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Abstract
Purpose To assess the potential pharmacokinetic (PK) interactions between siponimod and rifampin, a strong CYP3A4/moderate
CYP2C9 inducer, in healthy subjects.
Methods This was a confirmatory, open-label, multiple-dose two-period study in healthy subjects (aged 18–45 years). In Period
1 (Days 1–12), siponimod was up-titrated from 0.25 to 2 mg over 5 days (Days 1–6) followed by 2 mg once daily on days 7–12.
In Period 2, siponimod 2 mg qd was co-administered with rifampin 600 mg qd (Days 13–24). Primary assessments included PK
of siponimod (Days 12 and 24; maximum steady-state plasma concentration [Cmax,ss], median time to achieve Cmax,ss [Tmax, ss],
and area under the curve at steady state [AUCtau,ss]). Key secondary assessments were PK ofM3 andM5metabolites, and safety/
tolerability including absolute lymphocyte count (ALC).
Results Of the 16 subjects enrolled (age, mean ± standard deviation [SD] 31 ± 8.3 years; men, n = 15), 15 completed the study. In
Period 1, siponimod geometric mean Cmax,ss (28.6 ng/mL) was achieved in 4 h (median Tmax,ss; range, 1.58–8.00) and the
geometric mean AUCtau,ss was 546 h × ng/mL. In Period 2, the siponimod geometric mean Cmax,ss and AUCtau,ss decreased to
15.7 ng/mL and 235 h × ng/mL, respectively; median Tmax remained unchanged (4 h). Rifampin co-administration increased M3
Cmax,ss by 53% while M5 Cmax,ss remained unchanged. The AUCtau,ss of M3 and M5 decreased by 10% and 37%, respectively.
The majority of adverse events reported were mild, with a higher frequency during Period 2 (86.7%) versus Period 1 (50%). The
mean ALC increased slightly under rifampin co-administration but remained below 1.0 × 109/L.
Conclusions The study findings suggest that in the presence of rifampin, a strong CYP3A4/moderate CYP2C9 inducer,
siponimod showed significant decrease in Cmax,ss (45%) and AUCtau,ss (57%) in healthy subjects.
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Introduction

Multiple sclerosis (MS) is a chronic immune-mediated inflam-
matory disease of the central nervous system (CNS) accom-
panied by axonal damage, neurodegeneration, and demyelin-
ation [1]. The majority of patients (80%) are diagnosed with

the relapsing–remitting form (RRMS) of the disease and ap-
proximately 50% of these patients eventually develop second-
ary progressive multiple sclerosis (SPMS) within 10–15 years
of disease onset [2].

Siponimod (BAF312) is a potent, oral, and selective mod-
ulator of sphingosine 1-phosphate receptor subtypes 1 and 5
(S1P1,5) [3], currently under advanced phase of clinical devel-
opment for the treatment of SPMS. Siponimod is the first
disease modifying therapy showing a robust effect on disabil-
ity progression in a representative SPMS population [3, 4].
Sphingosine 1-phosphate signalling plays a key role in
neuro-inflammatory processes [5, 6]. Siponimod crosses the
blood-brain barrier [6]; its interaction with S1P1 limits the
inflammatory effects mediated by B cells and T cells [3, 7].
In addition, modulation of S1P receptors is known to limit
central inflammation and promote CNS repair in animal
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models, independent of peripheral immune effects, whichmay
be relevant to SPMS pathology [5, 8–10].

In healthy subjects, siponimod has a dose-linear and time-
independent pharmacokinetic (PK) profile. The steady state of
plasma siponimod is reached after ~ 6 days, with a mean ac-
cumulation ratio of 1.9–2.7 and an effective half-life (T1/2) of
approximately 30 h (range 22–38 h) [3]. Studies in humans
indicate that siponimod is eliminated from the systemic circu-
lation mainly due to metabolism and subsequent biliary/faecal
excretion. The polymorphic enzyme CYP2C9 is primarily
responsible for the clearance of siponimod (79.2%) with some
contribution from CYP3A4 (18.5%) [11]. Metabolite M3 is
one of the main circulating metabolites of siponimod in
humans [12]; it is formed by glucuronidation of the hydrox-
ylated M5.

