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Abstract
In multiple sclerosis (MS) persisting disability can derive from acute relapses or, alternatively, from slow and steady dete-
rioration, termed chronic progression. Emerging data suggest that the latter process occurs largely independent from relapse 
activity or development of new central nervous system (CNS) inflammatory lesions. Pathophysiologically, acute relapses 
develop as a consequence of de novo CNS infiltration of immune cells, while MS progression appears to be driven by a CNS-
trapped inflammatory circuit between CNS-established hematopoietic cells as well as CNS-resident cells, such as microglia, 
astrocytes, and oligodendrocytes. Within the last decades, powerful therapies have been developed to control relapse activity 
in MS. All of these agents were primarily designed to systemically target the peripheral immune system and/or to prevent 
CNS infiltration of immune cells. Based on the above described dichotomy of MS pathophysiology, it is understandable 
that these agents only exert minor effects on progression and that novel targets within the CNS have to be utilized to control 
MS progression independent of relapse activity. In this regard, one promising strategy may be the inhibition of the enzyme 
Bruton's tyrosine kinase (BTK), which is centrally involved in the activation of B cells as well as myeloid cells, such as 
macrophages and microglia. In this review, we discuss where and to what extent BTK is involved in the immunological and 
molecular cascades driving MS progression. We furthermore summarize all mechanistic, preclinical, and clinical data on the 
various BTK inhibitors (evobrutinib, tolebrutinib, fenebrutinib, remibrutinib, orelabrutinib, BIIB091) that are currently in 
development for treatment of MS, with a particular focus on the potential ability of either drug to control MS progression.
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Key Points 

Multiple sclerosis (MS) progression is assumed to be 
driven by a central nervous system (CNS)-intrinsic 
inflammatory interplay of chronically activated CNS-
resident cells and CNS-trapped hematopoietic immune 
cells.

This process substantially differs from MS relapse 
biology, and, accordingly, all agents designed to con-
trol relapses basically failed to control MS progression 
independent of acute inflammation.

New targets within the CNS driving MS progression 
have to be discovered and harnessed therapeutically.

Inhibition of Bruton's tyrosine kinase (BTK) may be one 
promising approach to control MS progression. BTK is 
centrally involved in the activation of immune cells such 
as B cells, but also in the chronic activation of microglia.

http://crossmark.crossref.org/dialog/?doi=10.1007/s40263-022-00951-z&domain=pdf
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1 Introduction

Multiple sclerosis (MS) is the most common chronic inflam-
matory demyelinating disease of the central nervous sys-
tem (CNS). The majority of patients present a relapsing-
remitting (RRMS) course of the disease and, over time, 
many transition to a progressive disease, termed secondary 
progressive MS (SPMS). Some patients develop slow and 
continuous neurological deterioration from onset without 
definable relapses, termed primary progressive MS (PPMS). 
The course of progressive MS is defined by steadily increas-
ing neurological disability independent of relapses, with fur-
ther classification of activity and progression. According to 
this classification, activity is determined by clinical relapses, 
assessed by magnetic resonance imaging (MRI), whereas 
progression is defined as an increase in clinical deterioration 
independent of ongoing inflammation [1].

While there are a high number of disease-modifying 
drugs approved for the treatment of RRMS, they remain 
partially or completely ineffective in SPMS or PPMS, col-
lectively referred as progressive MS (PMS).

The first approved therapy for SPMS in 2000 by the US 
Food and Drug Administration (FDA) was mitoxantrone, 
a DNA-intercalating agent used in cancer treatment [2, 3]. 
However, use of mitoxantrone is limited due to cardiotox-
icity and increased rates of hematological malignancies [4, 
5]. In 2019 the FDA approved cladribine and siponimod 
for the treatment of active SPMS [6]. Cladribine is a DNA 
synthesis inhibitor that selectively reduces lymphocytes 
in the periphery through induction of cell death [7]. Since 
it is a small molecule, it is able to cross the blood-brain 
barrier (BBB) and is detectable in the cerebrospinal fluid 
(CSF) [7]. Considering the fact that cladribine is only 
given a few treatment days per year and the estimated ter-
minal half-life of cladribine is only 1 day [8, 9] it remains 
unclear if the drug causes long-lasting changes in the 
absence of ongoing direct drug-related effects. Siponimod 
is a sphingosine-1-phosphate (S1P) receptor modulator 
with high affinity for S1PR1 and S1PR5, retaining lympho-
cytes within the lymph nodes, thus decreasing their entry 
into the CNS [10]. Because of the small size and lipophilic 
nature of siponimod, it can efficiently cross the BBB [11]. 
Since S1P receptors are expressed on CNS-resident cells, 
including astrocytes, microglia, and oligodendrocytes, an 
effect of siponimod on CNS-resident cells is possible [12].

