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Abstract

Background: Tolebrutinib is an oral, central nervous system—penetrant, irreversible inhibitor of
Bruton’s tyrosine kinase, an enzyme expressed in B lymphocytes and myeloid cells (including
microglia), which are major drivers of inflammation in multiple sclerosis (MS). The aim of this
study was to determine the dose-response relationship between tolebrutinib and the reduction in
new active brain lesions in patients with relapsing MS.

Methods: This 16-week, phase 2b, randomised, placebo-controlled, crossover, dose-finding trial
(NCT03889639) assessed tolebrutinib efficacy and safety in relapsing MS (relapsing-remitting MS
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or relapsing secondary progressive MS). A two-step randomisation process, conducted using an
interactive voice/web response system, first subdivided the enrolled patients into two cohorts (1:1),
and then each cohort (1:1:1:1) into four dosing arms (5, 15, 30, and 60 mg once daily). Cohort 1
received tolebrutinib for 12 weeks, then placebo for 4 weeks; in Cohort 2, the regimen was vice
versa. Magnetic resonance imaging was performed every 4 weeks. The primary efficacy endpoint
was the number of new gadolinium (Gd)-enhancing lesions detected after 12 weeks of tolebrutinib
treatment (Cohort 1, week 12; Cohort 2, week 16), relative to the scan 4 weeks prior, compared

to the lesions accumulated during 4 weeks of placebo run-in period in Cohort 2. Efficacy data
were analysed on a modified intention-to-treat population, using a two-step multiple comparison
procedure with modelling analysis.

Findings: The study has been completed; it was conducted between May 14, 2019, and January
2, 2020. Of the 130 participants, assessed in 40 centres across 10 countries in Europe and North
America (5 mg, n=33; 15 mg, n=32; 30 mg, n=33; 60 mg, n=32), 129 completed the treatment.

At Week 12, there was a dose-dependent reduction in new Gd-enhancing lesions (mean + standard
deviation lesions/patient: placebo, 1.03 £ 2.50; 5 mg, 1-39 £ 3.20; 15 mg, 0-77 + 1.48; 30 mg,
0-76 + 3-31; 60 mg, 0-13 £ 0:43; p=0-03). One serious adverse event (hospitalisation due to MS
relapse; 60 mg group) was reported. The most common non-serious adverse event was headache
(all participants, 7% [9/130]; 5 mg, 3% [1/33]; 15 mg, 9% [3/32]; 30 mg, 3% [1/33]; 60 mg, 13%
[4/32]). No safety-related discontinuations occurred.

Interpretation: Twelve-week tolebrutinib treatment led to a dose-dependent reduction in new
Gd-enhancing lesions (the 60-mg dose was most effective) and was well tolerated. Effective
treatment for acute inflammation, combined with the potential to directly modulate the immune
response within the central nervous system, provides a scientific rationale to pursue phase 3
clinical trials in relapsing and progressive forms of MS.

Funding: Sanofi.
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INTRODUCTION

Multiple sclerosis is an immune-mediated, inflammatory, demyelinating disorder leading to
axon loss, neurological morbidity, and accumulating disability.! Current immunomodulatory
treatments can result in annualised relapse rates as low as 0-102-4; however, these results

are offset by less impressive disability outcomes. Because existing treatments primarily
affect peripheral adaptive immunity, we tested a new approach that combines peripheral and
central nervous system (CNS) immunomodulation. Our goal was to simultaneously reduce
acute and chronic neuroinflammation. The latter is thought to contribute to tissue loss and
disability accumulation, and is the most significant unmet medical need for patients with
MS.5_7

Bruton’s tyrosine kinase (BTK), a non-receptor tyrosine kinase expressed in most
haematopoietic cells (excluding T cells and fully differentiated plasma cells), couples
specific cell-surface receptors to downstream signalling pathways, linking immune stimulus
to cellular activation.8-11 It is a critical signalling element in B lymphocytes and myeloid
cells, including peripheral monocytes/macrophages and CNS-resident microglia.! Thus,
BTK inhibition was hypothesised to reduce the acute inflammation associated with
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contrast-enhancing lesions by modulating (rather than depleting) B lymphocytes.3:4.12-14

In addition, inhibiting BTK in the CNS could have beneficial effects on chronic lesions

and meningeal inflammatory infiltrates.1® Such lesions contain microglia, perivascular

or meningeal macrophages, and B-lineage cells,16:17 and have proven to be resistant to
therapeutic intervention. Thus, targeting B and myeloid cells in the CNS and periphery may
have a greater—and perhaps synergistic—impact on neuroinflammation and demyelination
compared to current disease-modifying therapies.