Rifampin is a potent activator of the human pregnane X
receptor and is classified as a moderate CYP2C9 and a strong
CYP3A4 inducer [13]. Moreover, rifampin induces certain
drug transporter proteins, such as intestinal and hepatic P-
glycoprotein (P-gp) [14]. Rifampin is recommended in regu-
latory guidelines by the US Food and Drug Administration
(FDA) as a prototype inducer to use in human drug–drug
interaction (DDI) studies for drugs that are substantially
metabolised by CYP2C9/3A4 enzymes [15]. Rifampin is
readily absorbed from the gastrointestinal tract. Peak serum
concentrations in healthy adults show a wide inter-individual
variability. Absorption of rifampin is reduced by approximate-
ly 30% when the drug is ingested with food. Rifampin is
eliminated via urine and faeces; with repeated administration,
the mean T1/2 of rifampin in healthy subjects is 2 to 3 h [15].

Based on the identified CYP enzymes involved in the me-
tabolism of siponimod and in accordance with pertinent reg-
ulatory guidelines, the PK, safety, and tolerability of multiple
doses of siponimod 2 mg once daily (qd) and its selected
metabolites (M3 and M5) were investigated when adminis-
tered with or without the potent CYP2C9/3A4 inducer rifam-
pin in healthy subjects.

Methods

Subjects

Healthy men and women aged between 18 and 45 years, with
a body mass index (BMI) between 18 and 30 kg/m2, total
body weight ≥ 50 kg, and a CYP2C9*1*1 (wild type) geno-
type, were enrolled into the study. Subjects were not eligible
for inclusion in the study if they were using any other inves-
tigational drugs at the time of enrolment or had a history of
hypersensitivity to the study drugs or any contraindication to
rifampin. Subjects using any prescription drugs (including
vaccines) or herbal supplements within 2 weeks before initial
dosing (day 1), and/or over-the-counter medication or dietary

supplements (including vitamins) within 1 week before initial
dosing, and/or potent inducers of CYP2C9/3A4 within
4 weeks or five half-lives whichever is greater, before initial
dosing, and/or potent inhibitors of CYP3A4/2C9 within 5
half-lives before initial dosing, were not enrolled in the study.
In addition, subjects with a clinically significant disease in any
major system organ class and women of childbearing potential
were excluded from the study. Additional subjects were to be
enrolled to replace subjects who discontinued the study for
reasons other than safety. Except for medication which may
be required to treat adverse events, no medication other than
study drug was allowed from the first dosing until all of the
study completion evaluations were conducted.

Study design

This was a confirmatory, open-label, multiple-dose, two-peri-
od, single-sequence study, consisting of a screening epoch
(days − 42 to − 2), a baseline period (day − 1), and two treat-
ment epochs (Fig. 1): treatment period 1, where siponimod
treatment alone was given on days 1 through 12 (including
up-titration) and treatment period 2, where siponimod 2mg qd
was co-administered with rifampin 600 mg qd on days 13
through 24.

Siponimod was initiated using the established dose titration
regimen. During period 1, subjects received 0.25 mg on the
first 2 days, followed by 0.5 mg, 0.75 mg, and 1.25 mg on
days 3, 4, and 5, respectively, and a stable dose of 2 mg from
day 6 to day 12. Subjects remained at the clinic for the first
6 days for drug administration according to the titration
scheme and PK sampling. Subsequently, they continued to
visit the clinic for drug administration and any scheduled as-
sessment. During period 2, subjects received concomitantly
rifampin 600 mg qd and siponimod 2 mg qd in a fasted state
(1 h prior to meals) from days 13 through 24. A study com-
pletion evaluation was conducted approximately 7 days (±
2 days) after the last dose of siponimod.

Screening assessments included physical examination,
evaluation of medical history, and vital signs, single 12-lead
electrocardiogram (ECG), 24-h Holter ECG, and laboratory
assessments. Eligible subjects were domiciled at the study site
for baseline evaluations approximately 24 h before dosing.
After a final assessment of safety and eligibility per protocol,
subjects received the study drugs in a fixed sequence of pe-
riods 1 and 2.

