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Abstract

Tolebrutinib is an oral, brain-penetrant, covalent Bruton's tyrosine kinase inhibi-
tor in development to treat multiple sclerosis at 60 mg/day with food. A phase I
trial was conducted in healthy volunteers to assess the safety and pharmacokinet-
ics of tolebrutinib at oral doses higher than 60 mg with food and during fasting,
and to determine cerebrospinal fluid (CSF) exposure after a single dose of 60 or
120 mg with food. The trial included double-blind, placebo-controlled single as-
cending dose (120, 240, and 300 mg; fed and fasted) and multiple ascending dose
(120, 180, and 240 mg) arms. Additional open-label cohorts received a single 60 mg
dose with a high-fat meal and during fasting using a crossover design or a single
60 or 120mg dose with food and lumbar puncture to obtain CSF. Tolebrutinib
was rapidly absorbed and converted to an active metabolite (designated “M2”),
both of which had a terminal half-life of ~5h. Tolebrutinib and M2 exposures in-
creased following administration with food versus fasting, and plasma levels were
generally dose proportional. For up to 4 h (the last measurement timepoint) after
a 60mg dose, CSF concentrations of tolebrutinib exceeded its in vitro cellular po-
tency (half-maximal inhibitory concentration [ICs,]) for microglia, and tolebru-
tinib and M2 surpassed their biochemical ICs,. Tolebrutinib was well-tolerated,
and treatment-emergent adverse events were generally mild. Concentration-QTc
modeling showed no effects on QT/QTc intervals for any tolebrutinib dose or fed
status. In conclusion, tolebrutinib has an acceptable safety profile at suprathera-
peutic doses and achieved bioactive CSF exposures at the phase III dose.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

Bruton's tyrosine kinase (BTK) is an important signaling enzyme expressed
on B lymphocytes and myeloid cells, including microglia. These cell types are
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considered key drivers of multiple sclerosis (MS) pathophysiology. Tolebrutinib
is an oral, brain-penetrant, covalent BTK inhibitor currently being evaluated for
the treatment of MS in four phase III trials at 60 mg once daily with food.

This phase I trial in healthy volunteers evaluated the safety and pharmacoki-
netics of tolebrutinib taken with food and during fasting and at higher doses
than those assessed in a first-in-human trial. Additional aims were to examine
cerebrospinal fluid (CSF) penetrance for the 60 mg dose taken with food and
to determine QT interval prolongation risk up to the predicted highest clinical
exposure levels through modeling of pharmacokinetic and electrocardiogram

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

Tolebrutinib was well-tolerated and safe up to 300mg single doses and up to
240 mg once daily for 14 days. Exposures for tolebrutinib and its active metabolite
M2 were enhanced when taken with food and generally followed dose propor-
tionality. Tolebrutinib 60 mg reached CSF levels exceeding the cellular potency
(half-maximal inhibitory concentration) for microglia. No evidence of QT inter-
val prolongation was found for tolebrutinib and M2 exposures more than five-

HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR

These results confirm that tolebrutinib crosses the blood-brain barrier at the
60mg dose being examined in phase III trials for MS and support tolebrutinib's
safety at supratherapeutic doses, thus covering possible scenarios of high clinical
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WHAT QUESTION DID THIS STUDY ADDRESS?
data.
fold higher than those at the phase III 60 mg dose.
TRANSLATIONAL SCIENCE?
exposure.

INTRODUCTION

Multiple sclerosis (MS) is an inflammatory, demyelinat-
ing, and degenerative disease of the central nervous sys-
tem (CNS) that affects ~2.8 million people worldwide, and
is the main cause of nontraumatic neurological disability
in young and middle-aged adults."? Whereas multiple
treatments are available to address transient increases in
MS-related disability, disease progression remains a real-
ity for approximately one-half of actively treated patients
with relapsing forms of MS,’ and there are currently lim-
ited therapeutic options for progressive MS, including
non-relapsing secondary progressive MS.