To date the only approved drug for the treatment of 
PPMS is the CD20 B cell-depleting antibody ocrelizumab 
[13, 14]. CD20 is expressed on B cells across different 
stages of maturation, ranging from pre-B cells in the bone 
marrow to short-lived plasmablasts, while long-lived, 
antibody-producing plasma cells completely downregu-
late CD20 expression [15, 16]. Ocrelizumab significantly 

reduced the risk of disability and rate of brain atrophy 
as compared to the placebo group in a phase III study of 
PPMS patients [17]. However, the clinical benefit of ocre-
lizumab treatment in this trial was only moderate. As the 
results of the study revealed that the effect of ocrelizumab 
was higher in younger patients and patients with increased 
disease activity [17], a B cell-depleting therapy might be 
most efficient in disease stages characterized by acute 
inflammation. Since there is no current evidence to suggest 
that ocrelizumab can penetrate the CNS, it remains ques-
tionable if the antibody acts on CNS-established B cells.

Although RRMS and PMS have many similarities, the 
development of efficacious therapies for PMS has been 
hindered by a number of factors. In particular, the clinical 
definition and diagnosis of PMS has been a challenging con-
cept, and only recently was defined as clinical worsening 
of disability independent of clinical relapses [1]. Based on 
this, the development of effective drugs for the treatment of 
PMS is challenging since specific surrogates and clinical 
outcome measurements are lacking [18]. Furthermore, the 
lack of known biological targets specific for PMS hinders the 
development of efficient drugs. The mechanisms leading to 
relapses are well investigated; however, understanding of the 
pathological mechanisms of PMS is still limited. The current 
understanding includes a broad range of processes including 
inflammation and neurodegeneration. Therefore, the under-
standing of the pathomechanisms of PMS, the identification 
of specific targets, and a more refined clinical trial design 
will likely result in the expansion of treatment options for 
progressive MS patients.

In this review, we summarize the current understanding 
of the pathomechanisms of PMS as well as review recent 
advances in the treatment of progressive MS with a focus on 
Bruton's tyrosine kinase (BTK) inhibition. Although inhibi-
tion of BTK is also considered a promising therapeutic target 
for RRMS, we focus on the potential of BTK inhibition for 
the treatment of PMS. Relevant studies were identified based 
on a PubMed search using the terms “multiple sclerosis,” 
“progressive multiple sclerosis,” “progression of multiple 
sclerosis,” “BTK,” “BTKi,” “evobrutinib,” “tolebrutinib,” 
“remibrutinib,” orelabrutinib,” “fenebrutinib,” “BIIB091,” 
and clinicaltrial.gov regarding MS trials.

2  Pathology and Pathomechanisms 
of Progressive Multiple Sclerosis

To therapeutically target PMS, it is important to understand 
key pathological processes driving the disease. Several 
mechanisms have been proposed to drive PMS, including 
processes that are dependent on inflammatory lesions and 
processes that are independent of lesions. These processes 
include inflammation and neurodegeneration. Inflammation 
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in PMS is understood to occur behind an intact or repaired 
BBB with continuous involvement of CNS-established 
hematopoietic cells and the involvement of CNS-resident 
cells [19, 20]. Infiltrating hematopoietic cells includes 
B cells, T cells, and myeloid cells, which are found in the 
leptomeninges and blood vessels of the CNS [21]. The 
degree of hematopoietic infiltrates found within the menin-
ges is directly correlated with the degree of axonal loss in 
the normal-appearing white matter (NAWM) [22, 23]. It is 
likely that demyelination and neurodegeneration may be 
driven by soluble factors produced in the meningeal inflam-
matory infiltrates. Indeed, subpial cortical lesions are fre-
quently found near B cell follicles [24]. The presence of 
oligoclonal bands in the CSF of MS patients as well as B cell 
follicular structures in patients with SPMS, which correlate 
with a higher rate of disability and disease progression, sup-
port the notion that B cells may play a major role in PMS 
[24]. B cell functions that could be relevant in PMS include 
antibody production, cytokine secretion, antigen-presenta-
tion, and ectopic formation of follicle-like structures [25, 
26]. Since the inflammation is supposed to be CNS compart-
mentalized, it may be possible that CNS-established B cells 
are protected from drugs that cannot efficiently cross the 
BBB. Importantly, in MS it was found that B cell clones 
present in the CSF are also represented in the blood in both 
early and later disease stages [27] and that IgG representing 
the oligoclonal bands are linked to circulating peripheral 
B cells [28]. These data demonstrate that B cells circulate 
between the CNS and peripheral compartments, and there-
fore treatments affecting B cells in the periphery might have 
consequences for those that populate the CNS.