All study subjects provided written informed consent be-
fore any study-specific procedures were performed. The study
protocol and subject consent forms were reviewed by an in-
stitutional review board. The study was conducted in accor-
dance with the International Council for Harmonisation-Good
Clinical Practice Guidelines E6 (R1), with applicable local
regulations (including European Directive 2001/20/EC,
United States Title 21 Code of Federal Regulations, and
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Japanese Ministry of Health, Labour, and Welfare) and the
ethical principles outlined in the Declaration of Helsinki [16].

Pharmacokinetic assessments

Primary assessments included multiple-dose PK of siponimod
alone or in combination with rifampin: maximum steady-state
plasma concentration (Cmax,ss), area under the curve at steady
state (AUCtau,ss), and median (range) time to achieve Cmax,ss

(Tmax,ss). Secondary assessments included multiple-dose PK
of the metabolites, M3 and M5, when siponimod was admin-
istered alone or in combination with rifampin: Cmax,ss and
AUCtau,ss. All PK parameters were calculated using
noncompartmental methods with Phoenix®WinNonlin® ver-
sion 6.4 (Certara USA, Inc., Princeton, NJ, USA).

Safety assessments

Safety assessments included the recording of all adverse
events (AEs) and serious AEs (SAEs) with their severity and
relationship to the study drug. In addition, safety monitoring
also included physical examination, vital signs, clinical labo-
ratory examinations, 12-lead ECG, and 24-h Holter ECG re-
cording (at screening only; no on-treatment Holter ECG re-
cording was performed). Haematology, clinical chemistry, and
urinalysis assessments were performed at predefined time
points. Absolute lymphocyte count (ALC) levels were
assessed separately or as part of the haematology
investigations.

Pharmacokinetic blood sampling schedule
and bioanalysis

Blood samples were collected by direct venepuncture or an
indwelling cannula inserted in a forearm vein. The PK of
siponimod and its metabolites M3 and M5 were studied over
24 h on day 12 after multiple administration of siponimod
alone (period 1) and on day 24 after co-administration of
siponimod and rifampin (period 2). The PK sampling and
bioanalysis were conducted per dose on days 1, 2, 3, 4, 5, 6,

8, 10, 12, 13, 15, 17, 19, 21, 22, 23, 24, and 25 (a 24-h post
dose sample after the last dose on day 24). Plasma concentra-
tions of siponimod and its metabolites (M3 and M5) were
determined by validated liquid chromatography with tandem
mass spectrometry methods with a lower limit of quantifica-
tion of 0.05 ng/mL for siponimod and 0.01 ng/mL for metab-
olites M3 and M5, respectively. The details of the analytical
methods have been described previously [17].

Statistical methods

A total of 16 subjects were recruited to obtain 12 completers in
this study. Using the SimCYP physiologically based pharma-
cokinetics (PBPK) model as described previously [11],
siponimod Cmax and AUC were predicted to decrease by
60% and 73%, respectively, when co-administered with rifam-
pin. In order to control the width of confidence intervals (CI)
for the geometric mean ratio for siponimod AUC and Cmax in
the presence or absence of rifampin, a target was established
that the relative half-width was at most 1.25 (0.223 in log
scale, 20% from the reference treatment). With the chosen
sample size of 12 subjects and an assumed intra-subject coef-
ficient of variation (CV) for AUC of 20% based on previous
siponimod studies [18], the relative half-width of 12 subjects
is 1.14 (0.131 in log scale, 12% from the reference treatment).
The 90% CIs at an observed geometric mean ratio can be
evaluated as ratio*exp (− 0.161), ratio*exp (+ 0.161). The
screening for the CYP2C9 genotype and exclusion of subjects
that were not homozygous for the CYP2C9*1*1 allele (wild
type) helped to reduce the inter-subject variability in PK pa-
rameters and thereby reduced the minimum sample size
required.

The safety analysis set included subjects who received any
study drug, whereas the PK analysis set included those sub-
jects who received any study drug with at least one available
valid PK concentration measurement, and with no protocol
deviations that impacted the PK.

