricitabine were shown to be substrates of MATE]1 (both
compounds) and MATE2K (lamivudine) [45, 46]. Thus,
MATESs may be apical candidate transporters in functional
interplay with (a) putative basolateral uptake transporter(s)
in the renal secretion of cladribine. Unfortunately, no pub-
lished data are available on whether cladribine may be a
substrate to any of the MATE transporters. However, as clad-
ribine was shown not to be an OCT2 substrate (see below), it
may be considered unlikely that cladribine would be a sub-
strate of MATEs as typical OCT2 cooperation transporters.

2.6 Influx/Uptake Transporters: NTs

Nucleoside transport in humans is mediated by members of
two unrelated protein families, the SLC28 family of cation-
linked CNTs and the SLC29 family of energy-independent
ENTs. These families contain three and four members,
respectively. Together, they play key roles in nucleoside
and nucleobase uptake for salvage pathways of nucleotide
synthesis. Moreover, they facilitate cellular uptake of several
nucleoside and nucleobase drugs. [47]

2.6.1 CNT/SLC28 Family

Human CNTs are inwardly directed Na™-dependent NTs
with high substrate affinity (K, 1-50 uM; K, = measure
of the affinity of the substrate for the enzyme) found pre-
dominantly in intestinal and renal epithelial and other spe-
cialized cell types [48, 49]. Three CNTs (CNT1-3) mediate
Na*-dependent co-transport of nucleosides and nucleoside
analogs with CNT3 also mediating proton-driven co-trans-
port [47]. At least one of the CNTs is localized in all major
barrier-forming cell types but their localization and expres-
sion levels varies [47]. CNT1 primarily transports pyrimi-
dine nucleosides, CNT2 primarily transports purine nucle-
osides, and CNT3 transports both pyrimidine and purine
nucleosides [47].

In oocytes expressing CNT1, cladribine generated a small
but significant current [50], but no transport was detected
in stable transfectants containing CNT1 (known as TLCT1
cells) [51]. In contrast, CNT2 has been shown to transport
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cladribine both in oocytes expressing CNT2 [52] and Ara/
D2 transfectants albeit at a low rate of 0.023 pM/uL cell
water/s [51]. The estimated K, value for cladribine in this
study was 187 + 20.3 puM, characterizing cladribine as a
low-affinity substrate of CNT2 [52]. In addition, cultured
human leukemic cells overexpressing CNT2 were more
sensitive to the cytotoxicity of cladribine [53]. In two sepa-
rate studies, cladribine uptake was shown to be efficient in
oocytes expressing CNT3 [54, 55]. Therefore, cladribine is
considered to be an efficient substrate of human CNT3 and a
low-affinity substrate of CNT2. These findings are consistent
with the existing evidence that both CNT2 and CNT3 are
generally known to transport purine nucleosides.

2.6.2 ENT/SLC29 Family

ENTs are low-affinity (K, 50-700 uM), high-capacity bidi-
rectional NTs that are widely distributed in human tissues
[56], i.e., ENTs are ubiquitously found in most, possibly all,
cell types [47]. There are three human ENT isoforms known
(ENT1, ENT2, and ENT3), which display a broad substrate
specificity and mediate bidirectional fluxes of purine and
pyrimidine nucleosides down their concentration gradi-
ents [56]. ENT2 and, to a lesser extent ENT1, additionally
transport nucleobases [56]. ENT1 and ENT2 are primarily
located at the plasma membrane, although it has been shown
recently that ENT2 also resides in submembrane regions
from where it can be rapidly translocated to the plasma
membrane [57]. In addition, ENT1 and ENT2 can form het-
ero-oligomers and homo-oligomers at the plasma membrane
and in the submembrane region [57]. Changes in the locali-
zation and oligomeric status of ENT1 and ENT?2 can rapidly
modify the uptake profile of nucleosides and nucleobases.

In contrast, ENT3 functions predominantly intracellu-
larly, where it is expressed in lysosomal [56] and mitochon-
drial [58] membranes. Thus, ENT3 is not relevant for the
discussion of transporter-based absorption or distribution
interactions of cladribine and will not be considered further
herein.

In addition, an evolutionarily divergent ENT transporter
(ENT4) was identified. Substrate specificity of ENT4 is
somewhat different as it transports monoamines and thus
was also denoted plasma membrane monoamine transporter
because of its ability to transport organic cations includ-
ing biogenic amines, cationic therapeutics, and neurotox-
ins [36]. ENT4 has been also shown to transport adenosine
[59], and more recently 2-chloro-adenosine in a pH-depend-
ent manner [60]. ENT4 is most abundantly expressed in the
brain, where it may play a role in the clearance of monoam-
ine neurotransmitters [61, 62]. In addition to the brain, mes-
senger RNA (mRNA) transcripts of ENT4 are also found
in several other organs, including the kidney, where it is
expressed on the apical membranes of renal epithelial cells
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and may be involved in urinary organic cation reabsorption
[61, 63].

ENT1 and ENT?2 are the best characterized ENTs and
have been shown to be expressed in all major barriers [47]
and in immune cells [64]. Overall, ENT1 and ENT?2 are the
major contributors to nucleoside transport across the plasma
membrane in many tissues [56, 65].

ENT]1 efficiently transports cladribine in cultured human
leukemic cells with a K, of 23 uM and overexpression of
ENT1 leads to a significant increase in the cytotoxicity of
cladribine (10 uM) compared with control cells [53]. Cyto-
toxicity of cladribine to cultured leukemic lymphoblasts was
enhanced three-fold in the presence of the ENT1-specific/
selective inhibitor nitrobenzylthioinosine (NBMPR) when
cells were preloaded with cladribine, suggesting that ENT1
also plays an important role in the efflux of cladribine from
lymphocytes [66].