Chronic active, also called smoldering, lesions are most 
common in patients with PMS and are typified by a rim of 
iron-rich activated microglia and macrophages, cells that 
seem to drive the expansion of established lesions [23]. 
Importantly, many studies do not differentiate between these 
cells and only recently microglia could be distinguished 
through the marker TMEM119 and were found to be pre-
dominantly present in slowly expanding lesions (SELs) [29, 
30]. SELs are characterized by a hypomyelinated core and 
a rim containing iron-rich cells, which represent a subgroup 
of chronic active lesions that show gradual expansion over 
time [31].

Microglia contribute to a chronic inflammatory milieu 
through multiple ways: Their activation results in increased 
production of cytokines and chemokines as well as reactive 
oxygen species (ROS) and reactive nitrogen species (RNS) 
[32]. Additionally, they can act as antigen-presenting cells 
and phagocytose myelin debris [33, 34]. These mechanisms 
not only contribute to the inflammatory component of the 

disease but also drive neurodegenerative processes. The 
release of ROS and RNS contributes to mitochondrial and 
axonal damage, and this finally leads to degeneration of neu-
rons, axons, and oligodendrocytes [35]. The contention that 
microglia activation plays a major role in progressive disease 
forms was further strengthened in a study that investigated 
microglia activity by positron emission tomography (PET) 
of the mitochondrial translocator protein TSPO in RRMS 
and PMS patients [36]. This study showed that microglia 
activity correlates with disease disability and prognosis in 
PMS patients, but not in RRMS patients. However, it needs 
to be considered that TSPO is also detectable in astrocytes 
and macrophages [37, 38].

Additionally, PMS patients show diffuse white matter 
abnormalities in the NAWM, consisting of inflammatory 
infiltrates, mainly CD8+ T cells, diffuse axonal injury, 
reactive astrocytic scarring, and microglia activation [23]. 
Failure of regeneration and remyelination is supposed to be 
one reason behind the transition from RRMS to SPMS, since 
remyelinated shadow plaques are present in RRMS patients 
but are lacking in progressive MS patients [23]. One pos-
sibility why remyelination is mostly lacking in PMS may 
be impaired repair mechanisms. The mechanisms of myelin 
repair are not fully understood; however, reduced repair and 
impaired axonal regeneration are related to age and a life-
long oxidative stress environment and especially oligoden-
drocytes have been shown to be sensitive to oxidative stress, 
leading to an exhaustion in myelination capacity [39]. Reac-
tive astrogliosis is present in the NAWM and white and grey 
matter in MS patients, leading to continuous production of 
pro-inflammatory factors, ROS, and RNS [40]. These events 
contribute to neuroaxonal and mitochondrial damage and 
can thereby increase neurodegeneration.

These multifactorial processes associated with PMS 
present several biological targets and pathways for poten-
tial therapeutic intervention. However, as these processes 
occur within a compartmentalized CNS, immunomodulatory 
agents must be capable of entering the CNS to counteract 
detrimental neuroinflammation. Many agents are currently 
tested in phase II and III trials that have more than one 
potential mechanism of action that could benefit PMS. One 
auspicious target is the inhibition of the enzyme Bruton’s 
Tyroisne Kinase (BTK). Since BTK inhibition is already 
approved for the treatment of B cell malignancies, it was first 
investigated as an improvement for the B cell-based therapy 
in MS [41]. As it was recognized that BTK also mediates the 
activity of macrophages and microglia [42], it gained impor-
tance for the treatment of PMS. Therefore, BTK inhibition 
provides dual approaches to disarm both the lymphocyte 
and microglia/macrophage cells that are dysregulated in MS.
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3  Bruton's Tyrosine Kinase (BTK) Expression 
and Signaling Pathways

Bruton's Tyrosine Kinase (BTK) is part of the Tec (tyros-
ine kinase expressed in hepatocellular carcinoma) family 
of kinases, consisting of Tec, BTK, ITK (interleukin (IL) 
2-inducible T-cell kinase), BMX (bone-marrow tyrosine 
kinase gene on the X chromosome), and RLK (resting lym-
phocyte kinase). Structurally very similar, members of the 
Tec family possess a pleckstrin homology (PH) domain 
at the N-terminus (except for RLK). Adjacent lies a short 
Tec homology (TH) domain that is formed by one or two 
proline-rich regions (PRR) in combination with the BTK 
homology (BH) domain. The C-terminus is formed by Src 
homology (SH) 2 as well as SH3 domains and a catalytic 
kinase domain [41, 43, 44].