Tolebrutinib is an orally available small molecule that irreversibly binds to and inhibits
BTK. Phase 1 studies demonstrated pharmacologically relevant drug levels in cerebrospinal
fluid. For example, a single oral administration of 120 mg in healthy volunteers resulted

in the mean concentration in the cerebrospinal fluid of 4.1 nM after 2 hours, which is
therapeutically relevant exposure based on cellular assays.1819

This study aimed to establish a dose-response relationship for tolebrutinib in relapsing
MS (RMS) using magnetic resonance imaging (MRI) measures of disease activity, which
have been validated as being predictive of reduction in clinical relapse rates.20 It was
further designed to determine the magnitude of effect on MRI lesions. We also pursued
exploratory MRI measurements, such as “slowly evolving lesions”” and “paramagnetic
rim lesions”.2! These chronic lesions, resistant to approved therapies, are associated with
activated microglial”-22 and are correlated to disability accumulation in patients with
MS.23’24

The innovative crossover trial design was the first to use a 4-week placebo period rather than
a dedicated placebo arm, in order to minimise exposure to placebo. It also ensured that all
participants received active treatment for 12 weeks. Relative to traditional approaches, the
multiple comparison procedure with modelling (MCP-Mod) analysis decreased the sample
size necessary to establish a dose-response relationship. This design minimises the burdens
and risks associated with trial participation.

METHODS
STUDY DESIGN AND PATIENTS

This was a randomised, placebo-controlled, double-blind, crossover, dose-ranging,

phase 2b trial (ClinicalTrials.gov: NCT03889639; EudraCT: 2018-003927-12; WHO:
U1111-1220-0572). Following screening, participants were randomised equally to one of
four tolebrutinib dosing arms (5 mg, 15 mg, 30 mg, or 60 mg) within each of the two cohorts
(for a total of eight treatment arms). At baseline, Cohort 1 initiated a 12-week tolebrutinib
regimen and crossed over to placebo during the remaining 4 weeks of the trial; participants
in Cohort 2 began with 4 weeks of placebo treatment and then crossed over to 12 weeks of
tolebrutinib (figure S1, Supplementary Appendix, page 22). Although technically conducted
as a crossover trial for blinding purposes, the 4-week placebo run-out from Cohort 1 was
used for additional safety evaluation only, not for efficacy analyses.

Eligibility to participate in the trial included age 18-55 years and having a relapsing MS
diagnosis (relapsing-remitting MS or relapsing secondary progressive MS) according to the
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2013 clinical course revisions,2® as specified in the 2017 McDonald diagnostic criteria.28
(This is also consistent with the 2020 clarification of the 2013 clinical course descriptors.27)
Participants had at least one relapse within the prior year, at least two relapses within the
prior 2 years, or at least one active gadolinium (Gd)-enhancing brain lesion in the 6 months
prior to screening. Exclusion criteria included diagnosis of primary progressive MS,26
diagnosis of secondary progressive MS without relapse, Expanded Disability Status Scale
(EDSS) score >5-5 at screening, and relapses occurring within 30 days of randomisation
(full exclusion criteria are provided in the Supplementary Appendix 2, page 6). For the
purpose of this study, relapses were defined as acute, new neurological symptoms or
worsening of previous neurological symptoms with an objective change on neurological
examination. The symptoms had to be attributable to MS, at least 24 hours in duration, and
be present at normal body temperature. An episode consistent with this definition, or an
episode in which relapse could not be ruled out, required an EDSS assessment. Participants
provided written informed consent, which was obtained during the screening period, from 4
weeks to 1 day before randomisation; therefore, prior to any study-related procedures.