Bruton's tyrosine kinase (BTK) has important roles in
signaling cascades of B lymphocytes and myeloid cells,
including CNS-resident microglia.*> These cell types are
considered key drivers of MS pathophysiology.®” BTK is
critical for the activation, differentiation, and maturation
of B cells, and additionally regulates the activation of in-
nate immune cells, including microglia, macrophages,
mast cells, basophils, and neutrophils.>*'® Accordingly,
a brain-penetrant BTK inhibitor may target both adaptive

and innate immune dysfunction in MS, potentially miti-
gating neuroinflammation and neurodegeneration.
Tolebrutinib is an oral, brain-penetrant, covalent BTK
inhibitor in development for the treatment of MS (for a
recent review of tolebrutinib, including its pharmacol-
ogy, see Krimer et al.''). Tolebrutinib potently inhibits
BTK activity with an in vitro half-maximal inhibitory
concentration (ICs,) of 10nM for B cells and 0.7nM for
microglia.'? Following absorption, tolebrutinib is rap-
idly and extensively converted to several metabolites,
including an active metabolite 3-hydroxy-tolebrutinib
(designated “M2”) through single hydroxylation of tole-
brutinib's piperidine moiety (see Figure S1 for chemical
structures of tolebrutinib and M2)." The first-in-human
phase I trial established the plasma pharmacokinetics
of tolebrutinib in the 5-120mg dose range and also
demonstrated cerebrospinal fluid (CSF) exposure at lev-
els exceeding the in vitro ICy, for B cells and microglia
after a single 120mg dose under fasting conditions.'
In a phase IIb dose-finding trial, tolebrutinib 60mg/
day over 12weeks reduced the number of new contrast-
enhancing T1 and new/enlarging T2 brain lesions by
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greater than or equal to 85% in participants with relaps-
ing MS." The phase III trials investigating tolebrutinib
in MS are ongoing, including two trials for relapsing MS
(NCT04410991 and NCT04410978) and one trial each for
non-relapsing secondary progressive MS (NCT04411641)
and primary progressive MS (NCT04458051).

The purposes of the present phase I trial were to examine
the safety and pharmacokinetics of tolebrutinib at higher
doses than those studied in the first-in-human trial and
under fed and fasting conditions and, second, to determine
CSF exposure for the 60mg dose currently being investi-
gated in the phase III trials and for a higher 120mg dose.
QT interval prolongation risk was determined through
modeling of pharmacokinetic and electrocardiography
(ECG) data.’® The double-blind, placebo-controlled com-
ponent of the phase I trial involved three single ascending
doses (SADs) of tolebrutinib given in a single-sequence,
fasting-then-fed crossover design and three multiple as-
cending doses (MADs) administered daily for 14days
under fed conditions. Additional cohorts received open-
label tolebrutinib, either at the 60mg dose under fasting
and fed conditions in a crossover design to assess the effect
of food on pharmacokinetics and safety, or at 60 or 120 mg
under fed conditions to assess CSF exposure.

METHODS
Study design

This was a phase I single-center trial in healthy adult vol-
unteers (see Table S1 for the full list of selection criteria).
The trial included two distinct parts: part 1, which com-
prised three sub-parts (SAD, food effect [FE], and CSF
pharmacokinetics), and part 2 (MAD; Figure 1). Part 1-
SAD examined three doses of tolebrutinib (120, 240, and
300mg) in a double-blind, placebo-controlled manner.
Doses were administered under fasting conditions and
then again 72h later (i.e., day 4) under fed conditions
(high-fat meal; 800-1000 Kcal and >50% fat content) in
three cohorts (n=12 active and 3 placebo for 120mg; n=8
active and 2 placebo for 240 and 300 mg). For each cohort,
two sentinel participants (1 active and 1 placebo) were
treated 24 h prior to other participants in the cohort. Dose
escalation was determined by a safety monitoring com-
mittee who reviewed safety and pharmacokinetic data
after completion of each dose cohort. In part 1-FE, open-
label tolebrutinib 60 mg was administered under fasting
and fed (high-fat meal) conditions in crossover with 72h
between doses (n=7 fasting-then-fed; n=7 fed-then-
fasting). In part 1-CSF pharmacokinetics, open-label tole-
brutinib 60 mg (n="7) or 120mg (n=4) was administered
once under fed (moderate-fat meal; ~680 Kcal and 43% fat
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content) conditions with CSF sampled twice over 4h via
lumbar puncture. Part 2-MAD examined three doses (120,
180, and 240mg) in a double-blind, placebo-controlled
manner. Doses were administered once daily for 14 days
under fed conditions (moderate-fat meal) in three co-
horts, each comprising 12 participants (n=9 active and
3 placebo), with dose escalation determined by a safety
monitoring committee. Sentinel dosing was not used
in part 2 because no accumulation was expected,'? and
part 1 results from higher dosing groups were avail-
able prior to treatment initiation in the MAD cohorts.
Tolebrutinib was provided as 60mg film-coated tablets,
also used in the phase III trial program.