ENT2-mediated (i.e., NBMPR-insensitive) transport has
been shown for cladribine [67], although in contrast to the
expression of ENT1 and CNT2, the expression of ENT2 in
cultured human leukemic cells did not result in increased
cytotoxicity over control cells [53]. Recently, however,
ENT2-mediated transport of cladribine has been confirmed
by CRISPR/Cas9-generated HeLa cell lines in which ENT
expression was limited to ENT1 or ENT2 [68].

Taken together, there is robust information that clad-
ribine is a substrate of ENT1, and data from two different
in vitro systems showing that cladribine is also transported
by ENT2. Evidence of ENT4-mediated transport of adeno-
sine [59] and 2-chloro-adenosine [60] suggests that ENT4
may be considered a reasonable candidate transporter for
cladribine. As shown recently, JN-desmoplastic small round
cell tumor 1 cells abundantly expressing ENT4 mRNA were
more sensitive to the pH-dependent cytotoxic effect of clad-
ribine than cells with lower ENT4 expression. A decreasing
level of ENT4 with Wilms’ tumor 1-2 small interfering RNA
resulted in markedly reduced cladribine cytotoxicity, high-
lighting a potential role of ENT4 in the cellular uptake and
cytotoxicity of cladribine [69, 70].

2.6.3 OATP

OATPI1B1 and OATP1B3 are key liver uptake transporters
specifically expressed on the basolateral (i.e., sinusoidal)
membrane of human hepatocytes, playing an important role
in the hepatic uptake of various endogenous substrates and
drugs [71, 72]. Nucleosides and nucleoside analogs are not
among the typical substrates of OATP1B1 and OATP1B3,
although it was shown recently that OATP1B1 transports
cytarabine [73].

No data are available on potential OATP1B1-mediated
and OATP1B3-mediated transport of cladribine. However,
because no active uptake of cladribine into hepatocytes has

been demonstrated (data on file, Study Report 15-GR028-
PO; Merck KGaA), and cladribine did not inhibit OATP1B1-
mediated and OATP1B3-mediated uptake of test substrates,
it is not considered to be acting as a competitive inhibitor/
substrate of these transporters (data on file, Study Report
PCT-059-15; Merck KGaA). Taken together, it appears
unlikely that cladribine may be a substrate of liver-specific
OATPs.

2.6.4 OCTs

There are three main isoforms of OCTs (OCT1, OCT2, and
OCT3). OCTs are critically involved in intestinal absorption,
hepatic uptake, and renal excretion of hydrophilic drugs. In
excretory organs, OCTs frequently function in cooperation
with MATE proteins to mediate transepithelial transport of
organic cations [74].

OCT1 is widely expressed with a particularly high expres-
sion at the sinusoidal membrane of hepatocytes [75]. OCT1
has a broad substrate specificity and functions in hepatic
uptake and thus is a significant contributor to hepatic clear-
ance of drugs [76]. OCT1 is known to transport nucleoside
analogs [77]. No data are available on OCT1-mediated trans-
port of cladribine. However, because no active uptake of
cladribine into hepatocytes has been demonstrated (data on
file, Study Report 15-GR028-P0; Merck KGaA) and clad-
ribine did not inhibit OCT1 (data on file, Study Report PCT-
059-15; Merck KGaA), it appears unlikely that cladribine
may be a substrate of OCT1.

OCT?2 is considered to be a kidney-specific basolateral
transporter responsible for the uptake of substrates into renal
proximal tubule cells. However, OCT2 has been shown by
qRT-PCR also to be expressed in CD4™ cells isolated from
human immunodeficiency virus-infected patients, and OCT2
was shown to transport the nucleoside reverse transcriptase
inhibitor lamivudine [78]. OCT?2, however, does not trans-
port cladribine (data on file, Study Report DMPK 21-10;
Merck KGaA).

OCT3 has a very broad tissue expression pattern and
transports a wide range of monoamine neurotransmitters,
hormones, and steroids. Its broad substrate profile overlaps
with those of OCT1, OCT?2, as well as MATE1 and MATE2-
K. No data are available on potential OCT3-mediated trans-
port of cladribine.

2.6.5 OATs

To date, seven human OATSs have been identified and func-
tionally characterized (OAT1; OAT2; OAT3; OAT4; OAT7;
OAT10; and URAT1) [79-81]. Compared with OATPs,
OATs transport smaller and more hydrophilic organic
anions. They mediate the transport of a diverse range of
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low-molecular-weight substrates including steroid hormone
conjugates, biogenic amines, various drugs, and toxins [82].
OAT1 and OAT3 mediate the basolateral cellular entry step
in the renal secretion of many organic anions [71].

OAT]1 is expressed at the basolateral membrane of renal
proximal tubule cells [83, 84] and at the plasma membrane
of skeletal muscle cells [85]. OAT1 has been shown to be
below the limit of quantitation by qRT-PCR in peripheral
leukocytes [31] and weak expression was demonstrated by
a microarray study in leukocytes, neutrophils, and mononu-
clear cells [93]. OAT1 has been shown to transport nucleo-
side analogs and phosphonates [86, 87]. However, OAT1
does not transport cladribine (data on file, Study Report
DMPK 21-10; Merck KGaA).

OAT?2 has been identified at the basolateral membrane
of proximal renal tubules [88], and it is assumed to be
expressed at the basolateral membrane of human hepato-
cytes based on findings in rodents [82]. Compared to other
OAT family members, OAT?2 has only recently been recog-
nized as an important drug transporter because of its expres-
sion in both the liver and kidney, and its ability to transport
not only a wide variety of xenobiotics but also numerous
physiologically important endogenous compounds, includ-
ing creatinine. OAT2 has been shown to transport the syn-
thetic nucleoside analogs acyclovir and ganciclovir [89]
and the nucleobase 5-fluorouracil [90]. Although no data
are available on potential OAT2-mediated transport of clad-
ribine, Marada and colleagues demonstrated the absence of
OAT?2 inhibition by cladribine. Based on this, cladribine is
not considered to act as a competitive inhibitor/substrate of
OAT?2 [91].