Most cells of the immune system express at least one 
member of the Tec family of kinases. Importantly, the 
expression of BTK itself is not restricted to a single cell 
type but spreads across a number of cells of hematopoietic 
origin, and furthermore extends to other immune cells such 
as microglia [42, 45]. Within the hematopoietic lineage, the 
expression of BTK has been confirmed in B cells, dendritic 
cells, mast cells, neutrophils, macrophages, platelets, eryth-
rocytes, and hematopoietic stem cells [43, 46–48].

Similar to its expression in multiple cell types, BTK 
plays a role in the signaling cascades of a variety of 

immunologically relevant receptors, including the B cell 
receptor (BCR), toll-like receptors (TLRs), Fc receptors 
(FcRs), and chemokine receptors (Fig. 1). Most promi-
nently, the engagement and aggregation of the BCR 
leads to conformational changes that activate a Lck/
Yes novel tyrosine kinase (Lyn)-mediated phosphoryla-
tion of immunoreceptor tyrosine-based activation motifs 
(ITAMs). This generates a signaling complex consisting 
of Syk, Lyn, the adaptor molecules B cell linker protein 
(BLNK) and Cbl-interacting protein of 85 kDa (CIN85), 
phospholipase C-gamma 2 (PLC-γ2), and BTK. PLC-γ2 
then mediates the cleavage of the plasma membrane lipid 
phosphatidylinositol-4,5-bisphosphate (PIP2) into dia-
cylglycerol (DAG) and inositol-1,4,5-triphosphate (IP3). 
IP3 initiates the release of calcium from the endoplasmic 
reticulum (ER), which in turn activates transcription fac-
tors, such as nuclear factor “kappa-light-chain-enhancer” 
of activated B cells (NF-κB) and nuclear factor of acti-
vated T cells (NFAT). NF-κB induces B cell proliferation 
and can induce immunoglobulin class switching. NFAT 
stimulates immune cell effector functions, for example 
by initiating cytokine production and release. Similar to 
IP3, DAG can act as a second messenger and activate 
protein kinase C (PKC) and, together with Syk, engage 
the mitogen-activated protein kinase (MAPK) pathway 
and increase survival and accelerate proliferation [47, 
49, 50]. Its prominent place in the BCR signaling cas-
cade, relaying incoming, extracellular signals into cellular 

Fig. 1  Signaling pathways involving Bruton’s tyrosine kinase (BTK). 
BTK is placed within the pathways of the B  cell receptor (BCR), 
the Fc receptor (FcR), as well as in the Toll-like receptor (TLR) and 
chemokine receptor cascades. It has a central place in relaying extra-
cellular signaling to downstream pathways such as the nuclear factor 
“kappa-light-chain-enhancer” of activated B  cells (NFkB), nuclear 

factor of activated T cells (NFAT), protein kinase C (PKC), and mito-
gen-activated protein kinase (MAPK) cascades.  Solid arrows corre-
spond to strong, direct involvement of BTK whereas dotted arrows 
indicate a weaker involvement. ITAM immunoreceptor tyrosine-
based activation motif
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responses, highlights the importance of the role of BTK 
in B cell function.

Besides the well-studied relevance of BTK in the BCR 
signaling cascade, it is also involved in the signaling of 
Fc receptors, and therefore the recognition of specific 
antigens by immunoglobulins. Because BTK is placed 
within the signaling pathways of both activating and 
inhibiting FcRs, its involvement can amplify or attenuate 
the induced signals [46, 51].

Additionally, BTK plays a role in the recognition of 
damage-associated molecular patterns (DAMPs) and/or 
pathogen-associated molecular patterns (PAMPs), which 
is critical in the early detection of dangers such as infec-
tions or damage. These signals are identified by cells 
using TLRs. BTK has been described to play a role in 
TLR2, TLR3, TLR4, TLR7/8, and TLR9 signaling. BTK 
influences the TLR pathways through interactions with 
myeloid differentiation primary response 88 (MYD88), 
a central player of all TLR cascades (with the exception 
of TLR3). Additionally, interactions of BTK with Toll/
IL-1 receptor domain containing adaptor protein (Tirap or 
MAL) as well as interleukin-1 receptor-associated kinase 
1 (IRAK-1) can bridge BTK to TLR-induced signal trans-
duction [52–55]. Conclusively, BTK plays a role in the 
recognition and activation of immune receptors through 
BCR, FcR, and TLR signals. However, BTK also regu-
lates the recruitment of immune cells by facilitating the 
signals of chemokine receptors. For example, the stimu-
lation by CXCL-12 induces the activation of BTK [41]. 
Additionally, the expression and function of CXCR4, a 
chemokine receptor that regulates key B cell functions 
such as trafficking into lymphoid structures, is regulated 
by a complex mechanism involving BTK [47, 56].