The trial was conducted in accordance with the principles of the Declaration of Helsinki,
the guidelines for Good Clinical Practice of the International Conference of Harmonisation,
and additional local regulations. All procedures were approved by local institutional ethics
review boards of participating sites.

RANDOMISATION AND MASKING

The randomisation list was created by Almac Clinical Technologies (San Francisco, CA,
USA). Patients were randomised centrally, using an interactive voice/web response system,
in a two-step procedure. In the first step, participants were randomised 1:1 to Cohort 1 or
Cohort 2. In the second step, conducted within each cohort, participants were randomised
1:1:1:1 to one of the four tolebrutinib dosages (5 mg, 15 mg, 30 mg, or 60 mg). Participants
and investigators were blinded for dose and tolebrutinib-placebo administration sequence.
Identical-looking tablets were given for each tolebrutinib dose and placebo. Investigators,
study team members, and study participants did not have access to unblinded data.

PROCEDURES

Double-blind study medication was administered orally once daily with or without food;
participants were instructed to take the tablet under the same dietary conditions each day.
MRI scans, including T2-weighted fluid-attenuation inversion recovery and Gd-enhanced
T1-weighted scans, were obtained at screening and at scheduled trial visits every 4 weeks
(3 days) over 16 weeks. The screening MRI scans were to be performed as close to

day 1 as possible, and were used in lieu of day 1 scans as comparators for assessment of
changes at week 4. Additional assessments at each visit included pharmacokinetics (details
are provided in the Supplementary Appendix 4, page 11). Gd-enhancing lesions were
identified by one or more radiologists blinded to treatment assignment at an independent,
central facility (NeuroRx, Montréal, Canada). New or enlarging T2 lesions were identified
from sequential scans using a semi-automated process of joint time point segmentation,
followed by visual inspection.28 In other words, the number of new or enlarging T2 lesions
for each patient was determined by comparing scans at week 12 (Cohort 1) or week 16
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(Cohort 2) with those obtained at the previous scan (week 8 for Cohort 1 and week 12 for
Cohort 2). Analyses of slowly evolving lesions and paramagnetic rim lesions are detailed

in Supplementary Appendix 6 (page 16). In brief, slowly evolving lesions were identified

as contiguous areas of the baseline T2-lesion mask that showed constant and concentric
local expansion from baseline to week 16, where local expansion is determined via Jacobian
analysis.” Paramagnetic rim lesions were manually identified on susceptibility-weighted
images generated from six 3D-gradient echo-phase images (echo time ranging from 4.9-41
ms, resolution 0-8 x 0-8 x 0-8 mm).2° The schedule of study assessments, including efficacy,
safety, and pharmacokinetics, is provided in Supplementary Appendix 4 (page 11). The
details of safety laboratory assessments are summarised in Supplementary Appendix 5 (page
14).

OBJECTIVES AND ENDPOINTS

The primary objective was to determine the dose-response relationship between tolebrutinib
and new active brain lesions detected using MRI. The primary efficacy endpoint was the
number of new Gd-enhancing lesions detected on the scan performed after 12 weeks of
tolebrutinib treatment (at week 12 for Cohort 1 and week 16 for Cohort 2), relative to

the scan 4 weeks prior. Secondary endpoints were the number of new or enlarging T2
lesions detected on the same scan observed after 12 weeks of treatment, the total number of
Gd-enhancing lesions after 12 weeks of tolebrutinib treatment (ie, all Gd-enhancing lesions
on the scan at the end of 12 weeks of treatment), as well as adverse events (AES), serious
AEs, and AEs of special interest. Pharmacokinetics was a tertiary endpoint. In total, there
were 15 prespecified exploratory endpoints and 23 prespecified MRI analyses; this report
focuses on endpoints most pertinent to the recently initiated phase 3 trials of tolebrutinib

in both relapsing (NCT04410978, NCT04410991) and progressive MS (NCT04411641,
NCT04458051). Two exploratory endpoints of particular interest are reported here, the
volume of slowly evolving lesions by dose arm, and the number of paramagnetic rim lesions
in all active treatment arms combined in a subset of patients at sites with sufficient imaging
capability. These endpoints are of considerable interest based on our working hypothesis
that a brain-penetrant immunomodulator may be able to reduce these treatment-resistant
lesions associated with neuroinflammation and provide benefit on disability progression in
MS patients. A list of all exploratory endpoints is provided in Supplementary Appendix 7

(page 18).