This trial was conducted in accordance with Good
Clinical Practice and the ethical principles of the
Declaration of Helsinki. All participants provided written
informed consent before beginning any study procedures.
The protocols, amendments, and participant-informed
consents received appropriate institutional review board
approval prior to initiation.

Safety assessments

Safety assessments included reporting of adverse events
(AEs), physical examinations, clinical laboratory testing,
and measurement of vital signs, including standard 12-
lead ECG in all cohorts as well as 24-h Holter monitoring
in part 1-SAD and part 1-FE cohorts for concentration-QT
interval analysis, as described below. Both ECG sources
were used to identify potentially clinically significant ECG
abnormalities.

AEs, including serious AEs (SAEs), were recorded
from the time of informed consent until study completion.
The treatment-emergence period was defined as the time
period between the first administration of tolebrutinib or
placebo to either the first dose of the next treatment pe-
riod (for the first treatment period of part 1-SAD and part
1-FE) or the end of study visit. AE severity was assessed
with the Common Terminology Criteria (version 5) for
Adverse Events. Safety and tolerability were assessed in
all participants who had received at least one dose of tole-
brutinib or placebo. Safety data were summarized with
descriptive statistics.

Pharmacokinetics

Pharmacokinetic analysis included data from all partici-
pants who received at least one dose of tolebrutinib and had
at least one primary pharmacokinetic parameter evaluable
by noncompartmental methods using Phoenix WinNonlin
version 6.3 (Certara LP). For part 1-SAD and part 1-FE,
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(@) Part 1-SAD

300 mg (n=8)
Placebo (n=2)

@ Single dose administration (Fasting)
@ Single dose administration (Fed)
@ Dose escalation meeting

D13 . .
---- Screening and baseline

240 mg (n=8) ) .
Placebo (n=2) [ Observation period
.............. ,l_l
D1 D5 D13
120 mg (n=12)
Placebo (n=3)
.............. /_l
D1 D5 D13
Part 1-CSF PK Part 1-FE
60 mg (n=7) 60 mg (n=13)
---------------------------- P
D1 D3 D9 D1 D5 D13
120 mg (n=4) 60 mg (n=14
---------------------------- Pt
D1 D3 D9 D1 D5 D13
b
®) Part 2-MAD
240 mg (n=9)
Placebo (n=3)
-------------- D1 D14 D17 D22
180 mg (n=9)
Placebo (n=3)
-------------- D1 D14 D17 D22
120 mg (n=9)
Placebo (n=3)
-------------- D1 D14 D17 D22

FIGURE 1 Study design. (a) Part 1 SAD, CSF pharmacokinetics, and FE studies. (b) Part 2 MAD study. CSF, cerebrospinal fluid; FE,
food effect; MAD, multiple ascending dose; PK, pharmacokinetics; SAD, single ascending dose.

blood samples were obtained predose and at 0.25, 0.5, 0.75,
1.0, 1.25, 1.5, 1.75, 2, 2.5, 3, 4, 6, 8, 12, 24, and 48h post-
dose. For part 1-CSF pharmacokinetics, blood samples
were obtained at the same time schedule as in part 1-SAD
and part 1-FE, and CSF samples were obtained via lumbar
puncture twice at either 1 and 3 or 2 and 4-h postdose. In
part 2-MAD, blood samples were obtained at the same time
schedule as part 1 on days 1 and 14, with additional trough

samples acquired on days 5, 8, 11, and 13, as well as 24 and
48 after the final dose (i.e., days 15 and 16).