The OATS3 protein is localized at the basolateral mem-
brane of proximal renal tubules [92], and is thought to be
a kidney-specific transporter. OAT3 has been shown to be
below the limit of quantitation by qRT-PCR in peripheral
leukocytes [31] and weak expression was demonstrated by
a microarray study in leukocytes, neutrophils, and mononu-
clear cells [93]. OAT3 prefers larger amphiphilic compounds
and is less known to transport nucleoside analogs. Consist-
ent with this substrate profile, no OAT3-mediated cladribine
transport was detected in transfected S2 cells overexpress-
ing OAT3 (data on file, Study Report DMPK 21-10; Merck
KGaA).

OAT4 protein expression has been identified at the api-
cal membrane of renal proximal tubule cells [94, 95] and
at the basolateral membrane of syncytiotrophoblasts in the
placenta [96]. Thus, in the absence of pregnancy, OAT4 is
thought to be a kidney-specific apical transporter as the kid-
ney is the only organ where it was shown to be expressed to
any significant extent by a microarray study [95].

OAT4 is an anion exchanger. By using different counter-
ions, it works in a secretory or in a re-absorptive manner.
The only nucleoside analog reported as a low-affinity (K,
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= 151.8 uM) OAT4 substrate is azidothymidine/zidovudine
[97]. No OAT4-mediated cladribine transport was detected
in transfected S2 cells overexpressing OAT4 (data on file,
Study Report DMPK 21-10; Merck KGaA). The roles of
OATS5, OAT7, OAT10, and URATT! for drug transport and
possible interactions are less well characterized [82], and
no data are currently available concerning their possible
involvement in cladribine transport.

2.7 Summary of the Transporter Substrate
Characteristics of Cladribine

The available evidence as detailed above suggests that dis-
tribution of cladribine across biological membranes is facili-
tated by a number of efflux and uptake transporters. Among
the key ABC efflux transporters, only BCRP appears to be
an important transporter of cladribine, while P-gp does not
appear to transport cladribine in an efficient manner, and
thus may only play an ancillary role in cladribine efflux at
biological barriers with high P-gp expression [5, 20, 30].
Cladribine is not a substrate of MRP2, MRP4, or MRP5
(Table 1).

Intracellular uptake of cladribine appears to be exclu-
sively mediated by ENTs and CNTs, specifically by ENT1,
ENT2, ENT4, CNT2 (low affinity), and CNT3 (Table 2).
There is no evidence that SLC uptake transporters, such as
OATPs, OATs, and OCTs, are involved in the transport of
cladribine (Table 3).

2.8 Cladribine Transport and Transporter Interplay
at Major Biological Barriers

The main functions and interplay of transporters that have
been shown to play a role in the active transport of cladribine
will be briefly discussed for key biological barriers.

2.8.1 Intestinal Epithelial Cells

Figure 1a illustrates transporters involved in the uptake and
efflux of cladribine in the small intestine. Intestinal epithelial
cells express a variety of NTs shown to transport cladribine
such as CNT2 and CNT3 in the apical (luminal) membrane
as well as ENT1 and ENT2 mainly in the basolateral (i.e., at
the blood side) surface, together working in concert to facili-
tate the absorption of nucleosides and nucleoside analog
drugs [47]. CNT2 has been suggested as the main contribu-
tor to the intestinal absorption of purine nucleosides [98],
and CNT3 transports both pyrimidine and purine nucleo-
sides [47]. As cladribine was shown to be a substrate of
CNT3 and CNT2 (low affinity), it is reasonable to assume
that these transporters facilitate intestinal absorption of clad-
ribine in collaboration with basolateral-expressed ENT1
and ENT2. More recently, apical localization of ENT1 was
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Fig. 1 Proposed expression of transport proteins with available evi-
dence for involvement in cladribine uptake and efflux transport in a
intestinal epithelial cells, b hepatocytes, ¢ renal proximal tubule cells,
d microvascular endothelial cells of the blood-brain barrier (BBB), e
choroid plexus epithelial cells of the blood cerebrospinal fluid barrier

shown by immunocytochemical staining in a Caco-2 cell
line, while ENT2 was present in different cell compartments
[99]. Based on the staining, the apical expression of ENT2

b
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Sinusoidal membrane/Blood Canalicular
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(ONT2 )~ < ENTY ) @
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H Tight junction

d

Microvascular Endothelial Cells of the Blood Brain Barrier

Apical/Luminal/Blood side

Basolateral/Abluminal/Brain side
W Tight junction

Lymphocyte

(CSFB), and f lymphocytes. BCRP breast cancer resistance protein,
CNT concentrative nucleoside transporter, ENT equilibrative nucleo-
side transporter, P-gp P-glycoprotein. The dotted line indicates a min-
imal contribution

was lower than the basolateral expression of ENT2 [99].
Taken together, both CNTs and ENTs are likely to be work-
ing in concert in the intestinal absorption of nucleosides and
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nucleoside analog drugs including cladribine. However, the
absorption of cladribine is unlikely to be entirely dependent
on active NT-mediated transport, but may occur to some
extent by passive diffusion (see Sect. 1.2).

The oral bioavailability of cladribine is reported as 45.6%
[20]. Therefore, and also because cladribine is not subject to
any cytochrome P450 subfamily 3A (CYP3A)-based first-
pass metabolism, it is conceivable to consider the role of
apical efflux transporters as limiting factors to the oral bio-
availability of cladribine [100]. This assumption is further
supported by the low non-renal clearance of cladribine (23.4
L/h) and in turn much lower hepatic clearance, compared to
the hepatic blood flow (about 1500 L/min).