The effect of rifampin on the PK of siponimod and its
metabolites in healthy subjects was analysed by using a
mixed-effects model. Log-transformed PK parameters

Fig. 1 Study design. qd, once
daily
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Cmax,ss and AUCtau,ss were analysed using a mixed-effects
model with treatment as a fixed effect and subject as a random
effect. The results were back-transformed to the original scale
to obtain adjusted geometric mean ratios and the correspond-
ing 90% CIs for treatment comparison (siponimod + rifampin
vs. siponimod alone).

All plasma concentrations that were below the limit
of quantification were set to zero for the calculation of
the PK parameters. Missing values for any PK parame-
ters were not imputed and were handled as missing
values. Descriptive summary statistics were provided
for all PK parameters including mean (arithmetic and
geometric), standard deviation (SD), CV (arithmetic
and geometric), median, minimum, and maximum.
Summary tables of treatment-emergent AEs (TEAEs),
their severity, and relationship to the study drug, were
also provided.

Results

Subject disposition and demographics

A total of 16 subjects were enrolled, and 15 completed the
study. One subject was discontinued from the study because
of a viral infection during period 1. All 16 subjects (100%)
were included in the safety and PK analysis sets. The mean
(SD) age of the study population was 31.1 (8.3) years, mean
(SD) weight was 79.2 (9.4) kg, and mean (SD) BMI was 25.8
(3.0) kg/m2. The majority of the subjects enrolled were men
(n = 15, 94%) with African-American (n = 8, 50%) and
Caucasian (n = 6, 37.5%) origin.

Pharmacokinetics of siponimod

Pharmacokinetic parameters of siponimod during both treat-
ment periods have been summarised in Table 1. Following
daily oral doses of siponimod, mean trough concentrations
reached steady state by day 10. Mean trough concentrations
decreased over period 2 and appeared to reach a new steady-
state level on day 24 (Fig. 2a).

After multiple doses of siponimod alone, the geometric
mean Cmax,ss was 28.6 ng/mL and the AUCtau,ss was
546 h × ng/mL. The median (range) Tmax,ss was 4 (1.5–8)
hours. In the presence of rifampin, the geometric mean
Cmax,ss reduced by approximately 45% (15.7 h × ng/mL)
while the AUCtau,ss of siponimod decreased by 57%
(235 h × ng/mL). The reduced concentrations in period 2 were
associated with a higher fluctuation (defined as the degree of
fluctuation of the observed minimum concentration to the ob-
served maximum concentration over a dosing interval; 114%)
compared with period 1 (56.9%). The median Tmax (4 h) of
siponimod was unaltered during both treatment periods.

Overall, the variability (CV%) of PK parameters was compa-
rable between the two periods with the exception of the min-
imum steady-state plasma concentration (Cmin,ss; period 1
CV%: 20.6%; period 2 CV%: 32.9%).

The geometric mean ratios (90% CIs) for siponimod PK
parameters indicated that rifampin significantly decreased the
exposure parameters of siponimod (Fig. 3a). The ratio of geo-
metric means for Cmax,ss and AUCtau,ss of rifampin co-
administered with siponimod versus siponimod alone were
0.55 (0.52; 0.58) and 0.43 (0.41; 0.45), respectively.

Pharmacokinetics of M3 and M5

The plasma PK parameters of both M3 and M5 are presented
in Table 1. Following daily oral doses of siponimod, the
trough concentrations of bothM3 andM5 reached steady state
by day 10 and decreased over treatment period 2 (Fig. 2b, c).

M3 In the presence of rifampin, the M3 Cmax,ss significantly
increased by 53%, with a geometric mean ratio (90% CI) of
1.53 (1.30; 1.81). The AUCtau,ss of M3 decreased by 10%,
corresponding to a geometric mean ratio (90% CI) of 0.90
(0.78; 1.03), indicating that the total exposure ofM3 remained
stable in the absence or presence of rifampin (Fig. 3b).
Overall, the variability (CV%) of PK parameters was higher
in period 2, but less noticeable for Cmin,ss (period 1 CV%:
37.8%; period 2 CV%: 38.1%). The molecular weight-
adjusted M3/parent ratios (MR) for both Cmax,ss and
AUCtau,ss increased from day 12 (geometric mean [CV%]
0.422 [51.4%] and 0.388 (47.2%), respectively) to day 24
(1.05 [50.9%] and 0.808 [51.0%], respectively).