STATISTICAL ANALYSIS

Based on the assumption that the rate of formation of new Gd-enhancing lesions in placebo-
treated patients will remain constant over a period of 16 weeks, we used the 4-week
placebo run-in data from Cohort 2, prior to the initiation of tolebrutinib treatment, as the
comparator for week 12 (Cohort 1) or week 16 (Cohort 2) data in analyses for the primary
and secondary efficacy endpoints. The 4-week placebo run-out from Cohort 1 was used for
blinding purposes and additional safety evaluations.

A sample size of 120 participants, assuming a dropout rate of up to 15%, was estimated
to provide >=83% power to detect a maximum 85% reduction using a two-step multiple
comparison procedure with modelling (MCP-Mod) technique process with six pre-defined

Lancet Neurol. Author manuscript; available in PMC 2022 September 01.


https://clinicaltrials.gov/ct2/show/NCT04410978
https://clinicaltrials.gov/ct2/show/NCT04410991
https://clinicaltrials.gov/ct2/show/NCT04411641
https://clinicaltrials.gov/ct2/show/NCT04458051

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Reich et al.

Page 6

dose-response curves (quadratic, linear, exponential, logistic, and two Eqax With effective
doses [ED50] of 10 mg and 30 mg), as described previously.3? The primary and secondary
efficacy analyses were done on the modified intent-to-treat population, defined as all
participants exposed to study intervention, in the treatment arm to which they were
randomised. Analyses were based on pooled data from Cohorts 1 and 2 for each tolebrutinib
dose, and dose response was evaluated using the two-step MCP-Mod with a negative
logarithm transformation of the mean lesion count as input to the procedure. Step 1 tested
for an efficacy signal versus the null hypothesis of a flat, non—-dose-response curve. The
primary endpoint was jointly evaluated for each of the six prespecified dose-response
models with a contrast test that controlled the familywise error rate at two-sided alpha

of 0:05. Step 2, undertaken only if Step 1 showed an efficacy signal, estimated a best-fit
(smallest generalised Akaike information criterion) dose-response curve from the six dose-
response models.

Mean lesion counts in each of the four dose arms at the end of 12-week tolebrutinib
treatment and the end of 4-week placebo treatment were estimated using a negative binomial
regression model with covariates of baseline Gd-enhancing T1 lesions (presence or absence;
for new Gd-enhancing lesions and total number of Gd-enhancing lesions) and treatment arm.
A generalised estimating equation approach was used to account for the potential correlation
between the measurements in the 4-week placebo period and the subsequent tolebrutinib
treatment period in Cohort 2 participants. Relative reductions with 95% confidence intervals
in MRI lesions for each tolebrutinib dose versus placebo were estimated from the negative
binomial model. There was no imputation of missing data.

Pharmacokinetic analyses included area under the curve (AUCq_p4) measurements of
parent drug concentrations (expressed as ng-hr/mL) by dose over 12 weeks of tolebrutinib
treatment. The impact of fed status on tolebrutinib plasma exposure was determined for the
full study population, imputing fed conditions for missing data. The relationship between
AUC(_»4 and MRI lesion count was also determined after 12 weeks of treatment as an
exploratory analysis. Exploratory outcomes were analysed using descriptive statistics only.

Safety data were summarised by tolebrutinib dose for the overall population and reported
over weeks 1-4 for both placebo and tolebrutinib treatment and over 12 weeks for
tolebrutinib alone (ie, AEs observed between weeks 0-12 in Cohort 1 and weeks 4-16

in Cohort 2).