Of the three major apical efflux transporters in the intes-
tine, MRP2 does not transport cladribine. The intestinal pro-
tein abundance of P-gp, relative to the total intestinal trans-
porter abundance, has been reported to range between 11
and 14% in the jejunum, and was found to be about 19% in
the ileum. In the same study, BCRP abundance in the entire
small intestine was found to range between 4 and 8% [101].
Thus, in quantitative terms, the intestinal P-gp expression
exceeds BCRP expression by about two-fold, which may
compensate to some extent for the low cladribine transport
efficiency shown for P-gp. However, BCRP is by far a more
efficient transporter of cladribine than P-gp as evidenced by
several in vitro studies. For instance, when cladribine trans-
port was examined within the same study in MDCKII-based
transfectants, BCRP was more efficient than P-gp [30]. In a
more recent study using a cell line with reduced potential for
interference by P-gp (CPT-P1), several potent, relatively spe-
cific BCRP inhibitors almost completely inhibited cladribine
efflux, whereas several BCRP substrates and less specific
inhibitors of efflux showed different degrees of inhibition
[102]. Thus, taken together, BCRP is considered the key
contributor for the limitation of cladribine absorption by
intestinal efflux.

2.8.2 Hepatic Uptake and Excretion

Cladribine has been shown not to be a substrate or inhibi-
tor of key hepatic uptake transporters including OATP1B1,
OATP1B3, OCT1, OCT3, OAT2, and OAT7, although
data for OAT7 are lacking. However, CNTs and ENTs are
expressed in the human liver, and have been shown to play
a role in the hepatic uptake of nucleoside analog drugs [58].
In hepatic tissue, the rank order of mRNA expression of the
transporters was CNT1 ~ ENT1 > ENT2 ~ CNT2 > CNT3
[58]. In sandwich-cultured hepatocytes, the mRNA expres-
sion of CNT2 and ENT2 was comparable to that in hepatic
tissue, whereas the expression of corresponding transporters
in the two-dimensional hepatocyte cultures was lower. Colo-
calization studies demonstrated predominant localization of
these transporters at the sinusoidal membrane and ENT1,
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CNT1, and CNT?2 also at the canalicular membrane. Unlike
CNT1 and ENT1, only moderate levels of ENT2 (~100-fold
<ENT1) and CNT2 (~100-fold <CNT1) transcripts and a
low level of CNT3 transcripts were expressed in the human
liver. Functional data suggest that the transport of both
purine and pyrimidine nucleosides into sandwich-cultured
hepatocytes is predominantly mediated by ENT1 followed
by ENT2 ~ CNT?2 for guanosine and ENT2 ~ CNT1 for
thymidine [58].

Figure 1b shows transporters possibly involved in the
uptake and efflux of cladribine in the liver. On the sinusoi-
dal membrane of human hepatocytes, ENT1 and ENT2 were
identified as significant contributors to the total transport of
nucleosides into hepatocytes, whereas the contribution of
CNTs was substrate dependent [58]. Considering the uptake
transporter substrate characteristics of cladribine together
with the expression pattern of uptake transporters at the
sinusoidal membrane (i.e., at the blood side) of hepatocytes
[43], ENT1 and ENT2 are the only conceivable candidate
transporters for hepatic uptake of cladribine, as CNT3 only
shows low-level expression in human hepatocytes [58]. This
means that any transporter-mediated hepatic uptake of clad-
ribine would be almost entirely ENT1 and ENT2 dependent,
possibly with some ancillary contributions of CNT2. How-
ever, results of an in vitro uptake study of '“C-labeled clad-
ribine into cryopreserved human hepatocytes indicated that
cladribine uptake was low, with a range from 7.5 + 1.0 to
15 + 6 uL/10° cells, when compared with positive controls
for OCT1 (69 pL/ 10° cells) and OATP1B1/3-mediated (24
uL/10° cells) uptake, respectively. In this study, cladribine
uptake was neither concentration nor time dependent, satu-
ration was not achieved at the concentrations tested (up to
251 uM), and uptake was not inhibited in the presence of a
mix of multiple transporter inhibitors (rifampicin [20 pM],
cyclosporin A [20 uM], and quinidine [100 pM]), although
the inhibitors employed in this study are not known as potent
ENT1 inhibitors (data on file, Study Report 15-GR028-PO0;
Merck KGaA). However, recently, it was shown that the
expression of many plasma membrane proteins was lower
in freshly isolated human hepatocytes than in liver tissue.
This included transport proteins that determine hepato-
cyte exposure to many drugs and endogenous compounds,
although ENTs/CNTs were not specifically examined in
this study [103]. In this context, it is important to note that
the cladribine hepatic uptake study was conducted in sus-
pended hepatocytes that were cryopreserved twice before
being used. While a decline in hepatic enzyme activities in
response to the cryopreservation process is known, adverse
effects of transporter functions in double-cryopreserved
hepatocytes have not yet been examined. Provided that these
observations may be transferable to transporter activities,
ENT-mediated cladribine uptake in the test system may
not have been well captured (personal information, Brian
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Ogilvie, Sekisui XenoTech, LLC). Taken together, the role
of ENT1-mediated and ENT2-mediated hepatic uptake of
cladribine in vivo remains unknown. However, clinical DDIs
with hepatic ENTs have not been demonstrated to date. In
the absence of a significant hepatic metabolism of cladrib-
ine (e.g., by CYP enzymes) [20], the possible role of efflux
transporters (e.g. BCRP, P-gp, and ENT1) in the biliary
excretion of cladribine or any metabolites will not be con-
sidered further herein.