The concentrations of tolebrutinib and M2 were
quantified by a specialist laboratory (Charles River
Laboratories) using a validated liquid chromatography
with tandem mass spectroscopy method with a lower
limit of quantification of 10 pg/mL for tolebrutinib and
5pg/mL for M2.
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Analyses to determine the effect of fed status, dose
proportionality, and accumulation were performed for
tolebrutinib, M2, and combined tolebrutinib and M2 expo-
sures, and involved modeling of the maximum plasma con-
centration observed (C,,,,) and the area under the plasma
concentration versus time curve (AUC). These analyses
included all available pharmacokinetic data from partic-
ipants without relevant protocol deviations. Combined
tolebrutinib and M2 exposures were calculated as the sum
of the values for tolebrutinib and M2 divided by their re-
spective molecular weights (455 and 471g/mol, respec-
tively). To quantify the effect of fed status for each dose,
estimates and 90% confidence intervals (CIs) for the ratio
of the geometric means for fed and fasting conditions were
obtained by computing point estimates and 90% CIs for the
difference between the arithmetic means for the fed and
fasted food conditions using a linear model, and then con-
verting to ratios by the antilog transformation. To test for
dose proportionality in part 1-SAD and part 1-FE for each
food condition and, separately, in part 2-MAD on day 1 and
day 14, pharmacokinetic parameters for tolebrutinib and
M2 were analyzed using a power model (pharmacokinetic
parameter = a*dose”) with the log-transformed value of the
pharmacokinetic parameter as the dependent variable and
log-transformed dose level as the independent variable.'’
To evaluate tolebrutinib and M2 accumulation and time
dependency for each of the dose groups and the pooled co-
hort in part 2-MAD, a linear model of log-transformed ac-
cumulation ratio (day 14/day 1) was built. The steady-state
was assessed graphically for part 2-MAD.

For part 1-CSF pharmacokinetics, CSF-to-unbound
plasma concentration ratios for tolebrutinib and M2 were
calculated for individual participants, then averaged. The
percentages of tolebrutinib and M2 unbound to plasma
proteins were determined to be 11.8% for both compounds
using in vitro equilibrium dialysis.

Electrocardiography

Continuous ECG recordings were performed 24h before
and 24 h following dosing for both observation periods for
part 1-SAD and part 1-FE using an internationally recog-
nized Holter monitor with adequate resolution for ECG
extraction. ECG recordings were transferred by the study
site to an ECG core laboratory for further analysis. From
the ECG recordings, three 10-s segments were extracted
using Antares (AMPS-Montichiari) validated software
from a 5-min window immediately preceding each blood
sampling event for postdose measurement or nominal
time-matched windows for predose measurements. ECG
intervals (QT, QT corrected using Fridericia's formula
[QTcF], QT corrected using Bazett's formula [QTcB], and
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heart rate) were acquired semi-automatically and then av-
eraged across the three 10-s segments, giving one value for
each parameter at each nominal timepoint.

Statistical analyses of ECG data were performed using
SAS software (version 9.4; SAS Institute) and included
data from all randomized participants provided they had
at least one change from baseline in ECG assessment and
additionally, for tolebrutinib groups, at least one mea-
sured pharmacokinetic concentration. By convention,
the pharmacokinetic concentrations in the placebo group
were set to zero. Baseline was the mean of the predose
triplicate ECG assessment. Concentration-QTc modeling
was performed as per recommended guidelines'>'® using
pooled data from part 1-SAD and part 1-FE, for each food
condition separately. The main ECG parameter for this
analysis was change from baseline in QTcF and the phar-
macokinetic parameters were plasma concentrations of
tolebrutinib or M2. The relationships between the change
from baseline in QTcF and tolebrutinib or M2 concentra-
tions were first explored graphically to investigate any po-
tential delayed or sustained effects and to define the type
of modeling to be used. A linear mixed effect model was
used with fixed terms for population intercept, treatment
intercept (1 for active and 0 for placebo) and nominal time
intercept, with the concentration (slope) and the centered
baseline QTcF as covariates, and with random terms for
individual participant deviation from the population in-
tercept and slope using SAS Proc Mixed. Estimates of
each effect of the model and the corresponding 90% ClIs
were provided. Predictions of placebo subtracted change
from baseline in QTcF (AAQTCF) at the geometric mean
Cpax for each dose were also calculated from the model.
Absolute QTcF values and change from baseline were
summarized with descriptive statistics.

RESULTS
Study population

Between August 2020 and June 2021, the 96 healthy in-
dividuals were enrolled, randomized, and treated (for
demographic details see Tables S2 and S3). Of these, 35 par-
ticipants received tolebrutinib or placebo in part 1-SAD, 11
received tolebrutinib in part 1-CSF pharmacokinetics, 14
received tolebrutinib in part 1-FE, and 36 received tolebru-
tinib or placebo in part 2-MAD. Two of the 14 participants
from part 1-FE did not complete the study period, one due
to withdrawn consent during the treatment period and the
other due to a post-treatment AE of coronavirus disease
2019 (COVID-19). Two participants in part 1-CSF pharma-
cokinetics from the 60mg arm were excluded from phar-
macokinetic analyses due to exceptionally low measured
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plasma and CSF concentrations of tolebrutinib and M2
(plasma concentrations were 0.3% to 3.3% of the mean for
other participants), which was confirmed by re-assay. One
participant in part 1-CSF pharmacokinetics from the 60 mg
arm had a missing CSF sample at 4-h postdose. Three of the
36 participants from part 2-MAD discontinued the study
prematurely due to withdrawn consent, including two par-
ticipants who discontinued during the treatment period on
days 4 or 6 and one participant who discontinued on day 15
after the treatment period.