ROLE OF THE FUNDING SOURCE

The sponsor (Sanofi) designed the trial and was involved in data collection, analysis, and
interpretation, along with manuscript drafting. The sponsor provided tolebrutinib and funded
professional writing assistance. Safety was overseen by an independent data monitoring
committee. The authors attest to adherence to trial protocol, along with the accuracy and
completeness of the data reporting. The final version of the manuscript was approved by all
authors, who had access to all the data in the study and accept responsibility for submitting
this paper for publication.
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RESULTS

The study was conducted across 40 centres in Europe and North America between March
27, 2019, and January 3, 2020. Out of 130 randomised participants (Cohort 1, n=64; Cohort
2, n=66), 129 (99%) successfully completed treatment (figure 1). One participant in the
tolebrutinib 60-mg arm withdrew from treatment and follow-up due to unwillingness to
comply with the protocol-mandated contraception requirement. Mean * standard deviation
(SD) exposure to tolebrutinib was 83 + 2 days (5 mg), 83 + 4 days (15 mg), 84 £ 2 days (30
mg), and 82 + 7 days (60 mg). Exposure to placebo was 28 + 2 days.

Overall, 98% (128/130) of participants had diagnoses of relapsing-remitting MS and 2%
(2/130) were diagnosed with secondary progressive MS with relapse. Thirty-five percent
(44/130) of participants had Gd-enhancing lesions at baseline. Baseline characteristics were
well balanced across treatment arms (table 1).

Using MCP-Mod methodology, the exponential model demonstrated a dose-response
relationship between tolebrutinib and new Gd-enhancing lesions, which was used to reject
the null hypothesis of a flat dose-response curve (test statistic 2:47; p=0.03; figure 2A).
Maximal effect was observed with the 60-mg dose and corresponded to an adjusted relative
reduction in new Gd-enhancing lesions of 85% (95% confidence interval [CI] 28-97%)
versus placebo. The observed mean + SD number of lesions was 0-13 + 0-43 for tolebrutinib
60 mg versus 1-03 + 2:50 for placebo (figure 2B). After 12 weeks of treatment, 90%

(28/31) of participants who received tolebrutinib 60 mg had no new Gd-enhancing lesions,
compared with 75% (44/59) of patients in the placebo arm (based on 4 weeks of placebo
treatment).

Analysis of secondary endpoints showed a dose-response relationship for the number of
new or enlarging T2 lesions, with the linear model providing the best fit (test statistic 4-32;
p<0-0001; figure 3A). Following 12 weeks of tolebrutinib treatment, a maximal effect was
again observed with the 60-mg dose, with an 89% (95% CI 68-96%) relative reduction

in the mean £+ SD number of new or enlarging T2 lesions versus placebo (figure 3B:
tolebrutinib 60 mg, 0-23 + 0-62; placebo, 2:12 + 5-16), and with 87% (27/31) of participants
free of new or enlarging T2 lesions (placebo, 66% [39/59]: based on 4 weeks of placebo
treatment). There was no significant dose response for the total number of Gd-enhancing
lesions at the end of 12 weeks of treatment (figure 3C); therefore, dose-response modelling
was not conducted for this outcome.

The pharmacokinetic assessment over 12 weeks of treatment detected an approximate
2-5-fold exposure increase between the 30- and 60-mg doses (mean AUC [coefficient of
variation, %] 19-5 ng-h/mL [72%] versus 49-7 ng-h/mL [94%]; table S1, Supplementary
Appendix, page 27). Meal status was well documented in 35% (135/389) of visits, in

which 85% (115/135) included participants who have taken the treatment with food.
Analysis comparing administration with or without food suggested an approximately two-
fold higher plasma concentration of tolebrutinib when the 60-mg dose was administered
with food (figure S3, Supplementary Appendix, page 24). To control for differences in drug
exposure related to food intake, lesion counts were analysed as a function of AUC for
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each participant. Tolebrutinib exposures greater than 40 ng-hr/mL were associated with few
new Gd-enhancing lesions and few new or enlarging T2 lesions (figure S4, Supplementary
Appendix, page 25).