2.8.3 Renal Uptake and Excretion

Renal elimination is an important clearance pathway of
cladribine. A population pharmacokinetic analysis showed
that renal and non-renal routes of cladribine elimination
are approximately of similar quantitative importance, with
median values of 22.2 L/h and 23.4 L/h for renal and non-
renal clearance, respectively [104]. Renal clearance appears
to exceed the glomerular filtration rate, indicating net tubular
excretion of cladribine in addition to glomerular filtration
[20]. Figure 1c shows transporters possibly involved in the
uptake, efflux, and reabsorption of cladribine in the kidney.
As cladribine was shown not to be a substrate of the kidney-
specific basolateral (i.e., blood side) uptake transporters
OCT?2, OATI, and OATS3, nor of the kidney-specific apical
(i.e., urinary side) transporter OAT4, only BCRP, ENT1, and
possibly P-gp remain as conceivable candidate transporters
for active tubular secretion of cladribine (Fig. 1c).

NTs in the kidney mediate renal reabsorption and secre-
tion of nucleosides [105]. All five NTs are expressed in the
kidney. CNTs primarily localize to the apical membrane
(i.e., urinary side) of renal epithelial cells while ENTs pri-
marily localize to the basolateral membrane (i.e., blood
side). This implies that these transporters work in concert
to primarily mediate tubular reabsorption of naturally occur-
ring nucleosides and nucleoside analogs [106]. In addition,
ENTI is also expressed at apical membranes of renal epithe-
lia, and thus may participate in both selective secretion and
reabsorption of nucleosides and nucleoside analog drugs,
including cladribine [105, 106]. Because of their bidirec-
tional functionality, basolateral (i.e., blood side) located
ENT1 and ENT2 are the most likely candidate transporters
facilitating uptake of cladribine from the blood into renal
proximal tubule cells, as none of the other basolateral uptake
candidates tested were actually shown to facilitate cladribine
uptake. Therefore, it is likely that ENT1 and ENT2 facilitate
transmembrane transport of cladribine through the basolat-
eral membrane (i.e., blood side), while ENT1 may also be
involved in the apical urinary excretion of cladribine.

In the apical membrane (i.e., luminal side) of renal
proximal tubule cells, of the three transporters (i.e., ENTI,
BCRP, and P-gp) possibly implicated in renal efflux of clad-
ribine into urine, only BCRP and ENT1 have been shown

to transport cladribine efficiently. In vitro, P-gp-mediated
transport of cladribine does not seem to be efficient. How-
ever, P-gp expression in the kidney at the mRNA level was
higher than BCRP expression [107, 108]. It is known that
mRNA data in transporter research need to be interpreted
with caution as they do not always correlate with changes in
the amount of functional transporter expressed. More recent
proteomics data on kidney cortex cells indicated that P-gp
generally showed the highest abundance among all apical
efflux transporters, with P-gp expression exceeding that of
BCRP by about 40-fold to 150-fold when pM/mg protein
data are considered [107, 109—112]. However, one study that
quantified P-gp and BCRP expression by qPCR in condition-
ally immortalized proximal tubule cells showed comparable
expression levels of P-gp and BCRP [107]. Finally, Huls and
colleagues found, by using immunohistochemical analysis,
a clear localization of BCRP to the proximal tubule brush
border membrane of the human kidney comparable to that
of other ABC transporters such as P-gp, MRP2, and MRP4
[112—-114]. This study showed, that in addition to other api-
cal ABC transporters, BCRP may be important in renal drug
excretion. Based on this, although it is acknowledged that
literature data on renal BCRP expression are largely incon-
sistent, BCRP is considered likely to be an important con-
tributor of active renal tubular secretion of cladribine. Taken
together, active tubular secretion of cladribine appears to be
most likely driven by BCRP, ENT1, and P-gp. Regarding the
latter, the very high P-gp expression in renal proximal tubule
cells may compensate for the low P-gp transport efficiency
of cladribine.

2.8.4 BBB and Blood Cerebrospinal Fluid Barrier (BCSFB)

The brain capillary endothelial cells form the BBB, which
separates the blood and the brain interstitial fluid. The CP is
a vascularized tissue that is located in each ventricle of the
brain. CP ependymal cells are the main site of ventricular
secretion of the cerebrospinal fluid (CSF) and, along with
the arachnoid membrane, form the BCSFB. Both BBB and
BCSFB form physically tight barriers by the expression of
tight junctions and transporter proteins, which prevent the
passage of molecules from the central circulation into the
brain interstitial fluid and from the brain circulation into the
CSF. Efflux transporters expressed at the luminal membrane
of the BBB are capable of effluxing a multitude of chemi-
cally diverse compounds, including toxins and xenobiotics,
often in cooperation with transporters expressed at the ablu-
minal membrane, from the brain into blood.

Some quantitative proteomic studies on drug transport-
ers abundance at the BBB have been conducted [115-117].
Transporters involved in the uptake and efflux of cladribine
across the BBB and the BCSFB are illustrated in Fig. 1d and
e, respectively. The figures show that the transport processes
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at the BCSFB barrier functionally differs from those at the
BBB. For example, P-gp and BCRP at the BBB act as apical
(i.e., blood side) efflux transporters thereby limiting entry of
substrates into the brain (Fig. 1d), while both transporters
secrete substrates from the brain circulation into the CSF at
the BCSFB (Fig. le).

Among the three major ABC efflux transporters expressed
at the human BBB (i.e., P-gp, BCRP, and MRP4), only
BCRP and to some extent P-gp are considered contributors
to cladribine efflux. In a quantitative proteomics study of
membrane transporters in human brain microvessels, BCRP
showed the most abundant protein expression (8.14 fmol/
ug protein) closely followed by P-gp (6.06 fmol/ug protein)
[117]. As P-gp is not considered to transport cladribine
efficiently, BCRP represents the only efficient BBB efflux
transporter limiting the central nervous system uptake of
cladribine. Available data indicate that cladribine can per-
meate the BBB and/or BCSFB interfaces to some extent as
a CSF/plasma concentration ratio of approximately 0.25 was
reported for cladribine [118]. This in part could be either
due to passive permeability or more likely through ENT1-
mediated and ENT2-mediated apical uptake (i.e., blood side)
in concert with ENT2-mediated basolateral efflux (i.e., cen-
tral nervous system side) at the BBB. In particular, ENT1
is abundantly expressed in the human BBB as measured by
quantitative targeted proteomics [116]. In addition, basolat-
eral ENT1 and ENT?2 in concert with apical ENT2, BCRP,
and possibly P-gp in ependymal cells of the CP could also
well contribute to the CSF concentrations of cladribine [47].