Taken together, because of the expression of BTK in 
multiple cells and its involvement in various signaling 
cascades, the effects of BTK inhibition depend on the dis-
tinct cellular environment and context. However, with the 
exception of inhibiting FcRs, BTK inhibition will block 
the relay of mainly pro-inflammatory signals, therefore 
an inhibition will primarily attenuate immune responses. 
To what extent this can be compensated over time and 
how continuous exposure to BTK inhibition changes the 
composition (maturation and differentiation) of immune 
cell subsets still needs to be addressed.

4  Experimental Data in Multiple Sclerosis 
(MS) Models

So far, six BTK inhibitors—evobrutinib, tolebrutinib, 
fenebrutinib, remibrutinib, orelabrutinib, and BIIB091—
have been tested for the treatment of MS patients [57]. 
While all these inhibitors are small molecules, they differ 

in their distinct characteristics. According to their mode 
of action and based on their mode of binding to BTK, 
the inhibitors can be classified into two types: irrevers-
ible inhibitors (evobrutinib, tolebrutinib, remibrutinib, 
orelabrutinib), which form a covalent bond with the 
amino acid residue Cys481 in the ATP-binding site of 
BTK [50, 58–60], and reversible inhibitors (fenebrutinib 
and BIIB091), which bind to specific pockets in the SH3 
domain by weak, reversible forces (hydrogen bonds or 
hydrophobic interactions), inducing an inactive confor-
mation of the kinase [61–63].

The binding mode of the inhibitor defines the potency 
of the molecule [58]. Covalent binding increases the 
potency of the drug; however, non-covalent binding is a 
weaker binding and therefore decreases potency, but also 
toxicity and risks associated with chronic use [50]. Tar-
geting of the Cys481 shows high selectivity, as only ten 
other kinases contain the same region of the receptor [58]. 
Binding to the SH3 pocket is even more selective since 
only three kinases were inhibited off-target by fenebruti-
nib [61], and BIIB091 only inhibited one off-target kinase 
[62]. Importantly, a mutation in the Cys481 region can 
lead to a reduction in the compound potency and might 
reduce the therapeutic efficacy in patients with these muta-
tions, which was found in patients on BTK inhibitors expe-
riencing cancer relapses [64].

Recently published and early results suggest that due 
to molecular size and properties, the inhibitors are able to 
cross the BBB [65–67], but preliminary evidence shows 
that the inhibitors differ in their capacity to efficiently 
cross the BBB and accumulate within the CNS [68]. A 
study presented at a scientific meeting compared the CNS 
exposure and potency of evobrutinib, tolebrutinib, and 
fenebrutinib. All three agents, administrated as a single 
oral dose of 10 mg/kg daily, achieved similar CSF con-
centration in cynomolgus monkeys. Tolebrutinib CSF con-
centrations exceeded the estimated IC90, while both evo-
brutinib and fenebrutinib failed to reach exposure levels 
approaching their IC90 value [68]. Specifically, their brain 
penetrance underlines the reasoning for their respective 
positioning as either sole peripheral drugs used for RMS 
patients or compounds that are also investigated for their 
potential in progressive disease forms [50].

The inhibitors were analyzed in various models and 
cell types: The inhibitor evobrutinib demonstrated ben-
eficial immunological effects in the EAE (experimental 
autoimmune encephalomyelitis) mouse model in  vivo 
[69]. Evobrutinib inhibited antigen-triggered activation 
and maturation of B cells and the release of pro-inflam-
matory cytokines. Furthermore, evobrutinib impaired the 
capacity of B cells to act as antigen-presenting cells for 
the development of encephalitogenic T cells. This ulti-
mately reduced CNS infiltration and ameliorated clinical 
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and histological EAE [69]. Since BTK is also expressed 
in myeloid cells, evobrutinib was further investigated in 
human-derived macrophages in vitro [70]. Inhibition with 
evobrutinib hindered pro-inflammatory macrophage dif-
ferentiation and promoted differentiation towards an anti-
inflammatory macrophage phenotype [70]. Another study 
showed that treatment of evobrutinib favored remyelina-
tion in both ex vivo mouse cerebellar slices and in vivo 
transgenic Xenopus tadpoles [48]. Importantly, both mod-
els of demyelination are independent of adaptive immu-
nity, and immunohistochemistry revealed that most cells 
expressing BTK are microglia, in which the expression of 
BTK increased upon demyelination [48].

BIIB091 was shown to block human and mouse B cell 
activation, proliferation, and differentiation in vitro [71]. 
Furthermore, it was shown that BII091 blocks myeloid 
cell function in vitro. In depth, pre-treatment with BII091 
blocked ROS production in human neutrophils, human 
basophil degranulation, and TNF-α production of human 
monocytes [71]. Furthermore, a number of preliminary 
data presented at scientific meetings indicate the mode of 
action of BTK inhibition [66, 72–75]. The effect of evobru-
tinib was investigated in vitro in primary murine microglia 

upon cytokine and TLR stimulation, and revealed a reduced 
microglial activation. Furthermore, in vivo in a passive EAE 
model evobrutinib was given as pre-treatment and induced 
a downregulation of disease-associated molecules involved 
in activation and antigen-presentation on microglial cells 
[72] (Fig. 2).