M5 The geometric mean ratio of 0.96 (0.86; 1.07) for M5 Cmax,ss

was within the default no-effect limits of 0.80 to 1.25, suggesting
that the M5 Cmax,ss was stable in the presence of rifampin (Fig.
3c). Rifampin significantly decreased the AUCtau,ss of M5 by
37% with a geometric mean ratio (90% CI) of 0.63 (0.58;
0.68). Overall, the variability (CV%) of PK parameters
(AUCtau,ss, Cmax,ss, Cmin,ss, and the average plasma concentration
during a dosing interval at steady state Cav,ss) was slightly greater
in period 2 than in period 1 (Table 1). The molecular weight-
adjusted M5/parent ratios for both Cmax,ss and AUCtau,ss were
comparable between day 12 (geometric mean [CV%] 0.0225
[19.5%] and 0.0231 [22.2%], respectively) and day 24 (0.0329
[28.4%] and 0.0392 [22.6%], respectively).

Safety

Overall, 15 of the 16 subjects enrolled (93.8%) experienced at
least one TEAE during the study (Table 2). All reported TEAEs,
except for one moderate TEAE, were mild in severity and all
TEAEs resolved by the end of the study. No serious AEs or
deaths were reported during the study. Overall, the most
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commonly reported TEAEs during the study were chromaturia
(n= 8, 50%), dizziness, headache, presyncope, and nausea (re-
ported by three subjects each [18.8%]). The incidence of AEs
reported during Period 2 was greater than in Period 1 (eight
subjects [50%] vs. 13 subjects [86.7%]). The most common
AE reported in Period 1 (three subjects: 18.8% vs. 0% in period
2) was presyncope (two mild and one moderate in severity),

mostly following a scheduled blood draw, and none were
suspected to be related to study drug. The most common AE in
period 2was chromaturia (eight subjects, 53.3% vs. 0% in period
1), a known side effect of rifampin.One subject was discontinued
from the treatment after the drug administration on day 9 (2 mg
siponimod) due to a mild viral infection which was suspected to
be related to siponimod administration.

Fig. 2 Arithmetic mean (SD)
trough plasma concentration-time
profiles of siponimod (a),
metaboliteM3 (b), andmetabolite
M5 (c) (PK analysis set). ▲
Period 1: siponimod alone (N =
16). □ Period 2: siponimod +
rifampin (N = 15). Period 1:
siponimod up-titrated from 0.25
to 2 mg qd (days 1 through 12)
(reference). Period 2: siponimod
2 mg qd + rifampin 600 mg qd
(days 13 through 24) (test).
Values below the limit of
quantification (< 0.05 ng/mL)
have been set to zero. PK
pharmacokinetic, qd once daily,
SD standard deviation
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Overall, mean values for clinical chemistry parameters and
vital signs remained within the normal ranges at all of the
assessed time points. There was a mean increase in heart rate
(HR) noted after co-administration of siponimod with rifam-
pin, with a maximum value of 73.6 beats per minute (bpm) in
day 25 of period 2 (mean change from baseline 10.2 bpm). No
clinically significant abnormalities in 12-lead ECG results
were observed in the subjects.

Absolute lymphocyte count

A treatment-emergent decrease in ALC was observed in all
subjects, representing the desired primary pharmacodynamic
effect of siponimod. The magnitude and time course of
the mean ALC reduction in period 1 (siponimod alone)
was similar to that reported previously during dose ti-
tration and at the 2 mg dose level on day 8 [19]. The
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Fig. 3 Geometric mean ratios (90% CI) for plasma siponimod (a) and its
metabolitesM3 (b) andM5 (c). Period 1: siponimod alone (reference, day
12); Period 2: siponimod + rifampin (test, day 24). Closed squares and
lines represent the geometric mean ratio and 90% CI; open circles

represent the individual treatment ratios. AUCtau,ss area under the curve
at steady state, CI confidence interval, Cmax,ss maximum steady-state
plasma concentration
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mean ALC decreased from a baseline of ~ 1.8 × 109/L to
~ 0.8 × 109/L on day 8 (Fig. 4). The mean ALC in-
creased slightly during combination treatment with ri-
fampin in period 2 but remained at levels below 1.0 ×
109/L until the completion of period 2 or discontinua-
tion of the study drug; these findings are consistent with
the magnitude of steady-state ALC reduction in previous
studies at the 1 mg dose level. The mean ALC recov-
ered to near baseline levels (1.73 × 109/L) by the end of
the study (approximately 7 days after the last dose).