2.8.5 Immune Cells

B-lymphocyte and T-lymphocyte populations are known as
the key pharmacological targets of cladribine in the treatment
of MS. As lymphocytes make up the majority of the PBMC,
PBMC data are also considered herein, while transporter
expression of other immune cells (e.g., granulocytes, mac-
rophages) will not be discussed. Transporters involved in the
uptake and efflux of cladribine into lymphocytes are illustrated
in Fig. 1f. ENT1, ENT2, and CNT2 are abundantly expressed
in primary lymphocytes (i.e., PBMCs and CD4" T-lympho-
cytes), with a preferential activity of ENT1. A significant up-
regulation in the expression of ENTs (100-fold) and activity
(30-fold) was seen under phytohemagglutinin stimulation of
primary T-lymphocytes [64]. ENT1 expression has also shown
the greatest increase upon phytohemagglutinin stimulation in
PBMCs as well as CD4* T-lymphocytes in another gPCR
study [93]. Overall, ENT1 was one of the highest expressed
NTs in various classes of WBCs including PBMCs [119].
Functional studies quantifying uridine transport in non-
stimulated PBMCs showed minimal contribution of ENT2
activity to nucleoside transport in primary lymphocytes.
In addition, the CNT2 (i.e., Na* dependent) component of
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nucleoside transport appeared to be residual and near neg-
ligible [64].

CNT?2 is the only CNT substantially expressed in PBMCs
and CD4" T-lymphocytes [64]. Therefore, ENT1 and ENT2
may be considered the key transporters in the uptake of clad-
ribine into lymphocytes, possibly with an ancillary contribu-
tion of CNT2.

Among ABC efflux transporters, P-gp expression in
human lymphocytes in a qPCR study was intermediate
but displayed a significantly higher expression than BCRP
[25]. Among lymphocytes, CD8* T-lymphocytes and natural
killer cells express higher P-gp levels than CD4" T-lympho-
cytes and B-lymphocytes [25, 26]. Therefore, BCRP, ENT1,
and ENT2, along with P-gp, may play a role in efflux of clad-
ribine from human lymphocytes. BCRP may play an addi-
tional role by effluxing one of the phosphorylated intracel-
lular cladribine metabolites, i.e., cladribine-AMP [30], while
ENTs are known for their inability to transport nucleotides
(i.e., the phosphorylated intracellular cladribine metabolites)
[36]. This implies that NTs do not play a role in the efflux
of cladribine nucleotides from intracellular compartments
(e.g., lymphocytes), while BCRP is capable to efflux the
parent drug cladribine as well as the nucleotide 2-Cd-AMP,
but not 2-Cd-ADP or 2-CD-ATP.

We are unaware of published data on the capability of
other ABC transporters to efflux intracellular cladribine
nucleotides. However, as P-gp does not transport cladribine
efficiently, and cladribine is not a substrate of MRP trans-
porters, it appears unlikely that these transporters may play
arole in the efflux of active cladribine metabolites.

It is worthy to note that the apparent lack of engagement
of MRP efflux transporters and the poor substrate charac-
teristics of cladribine towards P-gp, together with a rela-
tively low BCRP expression in lymphocytes [25] along with
the inability of ENTs to efflux cladribine nucleotides may
favor intracellular accumulation of cladribine and its active
metabolites in its target cells. Of note, BCRP expression in
PBMC:s is only about 10% of its expression in the intestine
[32], and BCRP expression in human lymphocytes has been
reported to decrease with age [24]. Besides BCRP, ENT1
and ENT2 are thought to be contributors to the active efflux
of cladribine parent drug from WBCs, besides their role as
cladribine uptake transporters [66]. Taken together, clad-
ribine uptake into lymphocytes is most likely mediated by
ENT1 and ENT2, possibly with some contribution by CNT2
[119, 120]. while the efflux of cladribine from lymphocytes
is likely mediated by BCRP and ENT1, with contributions
of ENT2 and P-gp.
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2.9 Transporter Inhibitor Characteristics
of Cladribine

There is ample in vitro information available to support the
prediction that cladribine does not inhibit the most important
ABC efflux transporters in vivo. In vitro inhibition stud-
ies were conducted for P-gp (in Caco-2 cells), BCRP (in
MDCKII-BCRP cells), MRP2, MRP4, and MRP5 (in mem-
brane vesicle preparations), OATP1B1 and OATP1B3 (in
transfected HEK cells), OAT1 and OAT3 (in CHO cells)
and OAT4 (in transfected S2 cells), and organic cation trans-
porters, i.e., OCT1 (in transfected HEK cells) and OCT2 (in
CHO cells) [5, 20].

2.9.1 Efflux Transporters

Cladribine at 15 uM did not inhibit vectorial transport of
digoxin in Caco-2 cells (data on file, Study Report DMPK
108-09; Merck KGaA). Thus, according to standard regula-
tory criteria, inhibition of P-gp by cladribine is not expected.
Based on limitations of this P-gp interaction study (only one
concentration employed that did not cover intestinal concen-
trations), no definite conclusions on the potential of clad-
ribine to inhibit intestinal P-gp can be drawn. However, as
cladribine tablets contain hydroxypropylbetadex, which may
result in complex formation with other medicinal products,
it is recommended in the cladribine label that administra-
tion of any other oral medicinal product must be separated
from cladribine dosing by at least 3 h [5]. In following the
label, no other drug should be orally administered within this
time window, which renders transporter-based absorption
interactions, competitive in nature and hence linked to the
simultaneous presence of the competing substrates, a wholly
academic question.