Safety and tolerability

Tolebrutinib was well-tolerated at all dose levels regard-
lessoffedstatus, withnoSAEs, severe treatment-emergent

AEs (TEAEs), or TEAEs leading to treatment discontinu-
ation reported in part 1 or part 2 of the study. In part
1, the only TEAEs that were reported in multiple par-
ticipants who received tolebrutinib were back pain and
TEAES related to the lumbar puncture procedure in part
1-CSF pharmacokinetics (i.e., post lumbar puncture syn-
drome and procedural pain; Table 1). In part 2, the only
TEAE that was reported in more than one participant in
any of the tolebrutinib dose groups was headache, occur-
ring in two (7.4%) participants (Table 2). All TEAEs were
of grade 1 (mild) severity except for the TEAEs of pro-
cedural pain and post lumbar puncture syndrome that
were of grade 2 (moderate) severity in three participants
(2 in the 60 mg dose arm and 1 in the 120 mg dose arm).
There were no unexpected safety findings associated
with tolebrutinib treatmentbased on treatment-emergent

TABLE 1 Incidence of TEAEs by MedDRA preferred term in part 1 SAD, CSF PX, and FE studies.

Part 1-SAD Part 1-CSF PK Part 1-FE
Tolebrutinib Tolebrutinib Tolebrutinib®
Placebo 120 mg 240mg 300mg 60mg 120mg Fasting Fed
Preferred term, n (%) (n=7) (n=12) (n=8) (n=8) (n=7) (n=4) (n=13) (n=14)
Participants with any TEAE 0 0 1(12.5)° 0 6(85.7) 1(25.0) 0 2(14.3)
Post lumbar puncture syndrome 0 0 0 0 4(57.1) 1(25.0) 0 0
Procedural pain 0 0 0 0 4(57.1) 1(25.0) 0 0
Back pain 0 0 1(125° 0 1(14.3) 0 0 0
COVID-19 0 0 0 0 0 0 0 1(7.1)
Diarrhea 0 0 0 0 1(14.3) 0 0 0
Dizziness 0 0 0 0 1(14.3) 0 0 0
Nausea 0 0 0 0 1(14.3) 0 0 0
Presyncope 0 0 0 0 1(14.3) 0 0 0
Initial insomnia 0 0 0 0 0 0 0 1(7.1)

Abbreviations: COVID-19, coronavirus disease 2019; CSF, cerebrospinal fluid; FE, food effect; MedDRA, Medical Dictionary for Regulatory Activities; PK,
pharmacokinetics; SAD, single ascending dose; TEAE, treatment-emergent adverse event.

#All participants received tolebrutinib 60 mg in part 1-FE.
PTEAE occurred during the fed period.

TABLE 2 Incidence of TEAEs by
MedDRA preferred term in the part 2-

Tolebrutinib

Placebo 120mg

Preferred term, n (%) (n=9) (n=9)

Participants with any TEAE 1(11.1) 1(11.1)

Abdominal rigidity 0 1(11.1)
Constipation 0 0
Eye irritation 0 0
Headache 0 0
Pruritus 1(11.1) 0
Rash 0 0

180mg 240mg MAD study.
(n=9) (n=9)

2(22.2) 2(22.2)

0 0

0 1(11.1)

0 1(11.1)

1(11.1) 1(11.1)

0 0

1(11.1) 0

Abbreviations: MAD, multiple ascending dose; MedDRA, Medical Dictionary for Regulatory Activities;

TEAE, treatment-emergent adverse event.
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changes in laboratory values, except for low neutrophil
counts in two participants each in part 1-SAD (both in
the 300 mg arm), part 1-FE (one participant each during
the fed and fasted conditions), and part 2-MAD (both
in the 240 mg arm). Of these six participants, three had
low neutrophil counts at baseline. For the two partici-
pants with abnormal neutrophil counts in part 2-MAD,
neutrophil levels returned to baseline values within the
study period while tolebrutinib dosing continued.