Discussion

The present DDI study assessed the effects of the strong
CYP3A4/moderate CYP2C9 inducer rifampin on the PK
of siponimod and its metabolites in healthy subjects. The
simultaneous induction of two siponimod main metabolic

pathways, CYP2C9 and CYP3A4, significantly reduced
the exposure of siponimod in the presence of rifampin.

An open-label study design was chosen in accordance with
the recommendations in the relevant FDA guidelines [15] as it
was unlikely that the primary PK endpoint would be influ-
enced by subject or investigator knowledge of the treatment.
Healthy subjects were included in the study as no relevant
differences are expected in the PK interaction between healthy
subjects and MS patients. In order to ensure an accurate quan-
tification of the siponimod (and metabolite) plasma concen-
tration profile over time in case of a potent induction by ri-
fampin, the therapeutic dose of 2 mg of siponimodwas used in
the study. However, in order to avoid the bradyarrhythmic
effect of siponimod at treatment onset, a dose titration over
5 days has been used similar to other siponimod studies [20].
Consequently, this study is an artefactual multiple dose study
which is not typically the case with PK-DDI studies with CYP
inhibitors or inducers.

Table 2 Incidence of AEs by
preferred term and treatment − n
(%) of subjects (safety analysis
set)

Preferred term Siponimod alone:
Period 1 N = 16, n (%)

Siponimod + rifampin:
Period 2 N = 15, n (%)

Total N = 16, n (%)

Subjects with at least one AE 8 (50) 13 (86.7) 15 (93.8)

Anxiety 0 1 (6.7) 1 (6.3)

Back pain 1 (6.3) 0 1 (6.3)

Chromaturia 0 8 (53.3) 8 (50.0)

Diarrhoea 0 2 (13.3) 2 (12.5)

Dizziness 2 (12.5) 1 (6.7) 3 (18.8)

Excoriation 1 (6.3) 0 1 (6.3)

Fatigue 1 (6.3) 0 1 (6.3)

Headache 1 (6.3) 3 (20.0) 3 (18.8)

Medical device site reaction 0 1 (6.7) 1 (6.3)

Muscle spasms 1 (6.3) 0 1 (6.3)

Muscle tightness 1 (6.3) 0 1 (6.3)

Musculoskeletal pain 1 (6.3) 0 1 (6.3)

Myalgia 0 2 (13.3) 2 (12.5)

Nasal congestion 1 (6.3) 0 1 (6.3)

Nausea 1 (6.3) 2 (13.3) 3 (18.8)

Oral herpes 1 (6.3) 1 (6.7) 2 (12.5)

Oropharyngeal pain 0 1 (6.7) 1 (6.3)

Presyncope 3 (18.8) 0 3 (18.8)

Tooth fracture 0 1 (6.7) 1 (6.3)

Toxicity to various agents 0 1 (6.7) 1 (6.3)

Urine odour abnormal 0 1 (6.7) 1 (6.3)

Viral infection 1 (6.3) 0 1 (6.3)

Vision blurred 0 1 (6.7) 1 (6.3)

n = number of subjects with at least one AE in the category; N = number of subjects in the safety analysis set who
took treatment for the respective period. The Medical Dictionary for Regulatory Activities Version 19.0 has been
used for the reporting of AEs. Only TEAEs are included. Under one treatment, a subject withmultiple occurrences
of an AE is counted only once in the AE category

AE adverse event, TEAE treatment-emergent adverse event
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Rifampin, as one of the most potent inducers of CYP2C9/
3A4, was predicted to significantly decrease the steady-state
exposure of siponimod (60% decrease in Cmax and 73% de-
crease in AUC). Our results showed that in the presence of
rifampin, the Cmax,ss and AUCtau,ss of siponimod decreased by
45 and 57%, respectively, which corresponds to the exposure
at 1 mg qd steady state. Siponimod trough concentrations
decreased over period 2 when rifampin was co-administered
and appeared to reach a new steady-state level between day 22
and day 24 in most subjects. This observation confirms that
the maximum enzyme induction by rifampin was achieved on
day 24 when PK assessments were performed.