Tolebrutinib reduced EAE severity and blocked BCR-
mediated activation of B cells as well as Fc-receptor activa-
tion of macrophages and microglia cells in vitro [66]. Tole-
brutinib was further investigated in the in vivo cuprizone 
model, a model of toxic demyelinating, and inhibition of 
BTK revealed a benefit by decreased myelin loss [73]. Fene-
brutinib, given as pretreatment in vivo in the EAE model, 
was shown to reduce mean clinical signs, which was associ-
ated with reduced microglial activation [76]. As the inhibi-
tors were often given as a preventive treatment, it remains 
to be evaluated if the effect is associated with inhibition of 
disease development or to what extent BTK inhibitors exert 
a direct effect on microglia. The described studies indicate 
that BTK inhibitors potentially have a dual mode of action 
targeting both the innate and the adaptive immune response.

Fig. 2  Proposed central nervous system (CNS) effects of Bruton's 
tyrosine kinase (BTK) inhibitors. The inhibition of BTK is thought 
to (a) block the activation of microglial cells, (b) promote the remy-
elination of axons by affecting oligodendrocytes and their precursors, 

and (c) prevent the extravasation of peripheral immune cells into the 
CNS. Green arrows indicate a promoting effect of BTK inhibitors 
whereas red symbols correspond to inhibitory effects
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5  Clinical Trials of BTK Inhibitors in MS

Two of the aforementioned BTK inhibitors have so far com-
pleted testing in RMS patients, evobrutinib and tolebruti-
nib. Evobrutinib, which binds BTK in a covalent manner, 
demonstrated significantly fewer enhancing lesions through 
24 weeks of observation in a phase II trial testing against 
dimethyl fumarate (DMF) and placebo (NCT02975349) 
[77]. There was no significant effect of evobrutinib on the 
annualized relapse rate (ARR) or disability progression [78]. 
However, during the open-label extension of this study, an 
improvement of the ARR in evobrutinib-treated patients was 
maintained through week 108. Additionally, analysis of the 
probability and time to first qualified relapse (QR) favored 
patients initiated on a high dose of evobrutinib in compari-
son to lower doses or placebo [79]. In the planned phase 
III clinical trials, EVOLUTION RMS 1/2 (NCT04338022/
NCT04338061), recruiting 930 patients, the efficacy and 
safety of evobrutinib will be compared to teriflunomide 
through a 96-week treatment period. In addition to ARR 
as the primary endpoint, safety, various MRI parameters, 
as well as the time to first occurrence of 12- and 24-week 
confirmed disability progression, will be analyzed [80, 81].

The inhibitor tolebrutinib has demonstrated a dose-
dependent reduction of gadolinium-enhancing lesions in 
a 16-week phase IIb clinical trial involving 125 partici-
pants with RMS (NCT03996291). The investigated doses 
ranged from 5 to 60 mg, the highest dose being the most 
efficacious. All tolebrutinib doses were well tolerated [82]. 
Tolerability was confirmed in the open-label extension 
(OLE) up to 48 weeks of observation [83, 84]. Addition-
ally, tolerability of tolebrutinib was confirmed in healthy 
volunteers. In this study, up to 120 mg single exposure or 
90 mg repeated dosing of tolebrutinib was well tolerated 
and showed a high level of BTK coverage in the periphery 
[68]. In the upcoming phase III GEMINI 1/2 trials in RMS 
(NCT04410978/NCT04410991), tolebrutinib will be tested 
against teriflunomide with regard to efficacy to reduce the 
relapse rate (primary objective) as well as disability pro-
gression, MRI lesions, cognitive performance, and quality 
of life (secondary objectives) [85, 86]. In two upcoming tri-
als, tolebrutinib will be tested separately in SPMS (1,290 
participants, NCT04411641) and PPMS (990 participants, 
NCT04458051). Both trials—HERCULES in SPMS and 
PERSEUS in PPMS—will primarily analyze tolebrutinib´s 
effects on delaying disability progression. The secondary 
objectives are MRI lesions, cognitive performance, physical 
function, and quality of life [87, 88]. Lastly, safety, toler-
ability, and pharmacodynamics will also be analyzed in all 
trials. Recently, the FDA placed a partial hold on tolebruti-
nib phase III clinical trials over concerns of drug-induced 
liver injuries. Importantly, most affected subjects had a 

historical predisposition for liver injury and laboratory val-
ues for tracking liver injuries were found to be reversible 
upon tolebrutinib cessation. Currently, subject enrolment is 
progressing with updated trial protocols and improved safety 
monitoring [89, 90].