In vitro, cladribine has been characterized as a weak
inhibitor of human BCRP with an ICs, value > 150 pM,
i.e., (~ 20% inhibition at 150 uM) [data on file, Study Report
P9626-01; Merck KGaA]. Literature data confirm cladribine
as a modest in vitro inhibitor of BCRP with a K; value of
around 50 uM in a vesicular transport system [30]. Hence,
potential in vivo inhibition of intestinal or systemic BCRP
by cladribine can be excluded [5].

Of the other efflux transporters tested (MRP2, MRP4,
and MRP5), only inhibition of MRP5 yielded an I1Cs;, value
(64 uM) [data on file, Study Report DMPK 131-09; Merck
KGaA]. In the BBB endothelial cells, MRPS5 is localized
apically/luminally [121]. Based on reported expression lev-
els, MRPS5 is not considered a dominant efflux transporter
at the BBB and even for the more important and highly
expressed luminal efflux transporters such as BCRP and
P-gp, the likelihood of clinical transporter-mediated DDIs
has been debated [122]. For BBB efflux transporters, no

specific instructions are defined and C,,,, ,/K; is one of the

criteria considered [122]. In one study an I, /K; >1 was
suggested as a cut-off limit for P-gp-mediated DDIs at the
BBB, and by another group 7, ,/K; <0.1 was proposed as
a cut-off for ruling out significant P-gp-mediated DDI at
the BBB in humans [123]. By analogy, a MRP5 inhibition-
mediated DDI at the BBB by cladribine is unlikely. No data
are available on cladribine-mediated inhibition of MATE1

or MATE2K.

2.9.2 Influx/Uptake Transporters

In vitro inhibition of the hepatic uptake transporters
OATP1B1, OATP1B3, and OCT1 by cladribine was exam-
ined in stably transfected HEK cell lines for each of these
human hepatic uptake transporters. Cladribine, at concen-
trations of 12 pM and 60 pM, did not show any uptake
inhibition of the employed transporter specific substrates
(3H-estr0ne sulfate, 3H-su1f0brom0phthalein, and *H-1-me-
thyl-4-phenylpyridinium iodide) [data on file, Study Report
15-GR028-P0; Merck KGaA].

These results are consistent with published data by
Marada and colleagues who screened a panel of antineo-
plastic drugs for their inhibitory potential of OATP1B1
and OATP1B3 (in stably transfected HEK cells) using
[*H]-estrone 3-sulfate and [*H]-cholecystokinin octapeptide
as OATP1B1 and OATP1B3 substrates, respectively [91].
This study showed that neither the OATP1B1-mediated
uptake of [*H]-estrone 3-sulfate nor the OATP1B3-mediated
uptake of [*H]-cholecystokinin octapeptide were inhibited
by cladribine at a concentration of 100 pM [91]. Similarly,
Yamaguchi and co-workers demonstrated the absence of
OATP1B3 inhibition by cladribine at concentrations of 5 and
20 uM, by using HEK?293 cells overexpressing OATP1B3
using chenodeoxycholyl-(Ne-NBD)-lysine as a probe sub-
strate [124]. Taken together, there is robust evidence from
various sources available that cladribine does not inhibit
OATPI1B1 and OATP1B3 up to concentrations of 100 pM.

In vitro inhibition of renal uptake transporters OCT2,
OATI, and OAT3 by cladribine was tested in transporter
overexpressing cell lines. Interestingly, a slight stimulation
(35%) of OCT2-mediated metformin transport was observed
at 33 uM of cladribine. Modest in vitro inhibition of OAT1
and OAT3 was observed; however, this was too low to deter-
mine ICy, values.

Marada et al. examined various antineoplastic drugs,
including cladribine, for their inhibition of OAT2-mediated
SH-cGMP uptake in stably transfected HEK-293 cells using
probenecid, a well-known inhibitor of OATS, as a control
[125]. Cladribine (100 uM) did not inhibit OAT2-mediated
’H-cGMP uptake to a significant extent [125].

Toh et al. [126] examined the inhibitory effects of 101
anticancer drugs, including cladribine, from a clinical drug
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library on hOAT4 transport activity. The studies were car-
ried out in hOAT4-expressing human kidney HEK-293
cells and human placenta BeWo cells by using *H-estrone
sulfate as a prototypical OAT4 substrate and probenecid as
an OAT4 inhibitor control [126]. Cladribine (10 pM) only
showed a modest inhibition of *H-estrone sulfate uptake by
about 25%, which was too low to determine an ICs;, value
[126]. Taken together, no clinically significant inhibition of
the renal uptake transporters OCT2, OAT1, OAT2, OAT3,
and OAT4 by cladribine is to be expected.

Regarding potential CNT inhibition by cladribine, there
are no published or proprietary data on CNT1 available,
while one study reported weak inhibition of CNT2 of [*H]
inosine uptake in HeLa cells expressing CNT2 with an ICs
of 371 uM [127]. In general, no high-affinity inhibitors of
CNTs are known as marketed medicinal products. This ren-
ders it unlikely that cladribine may confer clinically relevant
CNT1 or CNT?2 inhibition, also because cladribine has not
been shown to be a substrate of CNT1 [51] and has been
categorized as a low-affinity substrate of CNT2 [52, 53].
Conflicting data have been reported on cladribine-mediated
inhibition of CNT3. In Saccharomyces cerevisiae cells
overexpressing CNT3, cladribine inhibited adenosine trans-
port with a K; of 17 uM [53], and in oocytes overexpress-
ing CNT3 a K; of 274 uM was observed using inosine as a
probe [54]. Considering the maximum unbound cladribine
exposure (C .,y ss.0) Of about 0.112 pM that is achieved with
recommended clinical doses, in vivo inhibition of CNT2 and
CNT3 by cladribine can be excluded [17]. However, a possi-
ble intestinal CNT3 in vivo inhibition cannot be confidently
ruled out based on the data reported by King and co-workers
[53], as CNT3 is expressed at the apical/luminal membrane
of enterocytes [47]. However, owing to the 3-h time sepa-
ration of cladribine dosing from other orally administered
drug products, as per the cladribine label [5], the likelihood
of a CNT3-based absorption interaction with cladribine in
clinical practice is unlikely as CNT3 inhibition by cladribine
would be expected to be competitive, concentration related,
and hence transient.