QTCcF interval 450-480ms was detected in three par-
ticipants: one participant in the 60 mg arm in part 1-CSF
pharmacokinetics, one participant who received 60mg
under fed conditions in part 1-FE, and one participant
in the 180mg arm in part 2-MAD. A separate participant
who received 60 mg under fed conditions in part 1-FE had
a QTcF interval increase from baseline of greater than
60ms. There was no instance of QTcF interval greater
than 480 ms, QTcB greater than 450 ms, or QTcB increase
from baseline of greater than 60 ms.

Pharmacokinetics

Following single oral administration, tolebrutinib was rap-
idly absorbed with a median time to maximum concentra-
tion (T, under fasting conditions of 0.63-1.00 h, which
was slightly delayed under fed conditions (1.38-2.00h;
Table 3, Figure 2). The mean terminal half-life (¢,,,,) of
tolebrutinib ranged from 3.2 to 7.8h, with no apparent
effect of dose or food status. Plasma pharmacokinetic
parameters for M2 were similar to those for tolebrutinib
(Table S4).

Determination of dose proportionality with a power
model showed that tolebrutinib plasma C,,, and AUC
increased more than dose-proportionally between 60
and 300mg under the fasting condition (Table S5). This
effect was primarily due to large pharmacokinetic in-
creases between the 240 and 300mg doses. In contrast,
approximately dose-proportionate pharmacokinetic in-
creases were observed for tolebrutinib when taken with
food as well as for M2 for both fed and fasted conditions
(Table S5).

Compared with the fasting condition, tolebrutinib
AUC was 1.5 to 2.2-fold higher when taken with food for
the 60, 120, and 240 mg doses (Table S6). There was no ef-
fect of fed status on tolebrutinib AUC for the 300 mg dose
or for tolebrutinib C,,,, at any dose. AUC for M2 was sim-
ilarly enhanced when tolebrutinib was taken with food,
although the effect was weaker than for the parent com-
pound (Table S6).

Multiple-dose pharmacokinetic parameters for tole-
brutinib (Table 4) and M2 (Table S7) on days 1 and 14
in part 2-MAD were similar to the values for single dose

ASCPT

administration in part 1. For both tolebrutinib and M2,
Cmax @and AUC,,, increased with no notable deviation from
dose proportionality and there was no accumulation after
repeated dosing, with mean accumulation ratios for the
pooled dose cohort close to 1 for tolebrutinib (0.97 [90%
CI 0.73-1.29] for C,,,, and 1.09 [90% CI 0.91-1.30] for
AUC,,,) and M2 (0.97 [90% CI 0.79-1.18] for C,,,, and 1.07

[90% CI 0.93-1.24] for AUC,,,,).

CSF penetration

CSF analyses included data from five participants in the
60 mg group and four participants in the 120 mg group.
Due to the protocol-defined sampling schedule (see
Methods), this yielded two at each timepoint, except
at t=2h for the 60mg group (n=3). Tolebrutinib and
M2 concentrations were detected in the CSF at all time-
points for the 60 and 120 mg doses, except for M2 at the
1-h timepoint for both participants in the 60 mg cohort
and one participant in the 120 mg cohort. Maximal CSF
concentrations were measured at 2h postdose for tole-
brutinib and at 3-4h for M2, ~1-2h after their respec-
tive T,,, in plasma (Figure 3). For up to 4h following
administration of 60 and 120 mg doses, CSF concentra-
tions of tolebrutinib and M2 surpassed their biochemical
ICs, values (0.7 and 0.8nM, respectively),’* and tole-
brutinib surpassed its in vitro ICy, value for microglia
(0.7nM)."2 M2's IC5, value for microglia is unknown. At
4h postdose, mean CSF-to-unbound plasma concentra-
tion ratios were 0.77 (60 mg dose) and 0.98 (120 mg dose)
for tolebrutinib and 0.21 (60 mg dose) and 0.45 (120 mg
dose) for M2.