The other compounds have so far not been tested in MS 
patients but completed clinical trials for another indication 
or are currently recruiting or will soon enter clinical testing 
in MS. Fenebrutinib, a non-covalent BTK inhibitor, recently 
entered phase III clinical trials in MS patients. So far, in 
phase II studies in rheumatoid arthritis (NCT02833350) [89] 
and systemic lupus erythematosus (NCT02908100) [90], 
fenebrutinib has demonstrated a very high potency and a 
safety profile consistent with alternative immunomodulatory 
treatments [91, 92]. Importantly, there was no evidence of an 
increased risk of infections [75, 76, 91, 92]. In RMS patients, 
the FENhance study (NCT04586023/NCT04586010) will 
now directly compare fenebrutinib, teriflunomide, and pla-
cebo, and evaluate the efficacy and safety of fenebrutinib on 
disability progression as well as relapse rate in 736 partici-
pants [93]. Furthermore, the FENopta trial (NCT05119569) 
will include 102 RMS patients to assess the effect of fene-
brutinib on brain MRI [new gadolinium (Gd)-enhancing 
lesions] as well as safety and pharmacokinetics [94].

Because BTK inhibitors possess the ability to enter and 
accumulate within the CNS, even when the BBB remains 
closed, this is a highly promising approach in progressive 
disease forms. Therefore, several of the developed BTK 
inhibitors will also enter clinical testing for their efficacy 
in progressive MS forms. Fenebrutinib will be tested in 
946 PPMS patients for safety as well as efficacy on disease 
progression [95]. In this trial, FENtrepid (NCT04544449), 
fenebrutinib will be compared to ocrelizumab, which has so 
far demonstrated a mild clinical benefit when administered 
to PMS patients [17, 96].

While remibrutinib has not completed clinical trials in 
MS, it was well tolerated in healthy subjects and asympto-
matic atopic diathesis patients [97]. This highly selective 
BTK inhibitor is currently recruiting 800 RMS patients for 
a phase III clinical trial (NCT05147220/NCT05156281). 
Compared against teriflunomide, this study will focus on 
the ARR (primary outcome) as well as confirmed disabil-
ity progression, neurofilament light chain levels, new Gd-
enhancing lesions and physical function [98].

Two more BTK inhibitors have been developed and will 
be tested for their efficacy in RMS. A study using orelabru-
tinib is currently recruiting 160 RRMS patients and will 
analyze the formation of new Gd-enhancing lesions as well 
as the ARR (NCT04711148) [50, 99]. Lastly, BIIB091 is 
a reversible BTK inhibitor developed for the treatment of 
MS that has so far demonstrated the ability to block B cell-
activation in healthy subjects (NCT03943056) [62, 71, 100].
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Taken together, the high number of inhibitors target-
ing BTK that are currently tested or being developed for 
the treatment of MS patients highlight the potential that is 
seen in this therapeutic approach. Furthermore, the ability 
of BTK inhibitors to enter and accumulate within the CNS 

unravels novel treatment options, especially in progressive 
disease forms. A detailed overview on the completed as well 
as planned/ongoing clinical trials can be found in Table 1.

Table 1  Overview of clinical trials involving Bruton´s tyrosine kinase (BTK) inhibitors posed for the treatment of multiple sclerosis (MS) 
patients

Primary endpoints/outcome measures are indicated in bold
Est estimated, MRI magnetic resonance imaging, RMS relapsing multiple sclerosis, RDB randomized, double-blind trial, SPMS secondary pro-
gressive multiple sclerosis, PPMS primary progressive multiple sclerosis, RA rheumatoid arthritis, SLE systemic lupus erythematosus

Drug Name/intervention Objective/outcome measures Details Status

Evobrutinib Evobrutinib vs. dimethyl fuma-
rate vs. placebo

Lesion formation, ARR, 
EDSS progression, safety

267 RMS patients
Phase II, RDB
NCT02975349

Active, has results
Est. completion Feb 2025

EvolutionRMS 1/2
Evobrutinib vs. teriflunomide

ARR , EDSS progression, 
physical function, Lesion 
formation

Est. 898 RMS patients
Phase III, RDB
NCT04338022/NCT04338061

Recruiting
Est. completion June 2026

Tolebrutinib Tolebrutinib vs. placebo Adverse effects, Lesion forma-
tion, ARR 

125 RMS patients
Phase IIb, RDB
NCT03996291

Active, not recruiting
Est. completion April 2025

GEMINI 1/2
Tolebrutinib vs. teriflunomide

ARR , disability worsening, 
lesion formation, brain vol-
ume loss

Est. 900 RMS patients
Phase III, RDB
NCT04410978/NCT04410991

Active, not recruiting
Est. completion Aug 2023

HERCULES
Tolebrutinib vs. placebo

Disability progression, physi-
cal function, lesion formation, 
brain volume loss, safety