Cladribine inhibited ENT1 and ENT?2 activity in S. cer-
evisiae cells overexpressing human ENT1 or ENT2 using
adenosine as probe with a K; of 36 uM and 50 uM, respec-
tively [53]. A recent study determined ICs, values of clad-
ribine for ENT1-mediated and ENT2-mediated inhibition of
3H-uridine uptake in HeLa cells with ENT expression lim-
ited to ENT1 or ENT2 with 67.26 uM and 40.15 uM, respec-
tively [68]. Both transporters are expressed in the sinusoi-
dal/basolateral membrane of hepatocytes [36]. Applying the
same criteria as for other hepatic uptake transporters such
as OATP1B1, OATP1B3, and OCT], hepatic inhibition is
likely not significant clinically. Similarly, ENT1 and ENT2
are expressed in the basolateral membrane of renal proximal
tubule cells [106]. Application of the same criteria as for
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co-localized uptake transporters (OAT1, OAT2, OCT2) inhi-
bition of ENT1 and ENT2 by cladribine is likely not clini-
cally significant. Considering the maximum systemic clad-
ribine concentrations achieved with recommended doses, a
systemic in vivo inhibition of ENT1 and ENT2 by cladribine
can be excluded [17]. Thus, taken together, a clinically sig-
nificant cladribine-mediated inhibition of hepatic or renal
uptake, or translocation through the BBB or BCSFB of co-
administered ENT1 and ENT2 substrate drugs is also not
expected in clinical practice.

2.9.3 Summary of the Transporter Inhibitor Characteristics
of Cladribine

Taken together, available in vitro studies examining the
inhibitor characteristics of cladribine for a total of 13 major
ABC, SLC, and CNT/ENT transporters indicate that clad-
ribine does not confer systemic inhibition of any of these
transporters in vivo (Tables 4, 5, and 6). There are some
remaining uncertainties regarding the possibility of intes-
tinal inhibition of P-gp, CNT3, or ENT1 and ENT2, which
cannot be entirely ruled out because of inconsistencies or
a paucity of available data. However, the regulatory cut-
off criteria for intestinal absorption interactions only apply
to administration scenarios in which drug products are co-
administered at the same time and not for a 3-h time separa-
tion scenario between the administration of two oral drug
products, which minimizes the possibility of competitive
transporter-based absorption interactions that are expected
to be concentration dependent and thus, transient.

The absence of ABC, SLC, and CNT transporter inhi-
bition by cladribine does not only indicate absence of a
transporter-based drug-interaction susceptibility; a broader
systems-pharmacological view on these transporter fami-
lies reveals key biological roles of these transporters in the
handling of diverse endogenous substrates (e.g., bilirubin,
creatinine), metabolites, antioxidants, signaling molecules,
hormones, nutrients, and neurotransmitters [80]. Thus, the
absence of transporter-inhibiting product characteristics is
to be considered a general, albeit often unrecognized, safety
attribute of a medicinal product.

2.10 Transporter Inducer Characteristics
of Cladribine

Regulation of drug transporters is complex and not yet fully
understood. It is known, however, that comparable to the
induction of CYP enzymes by activation of specific nuclear
receptors such as pregnane X receptor and the constitu-
tive androstane receptor, certain transporters such as P-gp
are also inducible through mechanisms similar to those
for CYP enzymes [17, 128]. Because of these similarities,
information from CYP3A induction studies can inform P-gp
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induction considerations. Cladribine appears to have no clin-
ically meaningful inductive effect on CYP1A2, CYP2B6,
and CYP3A4 enzymes, although the results from two sepa-
rate in vitro studies in human hepatocytes were not entirely
consistent and conclusive [20]. A currently ongoing clini-
cal drug-interaction study examining the effects of cladrib-
ine tablets on the pharmacokinetics of an ethinyl estradiol/
levonorgestrel-containing oral contraceptive (Microgynon®)
will ultimately address the question, in terms of whether
cladribine might confer some CYP3A-inducing effects
in vivo (ClinicalTrials.gov Identifier: NCT03745144).

3 Conclusions

As a nucleoside analog drug, absorption, distribution, and
renal excretion of cladribine relies on a variety of uptake
and efflux transport proteins. Ample information is avail-
able on the transporter substrate and inhibitor characteris-
tics of cladribine. This information is comprehensive for
concentrative and equilibrative NTs, and includes many key
ABC and SLC transporter proteins known to play important
roles in the disposition of nucleoside analog drugs, drug
interactions, and/or side effects. Among the key ABC efflux
transporters, only BCRP has been shown to be an efficient
transporter of cladribine, while P-gp does not transport clad-
ribine well. Intestinal absorption, distribution throughout
the body, and intracellular uptake of cladribine appear to
be exclusively mediated by equilibrative and concentrative
NTs, specifically by ENT1, ENT2, ENT4, CNT2 (low affin-
ity), and CNT3. Renal excretion of cladribine includes active
tubular secretion, which appears to be most likely driven by
BCRP, ENT1, and P-gp. The latter may play a role despite
its poor cladribine transport efficiency in view of the high
renal abundance of P-gp. There is no evidence that SLC
uptake transporters, such as OATPs, OATs, and OCTs, are
involved in the transport of cladribine. Available in vitro
studies examining the inhibitor characteristics of cladribine
for a total of 13 major ABC, SLC, and CNT transporters
indicate that in vivo inhibition of any of these transporters
by cladribine is unlikely.
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