Concentration-QT interval modeling

The time profile plots of mean tolebrutinib concentra-
tion and mean change from baseline in QTcF for fed and
fasted conditions are shown in Figure S2. Concentration-
QTcF models did not identify a relationship between
plasma tolebrutinib or M2 concentration and QTcF
under fasting or fed conditions. The slopes of the regres-
sion lines from linear models of plasma concentration
and QTcF corrected for placebo and baseline (AAQTcF)
were negative and nonsignificant for tolebrutinib
(—0.022 [95% CI —0.084 to 0.039] for fasting and —0.030
[95% CI —0.085 to 0.026] for fed; Figure S3) and M2
(—0.012 [95% CI —0.021 to 0.002] for fasting and —0.010
[95% CI —0.032 to 0.011] for fed [data not shown]). For
all dose groups, model-derived AAQTCcF values ranged
from —0.17 to 4.33ms at tolebrutinib C,,, and —0.14
to 4.32ms at M2 C,,,,, and the upper-boundaries of the
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FIGURE 2 Mean plasma concentration of tolebrutinib (a, b) and M2 (c, d) over time after single oral administration of tolebrutinib
60-300mg in fed (a, ¢) and fasting (b, d) state. For the fed condition, participants received a high-fat meal. Error bars indicate standard error.

corresponding two-sided 90% CIs were less than 8 ms
(Tables S8 and S9).

DISCUSSION

This phase I trial investigated the safety and pharma-
cokinetics of tolebrutinib over a higher range of doses
than those assessed in the first-in-human trial,'* and in-
cluded food effect assessment and determination of CSF
penetrance for the 60 mg dose currently being examined
in phase III trials for MS. Tolebrutinib was well-tolerated
with single doses up to 300mg and multiple once-daily
doses up to 240mg, with no effect on QT/QTc intervals.
Tolebrutinib was rapidly absorbed and converted to its
active metabolite M2. Exposures for tolebrutinib and M2
were generally dose-proportional and enhanced when
tolebrutinib was taken with a high-fat meal. There was
no accumulation of tolebrutinib or M2 after 14 days of re-
peated dosing, consistent with their short half-life and the
once-daily dosing regimen. Effective CSF penetration was
confirmed for the 60mg dose, with tolebrutinib and M2

reaching pharmacologically relevant (i.e., bioactive) CSF
levels.

Irreversible covalent inhibition depends on concentration-
time profiles for the parent compound in addition to any
metabolites containing an active warhead. Of the metab-
olites previously identified through metabolic screening
of radiolabeled tolebrutinib, M2 was the only one to re-
tain the active warhead and preserve the ability to irre-
versibly and potently inhibit BTK in a biochemical assay
and an in vitro Ramos cell assay, similar to tolebrutinib.'®
Nevertheless, the pharmacology of M2, including kinase
selectivity, is incompletely characterized. This work shows
that conversion of tolebrutinib to M2 is rapid and not influ-
enced by food status or repeated dosing. Furthermore, M2
had a similar ¢, , to that of tolebrutinib but with a two-to-
six-fold higher C,,, and AUC. These findings indicate that
M2 likely makes a relevant contribution to the high levels
of BTK occupancy after administration of tolebrutinib.'?
Accordingly, M2 is being measured in all clinical stud-
ies of tolebrutinib to assess sources of pharmacokinetic
variability and appropriately evaluate pharmacokinetic-
efficacy and -safety relationships."
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TABLE 4 Tolebrutinib pharmacokinetic parameters in the MAD cohort by dose and day.

Day 1
120mg (n=9) 180mg (n=9) 240mg (n=9)
Cpax (ng/mL) 37.7+22.7 (32.0) [60.3] 46.0+18.9 (41.3) [41.0] 81.2+64.9 (58.6) [79.9]
T (1) 1.25 [0.50-4.0] 2.00 [0.50-4.0] 1.25[0.50-3.0]
AUC,,, (h*ng/mL) 74.7+23.7 (71.7) [31.7] 132+56.2 (118) [42.7] 266+182 (195) [68.5]
Day 14
120mg (n=38) 180mg (n=7) 240mg (n=7)
Cpax (ng/mL) 28.9+16.4 (25.3) [56.7] 55.3+32.8 (46.5) [59.3] 114+74.3 (83.3) [65.4]
T (D) 2.50 [0.75-4.0] 2.50 [0.75-2.5] 1.75 [1.25-2.50]
AUC,,, (h*ng/mL) 88.1+31.6(83.3) [35.9] 144 +63.6 (132) [44.3] 331+192(244) [58.2]
t1/2, () 6.94+1.03 (6.88) [14.8] 7.49+2.27 (7.22) [30.3] 6.08+1.96 (5.84) [32.3]

Note: Tolebrutinib was administered under fed conditions in part 2-MAD. Values are mean + SD (geometric mean) [CV%] except for T,,,, which is shown as
median [min-max].