Est. 1290 SPMS patients
Phase III, RDB
NCT04411641

Active, not recruiting
Est. completion Aug 2024

PERSEUS
Tolebrutinib vs. placebo

Disability progression, physi-
cal function, lesion formation, 
brain volume loss, safety

Est. 990 PPMS patients
Phase III, RDB
NCT04458051

Active, not recruiting
Est. completion Aug 2024

Fenebrutinib Fenebrutinib vs. placebo Efficacy and safety 578 RA patients
Phase II, RDB
NCT02833350

Completed July 2018

Fenebrutinib vs. placebo Efficacy, safety, and pharma-
codynamics

260 SLE patients
Phase II, RDB
NCT02908100

Completed July 2019

FENopta
Fenebrutinib vs. placebo

Lesion formation, adverse 
effects

Est. 102 RMS patients
Phase II, RDB
NCT05119569

Recruiting
Est. completion Sep 2026

FENhance
Fenebrutinib vs. teriflunomide 

vs. placebo

ARR , disability progression, 
lesion formation, brain vol-
ume loss

Est. 736 RMS patients
Phase III, RDB
NCT04586023/NCT04586010

Recruiting
Est. completion Nov 2025

FENtrepid
Fenebrutinib vs. ocrelizumab 

vs. placebo

Disability progression, brain 
volume loss, adverse effects

Est. 946 PPMS patients
Phase III, RDB
NCT04544449

Recruiting
Est. completion May 2028

Remibrutinib Remibrutinib Pharmacokinetics, pharma-
codynamics, and safety

185 healthy subjects or patients 
with asymptomatic atopic 
diathesis

NCT03918980

Completed Jan 2020

Remibrutinib vs. teriflunomide ARR , disability progression, 
lesion formation

Est. 800 RMS patients
Phase III, RDB
NCT05147220/NCT05156281

Recruiting
Est. completion Nov 2029

Orelabrutinib Orelabrutinib vs. placebo Lesion formation, adverse 
effects, ARR 

Est. 160 RMS patients,
Phase II, RDB
NCT04711148

Recruiting
Est. completion March 2024

BIIB091 BIIB091 vs. placebo Adverse effects, Safety 64 healthy subjects
Phase I, RDB
NCT03943056

Completed Jan 2020
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6  Conclusion

MS progression is assumed to be driven largely by a CNS-
intrinsic inflammatory interplay of chronically activated 
CNS-resident cells, such as microglia and CNS-trapped 
hematopoietic immune cells. Other factors such as mito-
chondria injury, oxidative stress, or iron neurotoxicity 
likely contribute to chronic progression in MS [101]. This 
pathophysiological cascade is substantially different from 
MS relapse biology, and accordingly, all agents designed to 
control de novo CNS infiltration of immune cells basically 
failed to control MS progression independent of CNS lesion 
formation and acute relapses. Within the next decade, new 
targets within the CNS driving MS progression have to be 
discovered and harnessed therapeutically. BTK may be one 
such target, as it is centrally involved in the activation of 
immune cells such as B cells, but also in the chronic acti-
vation of microglia. The various currently developed BTK 
inhibitors are all relatively small molecules with a respective 
ability to cross the BBB. Experimental data suggest that 
BTK inhibition of cells within the CNS may downregulate 
chronic inflammation and thereby ameliorate processes 
associated with chronic progression. Based on these data, 
several BTK inhibitors are in clinical development both for 
relapsing forms of MS as well as for PMS. Results from 
these trials are expected with high anticipation and will be 
communicated soon.

In perspective, these trials will doubtlessly reveal whether 
and to what extent BTK inhibition may be a valuable 
approach to therapeutically counteract MS progression. In 
view of the urgent therapeutic need in PMS, some of these 
trials will likely generate an overall positive result. In that 
case, it would of course be of great interest which of the 
investigated molecules exerts the best clinical benefit at the 
lowest risk profile. Ideally, a direct comparative study test-
ing BTK inhibitors head-to head in progressive MS would 
generate these results. Further, since MS relapse biology and 
continuous progression of MS are nowadays recognized to 
involve differential immunological and molecular cascades 
in different compartments, a clear assessment of BTK inhibi-
tion to control MS progression in the absence of focal CNS 
inflammation may pave the way into a new era of combina-
tion therapy in MS [5], one drug preventing relapse develop-
ment and the other agent controlling MS progression.
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