The median (interquartile range) total volume of slowly evolving lesions at week 16 was
assessed as an exploratory analysis: 5 mg, 1-37 (3-61) cm3; 15 mg, 1-31 (2:59) cm3; 30

mg, 1.35 (2:46) mm3; 60 mg, 0-70 (2-31) cm?3 (figure S5, Supplementary Appendix, page
26). Data from participants (n=32) evaluated in centres with susceptibility-weighted imaging
capability show that 50% (16/32) of participants had paramagnetic rim lesions at baseline
(figure S2, Supplementary Appendix, page 23).

The occurrence of AEs was similar across all tolebrutinib arms, with 50% (16/32) of
participants treated with tolebrutinib 60 mg reporting at least one AE over 12 weeks (table
2). No AE led to treatment discontinuation or study discontinuation. Twelve AEs occurred in
more than two participants during tolebrutinib treatment, of which headache (7% [9/130]),
upper respiratory tract infection (5% [6/130]), and nasopharyngitis (4% [5/130]) were most
frequent. An analysis of weeks 1-4 showed no serious AEs (table S2, Supplementary
Appendix, page 28). During this 4-week period, AEs were reported by similar proportions
of participants receiving tolebrutinib and placebo (13 [2/16] to 31% [5/16] tolebrutinib
versus 35% [23/66] placebo), with headache being the most frequent AE across all treatment
arms (n=5, four of whom received placebo). Over 12 weeks of tolebrutinib treatment,

two participants had alanine aminotransferase (ALT) levels that exceeded three-fold the
upper limit of normal (ULN; 30 mg, n=1; 60 mg, n=1). In the participant treated with

the 30-mg dose, ALT was elevated at a single time point before returning to normal when
measured 4 days later, with no interruption of treatment. The participant who received the
60-mg dose had a mild ALT elevation at screening and experienced an increase exceeding
three-fold ULN at the week 4 visit at the end of the placebo run-in period. The patient
initiated tolebrutinib treatment and ALT levels decreased gradually, reaching normal range at
week 12, while remaining on treatment. Neither participant with elevated ALT discontinued
tolebrutinib. Across doses, one serious AE was observed (severe MS relapse in a participant
receiving 60-mg tolebrutinib in Cohort 1). Study drug treatment was uninterrupted. The
participant recovered and completed the trial.

DISCUSSION

The primary objective of this trial was met, demonstrating a dose-related reduction in the
number of new Gd-enhancing lesions after 12 weeks of tolebrutinib treatment. Our findings
are consistent with phase 2 trials of disease-modifying therapies considered highly effective
in MS.13:31 These results support continued development of tolebrutinib 60 mg in phase 3
trials with clinical endpoints, based on the well-established relationship between reductions
of Gd-enhancing lesions and MS relapse rates.2%:32 Due to the short treatment duration,
clinical relapses and disability progression were not considered as primary or secondary
endpoints in this trial.

Several pieces of data argue that the dose-response relationship was not based on the
response to 60 mg only. First, the related secondary endpoint of new or enlarging T2
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lesions was significant for all six dose-response models. Second, there was a steep decline
in the number of Gd-enhancing lesions per scan with both the 30 mg and the 60 mg
tolebrutinib dose, but the impact in the 30-mg group was masked by a single individual
who had 19 Gd-enhancing lesions (figure S4, Supplementary Appendix, page 25). Finally,
tolebrutinib plasma exposure was inversely related to lesion counts, and there were few new
Gd-enhancing lesions in participants with high exposures.

Importantly, the exposure-response supports use of 60 mg as an appropriate dose for further
evaluation of tolebrutinib in relapsing MS. Moreover, comparative pharmacokinetic analysis
of the fed versus fasting states suggested maximal exposure was achieved when tolebrutinib
was administered with food (figure S3, Supplementary Appendix, page 24). These results
informed the dose selection for future MS trials: 60 mg once daily, taken with food.