Abbreviations: AUC,,,, area under the plasma concentration versus time curve for the dosing interval; C,,,,, maximum plasma concentration observed;

CV, coefficient of variation; MAD, multiple ascending dose; SD, standard deviation; ¢, ,,, terminal half-life; T,,,,, time to reach Cy,,.
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FIGURE 3 Mean CSF and plasma concentrations of tolebrutinib (a, b) and M2 (¢, d) over time after single oral administration of
tolebrutinib 60mg (a, c¢) or 120mg (b, d) with a moderate-fat meal. For plasma, error bars indicate standard error. At 1-hour postdose,
M2 concentration in the CSF was below the lower limit of detection for both participants in the 60 mg arm and one participant in the
120 mg arm. For CSF, cross symbols indicate individual participant values. *n=2 for all timepoints except t=2 hours, which is n=3. CSF,
cerebrospinal fluid; biochemical ICs, half-maximal inhibitory concentration.
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A positive food effect was observed for tolebrutinib and
M2, consistent with preliminary findings.'> Given that
tolebrutinib is nearly completely absorbed under fasting
conditions, it is possible that the food effect is due to
changes in first-pass metabolism via alterations in gastro-
intestinal and hepatic blood flow.'® Further work will be
required to understand the mechanism underlying this
effect.

To date, tolebrutinib is the only BTK inhibitor to
demonstrate CSF exposure at bioactive levels. After a
single tolebrutinib 60 mg dose, CSF concentrations of
tolebrutinib and M2 exceeded their respective biochem-
ical ICy, for BTK for more than five times the half-life
of BTK inactivation, indicating relevant covalent BTK
inhibition in the CNS.! Furthermore, after the 60 mg
dose, CSF concentrations of tolebrutinib increased
above tolebrutinib’s in vitro ICy, for microglia within 2h
and maintained that level up to 4h, the longest time-
point measured. Preclinical studies have confirmed that
tolebrutinib functionally modulates microglial activity
in vitro and in vivo.?>*! Therefore, tolebrutinib 60 mg
may inhibit BTK activity in microglia and CNS-resident
lymphocytes thought to be major drivers of disability
accumulation in relapsing and non-relapsing forms
of MS.**** With sequential dosing, tolebrutinib may
achieve higher levels of BTK occupancy in the CNS, as
in the periphery,'? consistent with its irreversible mode
of binding. However, this remains speculative because
the turnover rate of BTK protein in the CNS is unknown
and the present study did not assess BTK occupancy be-
cause CSF cell counts were insufficient for assay.

Tolebrutinib and M2 exposures at the single dose of
300mg and multiple daily doses of 240 mg were at least
five times more than for the 60 mg dose currently being ex-
amined in phase III trials, enabling assessment of tolebru-
tinib safety over a wide exposure margin. No new safety
signals emerged with higher doses of tolebrutinib. Except
for common TEAE:s related to the CSF collection proce-
dure, TEAEs with single or multiple doses were mild in
presentation and the only TEAEs reported in more than
one participant were headache and back pain (2 partici-
pants each).

ECG results indicate that tolebrutinib is not associ-
ated with proarrhythmic effects. Current guidance from
the International Council for Harmonisation indicates
that concentration-QT interval modeling can provide
supportive evidence for an investigational medicine's
low proarrhythmic risk if the upper bound of the two-
sided 90% CI for the QTc interval at the highest clini-
cally relevant exposure is less than 10ms.** In the
present analysis, the upper bound of the 90% CIs for
estimates of placebo-corrected QTcF interval changes
from baseline were less than 8 ms for all C,,,, exposures

ASCPT

for tolebrutinib and M2. Considered together with the
absence of cardiac safety concerns reported in previous
phase I and phase IIb trials,'>'* the data so far have pro-
vided no indication of clinically significant cardiac repo-
larization effects after tolebrutinib treatment.

In conclusion, no safety or tolerability concerns were
identified in healthy volunteers for single oral doses of
tolebrutinib up to 300 mg and multiple daily doses up to
240mg for 14days. Increased exposure for tolebrutinib
and its active metabolite M2 when taken with food ver-
sus fasting was confirmed, as was CSF penetrance for the
60 mg dose being evaluated in phase III trials for the treat-
ment of MS.
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