The study also measured the PK of two siponimod metab-
olites, M3 and M5. Metabolite M3 is one of the main circu-
lating metabolites of siponimod in humans [12]; it is formed
by glucuronidation of the hydroxylated M5. Metabolite M5
results from metabolism via CYP2C9 mainly, with some con-
tribution from CYP3A4 [17, 21].

They have been toxicologically and pharmacologically
profiled in separate studies [12]. M3 and M5 have weak phar-
macological activity on S1P1R comparedwith the parent com-
pound and did not show any signal for toxicity. MetaboliteM3
accounts for about 28–39% of the plasma exposure to
siponimod, while M5 represents only about 2% of the parent
plasma exposure [12].

An increase in M3/M5 exposure is therefore expected
when CYP2C9 and CYP3A4 enzymes are induced. Our re-
sults indicated that while the Cmax,ss of M3 increased signifi-
cantly in the presence of rifampin, the AUCtau,ss of M3
displayed only a small change. The M5 Cmax,ss did not change

under co-administration of rifampin, but the AUCtau,ss of M5
decreased significantly. Therefore, while induction of
CYP2C9 and CYP3A4 significantly increased the clearance
of siponimod and increased the peak exposure of M3, rifam-
pin did not increase the total exposure of the M3 and M5
metabolites of siponimod. It has been stated that rifampin also
induces the glucuronidation pathway [22]. Since a decrease in
M5 exposure was observed, the induced formation of M5 due
to the enhanced hydroxylation of siponimod in the presence of
rifampin may be counterbalanced by the induced
glucuronidation of M5 by rifampin. While the induced
glucuronidation is expected to lead to higher systemic levels
of the glucuronidated metabolite M3, it was observed that M3
exposure was only marginally modified in the presence of
rifampin. Its exposure is likely also influenced by the induc-
tion of transporter MRP2 (ABCC2) by rifampin [23], leading
to an increase of its biliary excretion and renal elimination.
The half-maximal effective concentration (EC50) value of me-
tabolites M5 and M3 tested on human S1P1 receptors were
470 ± 71 nmol/L and > 10,000 nmol/L, respectively. M3 has
shown very weak activity on S1P1 (EC50 > 10,000 nmol/L)
compared with the parent compound, siponimod, which had
shown an EC50 of 1.1 ± 0.41 nmol/L in the same assay
[Novartis data on file]. Hence, the observed systemic exposure
changes for both M3 and M5 in the presence of rifampin are
unlikely to translate into significantly different pharmacolog-
ical activity on S1P1 receptors.

A recently published study reported that the co-
administration of siponimod with fluconazole, a CYP2C9/
CYP3A4 inhibitor, resulted in a ~ 2-fold increase in mean

Fig. 4 Absolute lymphocyte count by visit (safety analysis set). The
horizontal line in the box interior represents the median. The symbol in
the box interior represents the mean. Values outside the whiskers are
identified with symbols. The upper (lower) edge of the box represents
the 75th (25th) percentile. A whisker is drawn from the upper (lower)
edge of the box to the largest (smallest) value within 1.5× interquartile

range above (below) the edge of the box. BAS is the last non missing
observation before the first study drug administration (including repeated
measurements); PER1BAS is the scheduled baseline visit (Study day −
1). BAS baseline, D day, EOS end of study, PER period, qd once daily,
SCR screening
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AUC versus siponimod alone [24]. In addition, the CYP2C9
genotype has been shown to have a significant impact on
siponimod metabolism [11]. The AUCs of siponimod were
~ 2- to-4-fold greater in healthy subjects with the
CYP2C9*2/*3 and CYP2C9*3/*3 genotypes, with a minor
increase in Cmax versus the CYP2C9*1/*1 genotype. The
mean T1/2 was prolonged in CYP2C9*2/*3 (51 h) and
CYP2C9*3/*3 (126 h) versus CYP2C9*1/*1 (28 h) geno-
types [24]. These results further highlighted the relevance of
the CYP2C9 pathway on siponimod metabolism.