Tolebrutinib was well tolerated, with no AEs leading to treatment withdrawal. Over 12
weeks of active treatment, 12 AEs were reported in more than two participants; headache
was the most frequent. One serious (and severe) AE was reported, an MS relapse, in the
tolebrutinib 60-mg arm. No other serious or severe AEs occurred over the study period. Our
results suggest an acceptable safety and tolerability profile for tolebrutinib across all doses.

Imaging data demonstrated a clear and meaningful impact of tolebrutinib on acute
inflammation based on the formation of new Gd-enhancing lesions. Approximately 50% of
study participants at sites with susceptibility-weighted imaging capability had paramagnetic
rim lesions: white matter lesions with ongoing myelin and axon destruction in association
with activated microglia.2:33 These lesions can enlarge over time.23 The analysis of

slowly evolving lesions’ in this study suggests that a longer course of treatment is likely
necessary to assess whether BTK-driven modulation of CNS-resident microglia, infiltrating
macrophages, and B lymphocytes trapped behind the blood-brain barrier would translate to
clinical benefit related to slowing or halting of disability accumulation.

Of note, our findings are consistent with those of a phase 2 trial of evobrutinib, another
orally administered BTK inhibitor, in patients with relapsing MS.# However, differences in
design between the two trials preclude direct comparison of efficacy.

Since the completion of this study, phase 3 studies in MS of several other BTK inhibitors
have been initiated. Tolebrutinib and these other agents have distinct pharmacological
profiles, differing in potency, selectivity, and CNS distribution. Based on CNS exposure and
in vitro potency, tolebrutinib stands out as having the potential to achieve pharmacologically
relevant exposures within this compartment. How that potential translates to clinical benefits
will be evaluated in the ongoing phase 3 development program.

Limitations of this study include a relatively small sample size per dosing arm and a
treatment period of only 12 weeks, which is too short to assess effects on clinical outcomes
like relapses and disability. However, the objective here was to establish a safe and effective
dose, which was accomplished. Longer monitoring of safety will improve our understanding
of the risk-benefit profile, which will continue in the ongoing long-term safety study and
four phase 3 studies underway in relapsing MS, primary progressive MS, and non-relapsing
secondary progressive MS.
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In summary, our study design with limited placebo exposure established an effect of
tolebrutinib on MRI measures related to new lesion formation and identified an effective
dose to test in phase 3 trials. Effective treatment for acute inflammation, combined with
the potential to directly modulate the immune response within the central nervous system
— known to be a key driver of MS clinical progression — provides scientific rationale to
pursue phase 3 clinical trials in both relapsing and progressive MS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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RESEARCH IN CONTEXT
Evidence before this study

PubMed was searched in May 2021 for clinical studies published in any language, using
unrestricted dates and the terms “multiple sclerosis (MS) and Bruton’s tyrosine kinase
(BTK)”, “Bruton’s tyrosine kinase inhibitor”, “chronic lesion”, or “slowly evolving
lesion”. Accumulated evidence shows that chronic neuroinflammation, driven in part

by B lymphocytes and activated microglia within the central nervous system, is a key
contributor to disability accumulation in relapsing and progressive MS. BTK is a critical
signalling element in B lymphocytes and myeloid cells. A phase 2 trial of evobrutinib,
another BTK inhibitor, has provided proof of concept that targeting this enzyme in
patients with MS can lead to improved clinical and magnetic resonance imaging
outcomes. However, currently approved MS treatments act primarily outside the central
nervous system. Tolebrutinib is an investigational BTK inhibitor that has been shown, in
phase 1 studies, to penetrate the blood-brain barrier and reach pharmacologically relevant

levels in the central nervous system.
Added value of this study

This phase 2 clinical trial is the first demonstration of tolebrutinib efficacy in patients
with relapsing MS. Using a crossover trial design that minimised exposure to placebo,
we showed a dose-dependent reduction of the number of gadolinium-enhancing brain
lesions and new or enlarging T2 lesions after 12 weeks of treatment. Tolebrutinib also
demonstrated a favourable safety profile.

Implications of all the available evidence

The results of this phase 2 study support investigation of tolebrutinib in phase 3 studies.
In addition to the treatment effect demonstrated in relapsing MS, exploratory analysis of
slowly evolving lesions raises the possibility that investigation of tolebrutinib in patients
with progressive disease, in which chronic neuroinflammation is well documented, is
warranted.
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Figure 1: Participant disposition and study treatment exposure
Participants were randomised in two steps: first (1:1) into two cohorts and then (1:1:1:1)

into four dosage groups within each cohort. equally into one of eight treatment arms that
were divided between two cohorts. Cohort 1 received tolebrutinib for 12 weeks beginning at
baseline, followed by 4 weeks of placebo run-out in order to blind the treatment assignment
and to provide additional safety data. Cohort 2 received placebo for 4 weeks as a run-in,
followed by tolebrutinib for 12 weeks. Of the 130 participants randomised, 129 completed
the treatment, and the participant with early treatment discontinuation still completed the
study. For the primary analysis, an MRI assessment was excluded from analysis if the
participant had received systemic corticosteroids within the 30 days prior to the MRI
assessment date. Thus, MRI assessments from 126 of 130 participants were included in

the primary analysis (Cohort 1: 5 mg, n=14; 15 mg, n=15; 30 mg, n=16; 60 mg, n=15.

Cohort 2: 5 mg, n=17; 15 mg, n=16; 30 mg, n=17; 60 mg, n=16). R=randomisation.
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Figure 2: Primary outcome: Number of new Gd-enhancing lesions on an MRI scan after 12
weeks of tolebrutinib treatment

Panel A shows the estimated dose-response curve after applying the two-step MCP-Mod
methodology; error bars represent 95% Cls. The exponential model was selected as the best
fit based on the Akaike information criterion and was used to reject the null hypothesis
(p=0-03). Panel B shows the mean (error bars: SD) number of new Gd-enhancing lesions
per scan for pooled participants from Cohorts 1 and 2 at the end of 12 weeks of tolebrutinib
treatment compared with a scan 4 weeks prior. In Cohort 2, the formation rate of new
Gd-enhancing lesions over the 4-week placebo run-in period was assumed to be constant
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over the 16-week trial duration. Values are relative reduction in lesion count versus

placebo, adjusted for presence or absence of baseline Gd-enhancing lesions, using a negative
binomial model. Cl=confidence interval. Gd=gadolinium. MCP-Mod=multiple comparison
procedure-modelling. MRI=magnetic resonance imaging. QD=once daily. SD=standard
deviation.
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Figure 3: Secondary outcome: Number of new/enlarging T2 lesions and total number of Gd-
enhancing lesions on an MRI scan after 12 weeks of tolebrutinib treatment

Panel A shows the estimated dose-response curve using MCP-Mod methodology for the
number of new or enlarging T2 lesions; error bars represent 95% Cls. The linear model
was selected as the best fit based on the Akaike information criterion and was used to
reject the null hypothesis (p<0-0001). Panel B shows the mean (SD) number of new or
enlarging T2 lesions for pooled participants from Cohorts 1 and 2 at the end of 12 weeks
of tolebrutinib treatment. In Cohort 2, the formation rate of new Gd-enhancing lesions
over the 4-week placebo run-in period was assumed to be constant over the 16-week trial

Lancet Neurol. Author manuscript; available in PMC 2022 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Reich et al.

Page 18

duration. Relative reductions in lesions versus placebo were analysed using a negative
binomial model. Panel C shows the total number of Gd-enhancing lesions at the end of

12 weeks of tolebrutinib treatment, for which the MCP-Mod procedure did not allow

for rejection of the null hypothesis. 2Relative reduction in lesions versus placebo, with
adjustment for baseline presence or absence of Gd-enhancing lesion activity using a negative
binomial model. Cl=confidence interval. Gd=gadolinium. MCP-Mod=multiple comparison
procedure-modelling. MRI=magnetic resonance imaging. QD=once daily. SD=standard
deviation.
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