Beside the induction of a number of drug-metabolising
enzymes, rifampin additionally induces some drug transporter
proteins, such as P-gp, MRP2, or OATP [14, 25]. In vitro
investigations did not identify siponimod as a substrate of
efflux transporters (P-gp, BCRP, or MRP2) or of transporters
involved in sinusoidal uptake in the liver (OATPs, OCTs, and
OATs) (data on file). The regulation of these transporter ex-
pression by rifampin is therefore not expected to translate into
a clinically relevant changes in siponimod PK.

The CYP2C9 genotype influences the fractional contribu-
tions of the two oxidative metabolism pathways (CYP2C9
and CYP3A4) for overall elimination of siponimod: the hepatic
CYP2C9 contribution to metabolism is anticipated to be 80.84
and 11.31% in the CYP2C9*1*1 and *3*3 genotypes, respec-
tively, according to physiological-based PK (PBPK) modelling
[11]. CYP3A4 plays a minor role in siponimod metabolism for
the extensive metaboliser (CYP2C9*1*1 genotype), with a
contribution of 17.23% to the overall elimination of siponimod;
its contribution to the overall systemic clearance is expected to
be greater in subjects with lower CYP2C9 activity associated
with a reduced total clearance (78.91% contribution in the *3*3
genotype) [11]. Considering the variable CYP3A4 and
CYP2C9 contributions to the overall clearance of siponimod
in the different CYP2C9 genotypes, it is expected that the
CYP2C9 genotype influences the effects of CYP3A4 and
CYP2C9 inhibitors and inducers.

The frequency of the CYP2C9*1/*1 genotype is approxi-
mately 62 to 65% in Caucasians [26, 27]. The results of the
current study therefore describe the effect of CYP2C9/
CYP3A4 induction on siponimod PK in the largest portion
of the Caucasian population. As rifampin is a dual (CYP3A4
and CYP2C9) inducer, impacting both siponimod main met-
abolic pathways, it is expected that the extent of rifampin
induction observed in CYP2C9*1/*1 subjects in the current
study can be extrapolated to all other CYP2C9 genotypes.

A SimCYP PBPK model has been established using a
mixed approach combining in vitro data and PK parameters
derived from clinical studies. This model was previously used
to accurately predict the effect of fluconazole (a moderate
CYP2C9/CYP3A4 inhibitor) co-administration and
CYP2C9 genetic polymorphism on siponimod pharmacoki-
netics in healthy subjects [11, 24]. It is intended to perform
complementary PBPK modelling to predict the DDI potential

of siponimod as substrate in the presence of typical CYP2C9/
3A inducers for the 6 different CYP2C9 genotypes. Overall,
multiple oral doses of siponimod alone and in combination
with multiple doses of rifampin did not increase the risk of
TEAEs in the study. A treatment-emergent decrease in ALC
was observed in all subjects, representing the desired primary
pharmacodynamic effect of siponimod. The ALC during com-
bination treatment with rifampin was consistent with the mag-
nitude of steady-state ALC reduction in previous studies at the
1-mg dose level [3]. There were no clinically relevant changes
in laboratory results, vital signs, and ECG parameters. Minor
increases in mean HR were not considered to be related to any
study drug in this open-label study.

Conclusion

A clinically relevant decrease in siponimod PK exposure
(Cmax,ss and AUCtau,ss) was observed in the presence of rifam-
pin. Multiple oral doses of siponimod alone and in combina-
tion with multiple oral doses of rifampin demonstrated a
favourable safety profile and were well tolerated by healthy
subjects in this study. These results highlight the relevance of
the two main metabolic enzymes of siponimod, CYP2C9 and
CYP3A4. Considering the expected influence of CYP2C9
genotype on the effects of CYP3A4 and CYP2C9 perpetrator
drugs, further evaluations will be required to fully describe the
DDI potential of siponimod as substrate in the presence of
typical CYP2C9/3A inducers.

Final recommendations on the concomitant use of
siponimod and CYP3A4/moderate CYP2C9 inducers in-
cluding the effect in different genotypes will be made
considering all pertinent preclinical, in silico predictions
and clinical data.
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